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NepiAnn

Ot oAoéva aUEQVOEVEG OMALTHOELG Yot UPNAOTEPOUG PUBLOUC LETASOONC OE CUVOUOOUO LIE TNV
g€avtAnon tou dlabecipou dpaopatog yia opudoplkEG EMIKOWVWVIEG ETUPAAAOUV TN peTABaon
TWV CUOTNUATWY KOl UTINPECLWY O OVWTEPEC PaopaTikEG {wveg Oomwe n Ka kat ot Q/V. H
petapoaon autn Oa Swoel Tn SuvatdTNTa yLa avantuén véwv Sopudoplkwyv cuoTNUATWY UPNANG
puBuamnodoong (High Throughput Satellites, HTS), mapéxovtag ofloonueiwta peyalltepn
XWPNTKOTNTA SIKTUOU Kal puBpoug petadoong Sebopévwy oe Sopudoplkég Lev€elg tpododoaiag
(feeder links) ta€ewg dekadwv Thps.

Qotooo, n dladoon tou oAPATOC OTIG {WVEG AUTEG lval MOAU Mo suaiocBbntn ota Siddopa
atpoodalplkd alvopeva Kol Kuplwg OTIS aTtUoohaLPIKEG KOTAKpNUVioelg-Bpoxn (évtovn
e€aobévnon - tafewg Sekadwv dB) eyeipovtag £toL InTrpata aglomotiag kot SLabeouotnTag Twy
lev€ewv. H xpnon evoc amhou meplbwpiou Stadeipewv (fade margin) i eAéyxou LoXUOC, TEXVIKEG
TIOU XPNOLUOTIOLOUVTAL LE ETUTUXIA O CUOTAUATA MPE XOUNAOTEPEG OUXVOTNTEG Agttoupylag,
Kpilvetal t0o00 acUudopn 000 Kol QVEMOPKAC OTN CUYKEKPLUEVN TiepimTwon. Eival emopévwg
arapaitntn n xpnon efelbIkeUpEVwY TexVIKwV AauPAuvong Swadeipewv (Fading Mitigation
Techniques, FMTs) oL omoie¢ pUe TN O£lpd Toug mpoUmoBétouv akplBr] povtelomoinon Ttou
KavaAlou Stadoong.

Ta televtaio xpovia, pe mpwTtoPoulia Kot umd Tov cuvToviopd tou Eupwmaikoy Opyaviopou
Awaotripartog (European Space Agency, ESA) éywvav dtaBéoipa onpata-beacons ywa tn die€aywyn
VEWV peTprioewv otig {wveg Ka kot Q (19.701 kot 39.402 GHz) amd tov Sopudopo ALPHASAT
(25.0°E). To yeyovog auTo, 6 GUVSUOOUO LE TNV WPLHLOVGCN TNG TEXVOAOYLOC KOL TLG VEEG TEXVIKEG
Software Defined Radio (SDR), anotéAece to KivnTpo yla TNV avamtuén dektwv yla Sle€aywyn
UETPNOEWV OE OQUTEG TIC dOOoUATIKEG (wveg, ylo mpwtn ¢opd oe eAAnviko £6adoc. O
QVAMTUXOEVTEG OEKTEG amOTEAOUV TTAEOV UEPOG TOU TIOVEUPWTAIKOU SIKTUOU WETPOEWY TOU
Alphasat Aldo Paraboni Propagation Experimenters (ASAPE) kaBw¢ KkalL Tou gpguvntikol
npoypdupatog tng ESA «ASALASCA». Alyo apyotepa, HE OKOTO TN OUAAOYN TEPLOCOTEPWV
Sebopévwy mpootéBnkav dAAolL SUo dékteg otig daopatikeg {wveg Ku (11.699 GHz) kat Ka-band
(19.680 GHz) xpnotuomolwvtag toug dopuddpoug Arabsat BADR-5 (26.0°E) kat Eutelsat KaSat
(9.0°E) avtiotowa.

ZTnv mapoloa epyocia mapoucLaleTal N ApXLTEKTOVLKN TwV OXeSLAO0EVTWY SEKTWV Kol OL BOCLKEG
apXEG Aettoupylag toug. Alvetal €udaon oToug MOPAYOVIEG TToU TIPEMEL va AndBolv unoyn ot
L0l TETOLO TIPOCOTIAOELN, OTLG TIPOKANOELG TIOU OVTLUETWITIOTNKAY TIPLV KO KATA TNV EYKOTAOTAON)
Twv dekTwv oAAA Kat Katd Tn Slapkela TnG Aettoupylag toug Kabwg Kal ol AUoeLg tou §60nkav.
Meta omd €eKTETAUEVN OTATIOTIKN €mefepyacio TwWV OUAEYEVTWY WETPNTIKWY SeSOUEVWV
TapoucLalovTal Ta OTATIOTIKA MPWTING TAENG Tooo ylo TNV e€aabévnon 600 Kal yla To pubud
Bpoyxomtwong ava neploxf. AkoAoUBwWG, TapoucLAlovTaL Ta OTOTLOTIKA SEUTEPNG TAENC/SUVOLKN
cuprneplpopd TwV PALVOUEVWY ATIOCPBECNC KOL TILO OUYKEKPLUEVO O puBUOC HETABOAAC TNC
anooPeong, n Stapkela StaeiPewv kat to MARBog autwy avd katwdAl eacBévnong kabwg Kat
10 pecodlaotnua petafl Slaleipewv (inter-fade durations). TéEAog, xpnolponolwvtag To cUVoAo
TWV XPOVOOELPWY amooPeong emixelpeltal ektipnon anodoong Twv Sladopwv oxnuatwv FMTs
(xwptkog Sladoplopode, xpPovikog Sladoplopog, Sladoplopdc TPOXLAC), HEALTN TG KALUAKWONG



ouXVOTNTAG KAl Twv omwvonpopwyv oAAd kal e€€taon evog oevapiou Ywplkou Sladoplopol
MeYAANG KALHaKag HeTaly MeydAng Bpetaviag kot EAAASAG e EVIUTTWOLAKA ATTOTEAECUOTA.

H napouca gpyacio cuvloTA TNV TPWTN KAl TILO OAOKANPWEVN TIPOCTIABELD CUYKEVTPWONG Kal
avAAUONG LETPNTIKWV dedopévwy Sladoong yia Tig Sopudopikég Lwveg ouxvotntwy Ku, Ka kot Q
otnv EAMGSa oM@ kot otnv guputepn Teploxn TnG votiou Meooyeiou. MéxpL mpdtvog, n
ouvtputtikn mAsonoia twv Stabecipwy povtéAwv otn BiBAloypadia yla tnv MEePLoXn auth
Baowotav og mapadoxEG ) LETPHOELG AAAWV, UTIOTIOE UEVA TTOPOUOLWY KALULOATIKWY TIEPLOXWV. ITNV
Tpagn, OnMwg GAAWOoTE AmOSEIKVUETAL KOL amod TNV avaAluon Twv AndOEviwy LETPAOEWVY Kal TNV
ovtutapofoAr] TouG HE TIOPOUOLEG TIPOOTAOElE avd TNV EUupwmn, UMAPXOUV ONUOVTIKEG
amokAloeLg.

OL petpnoelg amodelkviouv OtL gdav e AndBolv onuavtikd avtipetpa, n Slabeouotnta
CUGCTNUATWY HE ouxvotnTeg Aettoupyiag otig {wveg Ka n Q Ba eival onuavTikd meploplopévn. Alo
TV AAAn, n edappoyn teEXVIKwV FMT kot €l8IKA oxNUATWY XwpLkou Sdladoplopol dailvetal
gfalpetikd amodotiky (av kol kootoPfodpa) kot Ba pmopovuce va aufnosl Bsapatikd TN
S100g01UOTNTA TWV CUCTNUATWV.

NEgerg KAewbua— Sopudopog, Stadoon, petpnoelg, Attikn, EAAASa, Ku-band, Ka-band, Q-band,
Alphasat, KASAT, BADRS5, beacon, 80puog, Software Defined Radio, SDR, Fast Fourier Transform,
FFT, oatpoodalpikd dawopeva, e€aocbévnon, umepBalouoca efacBévnon, mbBavotnta
unépBaong, amd kool Katoavoun, pubuoc petafolnc e€acBévnong, mAnbocg StaAsipewv,
Sapkela SloheiPewy, pecodlactnua StaAelpewv, Texvikég Metplacpol AwaAeipewv, FMTs,
XwpLkog Sladoplopdg, Stadoplopdg Oéong, xpovikog Siadoplopog, Sladoplopog TPoxLAC,
Stadoplopdc cuyvotntag, KALLAKWON cuxvotnTag, omvonplopotl.



Abstract

The ever-increasing demand for high data rate satellite services is necessitated by the vast number
of new or planned services involving multimedia transmission or other data rate-intensive
applications in the upcoming 5G era; the spectrum scarcity problem (congestion of the lower
frequency bands such as the C and the Ku bands) naturally leads to the use of higher frequencies
such as those at Ka- and Q-band. Signal propagation at Ka-band frequencies and above is,
nevertheless, highly impaired by the various atmospheric phenomena, upping the ante on system
design.

The end-user Quality of Service (QoS) is to great extent dictated by the system’s resilience to the
various propagation effects; such effects could - unless carefully addressed, jeopardize the
throughput and/or the link availability potentially resulting into severe degradation of the overall
system performance.

In the past, merely allocating a fade margin for earth-space systems operating in lower frequency
bands such as e.g. C and Ku was the common practice in order to compensate for the signal fading
due to the various atmospheric phenomena; nonetheless, when considering the signal
propagation at higher frequency bands, the sole use of a conventional fade margin is generally an
insufficient counter-measure since signal fading could be in excess of 20-30 dB for a non-negligible
fraction of time. In order to compensate for the atmospheric attenuation, Propagation Impairment
Mitigation Techniques (PIMTs) are employed, also commonly referred to as Fading Mitigation
Techniques (FMTs); they are vital in order to meet the required Quality of Service - QoS) imposed
by the services, keeping at same time the resource usage at an optimal level.

To enable the design of High Throughput Satellite (HTS) systems with FMTs, accurate propagation
modelling is of utmost importance; compiling new propagation models is nevertheless a very
challenging task, as it has to be supported by long-term experimental campaigns. Furthermore,
the various parameters can vary across different geographic/climatic regions and hence the results
cannot be easily generalized. Considering the imminent migration of satellite services to the Ka-
and Q- bands, a payload dedicated to propagation measurements in these bands has become
available from the Alphasat satellite under the coordination of the European Space Agency (ESA).
This has strongly motivated the formation of many measurement campaigns across Europe in an
effort to enhance the scientific databases with new, more reliable propagation data.

In the framework of the present thesis, an experimental propagation campaign has been initiated
at the National Technical University of Athens (NTUA) in Greece. Six beacon receivers have been
designed and installed, four of them targeting the Alphasat’s Ka-band and Q-band beacons while
one of them targets Arabsat’s BADR5 Ku-band beacon and Eutelsat’s KaSAT’s beacon. The
receivers make use of the relatively new Software Defined Radio (SDR) paradigm and besides the
beacon measurements themselves, additional noise measurements are performed in order to
supplement the campaign.

Apart from an elaborate description on the receiver’s architecture, design choices and principles
of operation, the whole obtained measurement dataset has been processed to allow for a
comprehensive statistical evaluation. The thesis begins with a brief outline of the fundamental



propagation effects along with possible FMTs and measurement techniques; it continues with a
detailed presentation on the design and deployment of new beacon receivers in Attica, Greece.
An evaluation of the first order and second order (fade dynamics) statistics based on the obtained
measurement dataset from all available receivers is conducted; after examining the performance
of the various FMTs using the actual attenuation timeseries statistical evidence is provided for the
efficiency of site, time and orbital diversity techniques; an investigation on the potential frequency
scaling across Ku/Ka/Q bands is also considered. Finally, scintillation analysis is performed followed
by an evaluation of a large-scale site diversity scenario across Greece and the UK using the actual,
concurrent measurements at each location.

To the best of the author’s knowledge, this work constitutes the most comprehensive work
regarding actual satellite propagation measurements in Greece and the Southern Mediterranean
area available to date, especially at so high frequency bands such as Ka- and Q-band. Up until now,
any estimation regarding the propagation phenomena in this region relied almost exclusively on
statistical/physical-mathematical models or time series synthesizers based on inference and
extrapolation from measurements performed in other regions. It is now possible to test systems,
techniques and models using actual measurement data.

Index Terms—satellite, propagation, measurements, campaign, Attica, Greece, Ku-band, Ka-band,
Q-band, Alphasat, KASAT, BADRS5, beacon, noise, Software Defined Radio, SDR, Fast Fourier
Transform, FFT, atmospheric phenomena, attenuation, excess attenuation, exceedance
probability, joint statistics, fade slope, fade count, fade duration, inter-fade duration, Fading
Mitigation Techniques, FMTs, site diversity, time Diversity, orbital diversity, frequency scaling,
Scintillation.



EuxapLotieg

Otavovtag oTo TEAOG ULAG TTOAUETOUG TIOPELAG EVTOG TWV akadnuaikwy atBoucwv aAAd Kot pLag
eninovng mpoonadelag, ta ocuvalodnuata sival mokiha. H xapd, n kavomoinon Kol iowg n
avakouglon eival mpodnheg Sedopévou OTL Evag PeYAAeTBOAOC 0TOXOG, AUTOG TNG EKTIOVNONG
pLog SL86aKTOPIKNG SLaTPLPrG 0 €va TOOO OMALTNTIKO AVTIKEIUEVO, EMITEAOUC emLTuyXaveTaLl. To
Ttapov £pyo ival anotédeopa adooiwong Kol CUCTNHATIKIG TTPOOTIAOELG TIOAAWY ETWV, TIOAAEC
dopeg og BApog AAAWVY TIPOCWTTLKWY OTLYHWV Kol amoAaloswyv. Agv Tav AlYeg oL OTLYUEC TTOU TO
ayxog £édtaoe oe emnineda SUoKoAA va SLaXELPLOTEL KOVEIG, WOTOCO TEAKA armoSelkvUeTOL OTL UE
uTtopovn Kalt KaAr) B€Anon pmopel Kaveig va UTePVIKAOEL OAa T EUmodia.

210 OUVTOO QUTO Keipevo Ba mpoomnabrow va eKPpAcw TG EUXOPLOTIEG LOU ATIEVOVTL OTA ATOMA
0 POAOG TWV OMoLWV, APESA I EUUETA, NTAV ONUAVTIKOG YLOL LEVA O OAN AUTAV TNV pooTabsLa
KL 0TNV €mLTuXn €kBaocr tng.

Mpwtiotwg Ba nBeda va ekdpdow TNV Omeploplotn, ek Paboug kapdilag euxaplotio Ko
EUYVWHOOUVN HOU ameévavTl otov emiBAEnovia kabnyntr pou, K. ABavaocto Mavayomnoulo. Ot
YPOUMEG AUTEG lowg Bev elval apKETEG yLa va amodwoouv eMapKwe 6oa Ba nbela va ekdpdow.
Tov EUXOPLOTW TIOU HOU EUTLOTEVTNKE £val TETOLo SUCKOAO gyxeipnua, kpivovtag Ot ipat a€log
va To OEPW €16 MEPAG. Me QVTILETWITLOE € aPXNG WG LOOTIUO MEAOG TNG EPEUVNTIKAG TOU opadag,
pe emBpdaPeve os kABe pou mpoomdABeld, €MITUXA R KN KOL HOU oTABnke o KABe SUGKOAn
akadnuaikn oAAQ Kol TTPOCWTILKA OTLYUN €vOappUVOVIAG HE va cuvexiow. Mpayuotika Atav
MEYAAN n TUXN UOU VO CUVEPYOOTW KE EVOV TOOO OTAVLO OTLG NUEPEC Uag AvOpwro, TOoo o€
EMIMESO EMOTNOVIKIG KOTAPTLONG KoL EUPUTNTAC TIVEULATOC, OGO KOl OE TIPOCWITILKO emimedo.
Mavta éviwBa OTL uropoloa va ToU EUMLOTEUOW TLG avnoUXieg Kot Ta TTPOBANATA LOU KAl TTAvVTa
katadepve va pe evBappuvel Kol va pou dwaet Aon. O k. MavayomouAog mopd TNV KATAPTLON
Tou elval évag kabnuepvog avBpwmog, LakpLd ano kabes unepodia ) EYWIOUO, Evag avOpwog
Sikatog, aképalog kot avidloteAng. Tov EuXapLOTW YL OAaL.

E€€xovoa BEon otig euxaplotieg pou kataAaupavel n epeuvnipla Ap. PoSoUAa Makpr, LE TnV
omoiol OAO QUTA TA XPOVLOL ELXALE LA TIOAUSLAOTATN, EUXAPLOTN Kol SNULOUPYLKI CUVEPYAOLa Kol
TNV omola EuXaPLOTW EYKOPSIWE yLo TV EUmLoToclvn TNG.

Mépog tng mapoloag gpyaciag avaystal ota mAaiowa tou épyou ‘ASALASCA — LARGE SCALE
ASSESSMENT KA/Q BAND ATMOSPHERIC CHANNEL USING THE ALPHASAT TDP 5 PROPAGATION
BEACON (ESA). Euxaplotw ToAU tov Eupwraikd Opyaviopd Awactiupatog (European Space
Agency — ESA) kaBwg kal tov umevBbuvo tou €pyou, Dr. Antonio Martellucci yia tnv aloyn
ocuvepyaoia mou eiyoape. Eykapbleg euxaploTieg Kal otov project manager tou £pyou, Ap. IT.
Bevtolpa yLa TNV €MOIKOSOUNTLKI CUVEPYAOLA KOL TNV GPLOTH EMKOWVWVIA IOV Elxape OAa auTd
TA XPOVLA.

Oa nBela va uXapLOTAOW TOUG TLO OTEVOUG OUVEPYATEC, EPELVNTEC Kol urtoPndioucg S16AKTOPEG
KoL TTAE0V PIAOUG LE TOUG OTTOIOUC GUVEPYAOTNKA OAQL UTA TAL XPOVLOL, KOL TILO CUYKEKPLUEVA TOUG
Ap. N. AUpa, Ap. X. Koupoywwpya, Xp. Eppaiy, ©. Kan, Ap. I. Mitohadn, Ap. M. MouAdkn, Thv Ap.
21. Baoodkn, touc A. NamavikoAdou, Ap. N. Mwpditn, tv Ap. . Popescu, Toug Ap. AB. Mapouaon,
Ap. Avt. Tkoton, Ap. K. MaAldtoo, Ap. K. Kakoylavvn, ®@. Poydpn kat AA. Poydpn. Zexwplotda a



NBela va euyoplotiow toug Giloug Kal cuvepydteg Ap. IT. ZOyKPLWTN, O OMOLOC MEPAV TNG
akadnuUaikng Hog ouvepyaolag ouVelOEDEPE TIPOOWTILKO XPOVO KOl LOpwTa KOtd Tn ¢aon
EYKATAOTAONG TWV UETPNTIKWY SEKTWV Kot yia T BonBeLla Tou omolou elpot EVYVWHWY, KABwWE Kot
tov Av. Poupehwtn, Ue Tov omolo Tepdocape ouk oAlya PBpadia ala kot oppoatokuplako
aAAnAoevBappuvopevol evw gpyalopactav o KaBevag ylo To SI8aKTopLKO TOU Kal OTOV OTolo
guyopot koAn emtuyio. EmutAéov, Ba nBela va suxaplotriow toug kupiloug M. KeAéda, AB. Mda
kat N. Mmouln pe Toug omoioug elxa pia e€aLpeTIK cuvepyaaia.

Télog, Ba nBela va suyaplotiow OAOUG TOUG KABNYNTEG, €PEUVNTEG, GUVEPYATEG Kal AOUTo
TIPOOWTILKO HE TOUC OTOLOUG OUVEPYAOTNKO Kol l8IKOTEpA Toug KaBnynteg K. M. Kwttn, k. T.
Owwwpn kat K. X. KapaAn, n Siéaokalia twy onoiwv cuvéBale kabBoploTikd otnv anddaacr] pou
va aoXoAnBw HE To eV AOYW QVTIKELUEVO Kol TOHEQ eVpUTEPA. EuXapLoTWw TOAU Kot Ta HEAN TNG
ENMTAPEAOUG ETUTPOTINC €EETACNC VLA TO XPOVO TToU adlEpwaayV oTnV mapovoa epyaaia.

Euxaplotw okopn 0Aoug Toug ouyyeveig Kal GpIAoug Tou oTABnKav Kovtd Hou o€ OAn auth TN
Stadpoun kat eldikdtepa TNV Epp. Nedaditn, n omola eAnilw va pe aveXeTal yla TTOANA aKOun
Xpovla.

KAelvovtog, 6 Ba pmopoloa va mopoAeiw TOV GNUOVTLKOTEPO GUVTEAECTH OTNV TEPATWON
QUTNG TNG EPYACLAG, TNV OLKOYEVELA LOU, TOV TTATEPQ oU Zay. Mamadpaykakn, Tn UNTEPA Lo 2.
FaAetakn kot thv adepdry pou M. Moamadpoykdkn. Io¢ €UXOPLOTW yla OAa 00O HOU £XETE
TPOoodEPEL, Yl TNV UTIOMOVH OOG QTEVAVTL LOU KOL TNV €UNMLOTOCUVN 0AG. 2O EUXOPLOTW TIOU
Buoldoarte ta mavta yla pag, to nodld oag, kat Swoate toéon éudacn otn popdwor] pag. EAilw
va elote mepndavol yla UAG KAl KATIOL OTLYMN VO UTOPECOULE, £0TW €V MEPEL, VA OAG TO
oVTATIOSWOOUE.

Amootolog Zay. Nanadpaykakng
Abnva, ®eBpoudplog 2021
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Exktetapevn MNepiAndn ota EAANVIKQ

1.1 Elcaywyn

Ot oAoéva aufavopeveg amaltrioelg yla unAdtepouc pubpoug petadoong o cuVOUAGCHO E TNV
g€avtAnon tou Slabeoipou paopatog yia S0pudopLKEG ETIKOWVWVIEG eMBANAOUY TN peTdBaon
TWV CUOTNUATWY KOL UTINPECLWY O aVWTEPEC ACHUATIKEG {WVES Orwg N Ka kat ot Q/V (Arapoglou
et al. 2011). H petdPaon avt Ba dwoel t duvartdtnta ya avamtuén véwv dopudoplkwv
ouotnuatwv uPniolg puBpamodoong (High Throughput Satellites, HTS), mapéyxovtag
aloonueiwta peyaAlTEPN XWPENTIKOTNTA OLKTUOU Kot pubpoug petdadoong SeSopévwv o€
Sopudopikég Levelg tpododoaiag (feeder links) Tatewg dekadwv Tbps (De Gaudenzi et al. 2012,
Kyrgiazos et al. 2012). Qoto00, n 81adoon Tou GrHatog ot {wVEG AUTEG elval TTOAU Tto evaicBntn
ota Sadopa atpoodalplkd Gpavopeva Kol KUplwg ot atuoodalplkéG KaTakpnuvioelg-Bpoyxn
(évtovn e€aoBévnon - tatewg dekadwv dB) (Ippolito 2008), eysipovtag €Tl {NTrUOTA AELOTILOTIOG
kat StaBeopotntag twv elEswv. H xprion evog amlou neplBwpiou dtaleipewv (fade margin) n
eA€yxou LoxVOG, TEXVIKEG TIOU XPNOLUOTIOLOUVTAL UE ETITUXIA OE CUOTNUOTO HE XAMNAOTEPEG
ouxvotnteg Asttoupyiag, kpivetol tOco acUudopn OCO KOL OVETMOPKNG OTN OUYKEKPLUEVN
nepintwon (Arapoglou et al. 2011, Gharanjik et al. 2015, De Gaudenzi 2012). Eival emopévwg
arapaitntn n xpnon efeldikevpévwy TexVikwv apPAluvong Stodeipewv (Fading Mitigation
Techniques, FMTs) (Panagopoulos et al. 2004), oL omoleg Ye Tn o£lpd Toug tpolimoBETouy akpLpn
povtehomoinon tou kavaAlwol Stadoonc.

Mapd to yeyovog OTL Katd To mapeAOov mpotdadnkav otn Stebvn BLBAloypadia dtadopa poviéda
yla Xprion otig ev AOyw GUXVOTNTEC, T HOVTEAQ aUTA elte Kpivovtal eAA €ite un kaBoAka
edapuooipa ya xpnon os omoladnmote yewypadikr meploxr. Ma tnv mpdtacn evog VEou
povtédou dladoong eival amapaltntn n Umapén MPAYUATIKWYV HUETPHOEWY, N OUAAOyYR Kot
OTATLOTIKA avAAUCh TWV Omolwv XPNOLUOMOLE(TAL TOCO ylot TNV OVATUER TOU 000 Kal ylo TNV
EKTLUNON TNG aKpiBELAC Tou. H oUAAOYN LETPHOEWY OUWG OUVLOTA TIOAUTIAOKN Stadikaoia, Kabwg
amalttel e€l6IKEVUEVO, akpLBO eEOMALOUO KAl LOKPOXPOVLA TIOPATHPNON O TIAYKOOMLO KALLOKO
T(POKELEVOU Ta dedopéva va elval AVTUTPOOWIEUTIKA. 2 EUPWIAIKO eninedo kataBAnBnke tnv
TIEPACKEVN BEKOETIO L TTPWTN TIPOCoTABEL0 CUAAOYNG METPOEWV SLAS00NG OTIG CUXVOTNTEG
QUTEG Xpnolpomolwvtag toug Sopudopoug ESA OLYMPUS kat ITALSAT F1 (Paraboni et al. 2002,
Ventouras et al. 2006), wotdo0 n XWPO-XPOVIK OUOXETION Twv dawopévwy Stadoong dev
peAetnOnke og Babog.

Ta televtaio xpovia, pe MPpwToPfoulia Kol umd Tov GUVTOVIOUO Tou Eupwmaikol Opyavicuou
Awaotripartog (European Space Agency, ESA) éywvav SlaBéoipa onpatoa-beacons ya tn Sie€aywyn
VEWV UeTproewv otlg {wveg Ka kat Q (19.701 kot 39.402 GHz) and tov 6opudopo ALPHASAT
(25.0°E). To yeyovog auTo, 0 GUVSUOOUO LE TNV WPLLOVON TNC TEXVOAOYLOC KOL TLC VEEG TEXVIKEG
Software Defined Radio (SDR), anotéAece to KivnTpo ylo TNV avamtuén dektwv ylo Ste€aywyn
UETPNOEWV OE OUTEG TIC GOOUATIKEC (wveg, ylo mpwtn ¢opd oe eAAnviko £6adoc. Ot
ovantuxOEvieg SEkTeC amoteAoUV MALOV UEPOG TOU TIOVEUPWTTAIKOU SIKTUOU WETPOEWY TOU
Alphasat Aldo Paraboni Propagation Experimenters (ASAPE) kaBwg KkalL Tou gpguvntikol
nipoypappatog tng ESA «ASALASCA» (Ventouras et al. 2017). Alyo apyotepa, e okomo tn culoyn
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TEPLOCOTEPWV SES0UEVWV TIPOOTEBNKAV AANOL SU0 6£KTEG OTIG paouatikég {wveg Ku (11.699 GHz)
kot Ka-band (19.680 GHz) xpnotpomolwwvtag toug dopudopoucg Arabsat BADR-5 (26.0°E) kot
Eutelsat KaSat (9.0°E) avtiotolya. Ita EMOUEVA MAPOUCLAIETOL N APXLTEKTOVLKN TWV SEKTWV, OL
OPXEG AELTOUPYLOG TOUC KOBWC KL KATIOLOL OMOTEAECUATO LETPOEWV KOL OTOTLOTIKNG AVAAUONG.

1.2 Xprion beacons yia dte€aywyn HeTpriocewy dtadoong

H peydAn misoPnoia twv Sopuddpwv ekMEUTIOUY, EKTOC TwV AAAWY, ONUOTA TNAEUETPLAG KO
beacons. Ta onuata beacons, cuvnBw¢ adlapopdwrta, otabepng oxvog onuata Continuous
Wave (CW), xpnolpomnotouvtal Katd KUpLo AGyo yLo ToV eVToniopo Tou opudopou amod emniyeloug
oTaOpoU¢/mPocavaToAloUd KEPOLWV 1 KAl WG OOt TIAGTOL Yot oKOTtou ¢ tNAspeTpiag. H ¢plon
TWV ONUATWVY auTwy (otaBepn LoXUC KAl PLKPO GOOUOTIKO TIEPLEXOLEVO) Ta KOBLOTOUV KOTAAANAQ
yla T Ste€aywyn petprnoswv diadoonc.

O Sopudopog ALPHASAT otig 25.0° E av Kal TIPOOPLOUEVOC YL EUITOPLKOUC OKOTIOUC (EUMOPLKN
ovopoaoia Inmarsat-4A F4) dpépet Stadopa tnAemikowvwvioka ¢optia-payloads yia tn Sie€aywyn
TEPAMATIKWY SpaoTNPLOTATWY UTIO TNV alyida tou Eupwmnaikou Opyaviopol ALooThUOTOG
(European Space Agency, ESA). Eva €’ autwv eival kat to mepwwvupo Technology Demonstration
Payload (TDP) #5, to omoio amoteAeitat amno duo beacons, ota 19.701 GHz (Ka-band) kot 39.402
(Q-band) GHz avtiotowa. Avtiotolya orjpata beacons givat StaBéoipa kat armd toug Sopudpopoug
BADRS kot KaSAT ota 11.699 GHz (Ku-band) kat 19.680 GHz (Ka-band).

Ot petpntkol Sopudopikoi SEKTeG mou Ttapouatdlovtal otnv mapovoa gpyocia AapBdvouv ta ev
AOyw beacons pe katdAAnAa oXeSLOOUEVO KAl UAOTIOLNMEVO €EOTTALOMO UE OKOTO Tn OUAAOYN
petpnoewv dladoong otig daopatikég Lwveg Ku, Ka kat Q.

1.3 ApXLTEKTOVLKH TWV VAOTIOLNBEVTWY UETPNTIKWV
SopuPOopLKWV OEKTWV

OL 8€KTEC TTOU KATAOKEVAOTNKAV YL TOV OKOTIO TOU TIELPALLATOC QMOTEAOUVTAL EMLUEPOUG KATA TO
TAeloTov ano e€aptiuata Nén SlabEaiua otnv ayopd MPOKELUEVOU Tiepl eAaLloTonoinong T6co
TOU KOOTOUG KoL TOU XpOvou uAomoinong 600 Kal T Ypryopn QVILLETWIILON KAl QmoKATAoToon
Tuxov PBAaBwv. H Baolk OpXLTEKTOVIKN TWV SEKTWV €lval KON yla OAEG TG OCUXVOTNTEG Kol
TIAPOUCLALETOL OTO TMAPAKATW QTTAOTIOLNUEVO UMAOK Staypappa (Zx. 1-1).

lMNa tnv nepintwon tng Ka-band xpnotponoteitat Sopudopikd mapaPfolikd katontpo tunou offset
Slapétpou 1.2 m evw yla tTnv mepimtwon tng Q-band xpnoiponoleitatl mapaBoAlkd KATOMTPO
tunou shrouded, Stapétpou 0.6 m. MNa tnv Ku-band xpnotpomnoteitat emiong napaBoAko KATOnTpo
offset 1.2 m, e to omolo yivetal kat mapakevipn Afn tou Ka-band beacon tou KaSAT.

To AapPavopevo onua kupatodnyeital oe katdAnAa Low Noise Blocks (LNBs) 6mou to onua
dktpapetal, evioyVetal kat urtoBLBaletal otn cuxvotnta mptv petadepOei oto enduevo otadlo.
Meta and eutepo PpIATPAPLOMA KaL EVioxuaon, To orpa odnyeitat og éva Universal Software Radio
Peripheral (USRP) B210 tng Ettus, to omoio kat avaAapBavel to KOUUATL TNG SetypotoAnyiag,
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Kepalaio 1 — Exktetapévn nepidndn ota EAAnvika

KBavtiong kat Pndlomoinong tou AapPavopevou onpatog. Ta Ynodlakd delypota petadEpovral
TEAIKA O€ €vav UTIoOAoYLOTr 0 omoiog epodLaoUEVOC e AOYLOWKO Ttou avartuxenke pe fdaon to
dnuodNég mAaiolo avamtuéng GNU Radio ektelel To teleutaio otadlo enefepyaciog kat
amoBbnkeuong.

1.2m kepaia Ka-band

tunov offset dish Kah 6o
LMR-400

WR-42
Antenna N LNB Bias Tee/ BPF LNA
Feedhorn IF =1451 MHz Diplexer 1420-1470 MHz 30dB

A

- |+
. > USRPs B210
P DDC-12 bit ADC
0.6m kepaio Q-band
P 20 VDC GPSDO 10 MHz + PPS—1 A

tonou shrouded parabolic Ka\bBlo
WR42 LMR-400 .
Antenna N LNB B@s Tee/ N BPF N LNA | |
Feedhorn IF =1902 MHz Diplexer 1455-1925 MHz 30dB
A 4

NoyLopLko Sektwv beacon

UHD GNURadio
NoyLopkd eAéyxou FFT, extipnon oxbog
USRP Beacon & Bop UBou

IxAMa 1-1: ZUVOTTLKO UIAOK SLAYPOAUHA THG APXLTEKTOVLKIG TV SEKTWV yLa tov ALPHASAT

H pétpnon g AapBavouevng loxuog aAAd kat Tou emutédou BopuBou yiveTal XpnOLLOTIOLWVTAG
TEXVLKEG eKTiNONG Fast Fourier Transform (FFT). To eninedo BopuPou eival éva xprowo peyebog,
KaBwg ennpedaletal anod ta dtadopa patvopeva dtadoong Kat n yvwon tng TLUAG Tou Umopel va
BeAtiwoel TNV akpifela Twv petprioewv (Papafragkakis et al. 2017). To Suvapiko vpog (dynamic
range) urntohoyiletol peyolutepo twv 40 dB yia toug Sékteg Ka evw ylo toug §€kteg Q To Suvapko
gUpog ayyilel ta 35 dB.

Toco n AapPavopevn oxUG 6co Kat o BOpuBog petpwvtol Kal omoOnkevovtal pe pubuod
SeypatoAnyiog 10 Hz xpnotlponowwvtag xpovoodpayideg (timestamps) ouyxpoVIOUEVEG UECW
GPS Disciplined Oscillator (GPSDO). Etot Staopaliletal mARpwG N akpiPela TwV UETPHOEWV OTO
niebio Tou xpovou. EmumAfov, mpokeluévou Aol oL TaAavtwTtég/poloyLa va mapapeivouv og mAnpn
OUYXPOVLONO, emioTpatevovtal ol €€odot 10 MHz kat Pulse Per Second (PPS) tou GPSDO.

Mapad to yeyovog ot o ALPHASAT eival yewotatikog 6opudopog n dawvopevn B€on tou ano tn n
peTaBAMETAL KATA TN SLAPKELX TNE NUEPAC AOYW ULKPNG KEKALUEVNC TPOXLAG. H eV AOyw KEKALUEVN
TPOXLA CUVTNPELTAL CKOTI{LWG YOl OLKOVOULO KAUGLUWYV KoL TIPOKELMEVOU Vo Ttapatabel n Slapkela
{wng tou. H pikpn amokAlon otnv TpoxLd (EKTIUWHUEVN TR ULKPOTEPN TWV 3 HOLPWV KATA TN
SLApPKELD TOU TIELPAMATOC) ELCAYEL ML AmmOKALON TN TAENG Twy 2 2 otn ywvia aviPpwong twv
KOTOTTPWVY Kal PLKpOTePN Twv 0,22 oto allpolBio. H teheutaia pmopel va ayvonBel kabwg eivat
TOAU apyd peTtaBoAAopevn kot Sev emnpedlel OUCLAOTIKA TG HETPOUMEVEG TIHEC. QoTOGO N
MeTaBoAn otn ¢awvopevn ywvia avioPpwong xpnlel avTUETWONG MECW KATOAAANAOU OXNUOTOG
napakoAolBnong tou dopuddpou (tracking system).

o To OKOTO AUTO avarTUXBNKe TARPWE AUTOUATOMOLNUEVO AOYLOULKO TO OMoio o€ cuVOUOOUO
pe PnoLakd KAVOUETpA Kal YPAUULIKOUC KIVNTAPEG TTOU €X0UV gyKataoTabel ota KATomTpa aAd
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kol apyeia Orbit Ephemeris Messages (OEM) mou napéyouv tn B€on tou Sopudopou KABE oTLyun,
elval oe B¢on va mapakoAouBolv Kal va GKOTEUOUV TO KATOMTPO oTo Sopudopo e akpipela
KoAUTePN amo 0.052. H Baoikr) apXLTEKTOVIKA AELTOUPYLAG TOU CUCTNLOTOG apakoAoUBnong tou
Sopuddpou napatibBetal 0To mMaApaAKATW UTAOK Stdypoappa (2. 1-2).

H-Bridge <« pwi—|  Mupoehenic |
Napaywyr ofparog PWM Tracking S/W Aut/uévn Addn
‘Ek&oon evtoAwv apxelov OEM

MapakoAolBnon Yro Moy opot ylathv
KA WOUETPOU ABrva / Aadp o

Tpodo dooia KvnTipo————— 36 VDC -

JuotnupogoapoakohovBnong B€ongigpuddpou

AN\ayn ywviag Wnoako
AvUuwong KAvopetpo
. , , , ,

IxAMa 1-2: ZUVOTTIKO MITAOK SLAYPALULO TNG OPXLTEKTOVLKIG TOU
ocuothipatog okoneuong Sopudopou (tracking system)

1.4 \eMTOUEPELEC TIELPAUATOC

Juvolika oxedlaotnkav kot uAomowBnkav €€l §ékteg, évag yia tn {wvn Ku, tpelg yia tn {wvn Ka
kat 8vo ywa Tn {wvn Q. H eykatdotacr TOug TIPOAYUATOTOONKE OTO OCUYKPOTNUA TNG
MoAuteyvelolToAng Zwypdadou (NTUA Campus) kaBwg katl oto TexvoAoylkd Kat MOALTLOTIKO
Mapko Aaupiou (NTUA LTCP) kat yia tnv riepintwon tou ALPHASAT €ywve og {eUyn amoteAoUeva
ano évav 6éktn Ka kat évav Q ava tomoBeoia (ZY. 1-3 kot 1-4). OL emumAéov Sékteg Ku kal Ka
gykataotadnkav otnv MoAutexveloumoAn Zwypddou.

- i % W b N
IxAua 1-3: Ta KEPALOCUOTANATA TWV SEKTWV oTnV NMoAuTEXVELOUTIOAN (apLotepd) Ko oto Aavplo (Seid)

OL 8U0 tomoBeoieg améxouv mepl ta 36,5 km oe euBeia ypapun kot Stadpépouv WG mMPOG TLg
KALLOTIKEG oUVONKEG KaBwGg N pev MoAutexveloUTIOAN BpiokeTal oToug MPOTOSEG Tou YUNTToU, TO
6e Aaplo Bploketal votlotepa, e XapUnAo uopetpo Kal dimha otn BdAacoa. H smloyn Twv
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Béoswv autwv eMLTPEMEL TNV €f€taon oevapiwv Sladoplopol B€ong (site diversity) kot tnv
eKUETANEUOH TouC yla tnv auPAuvon Stadeipewv (Papafragkakis et al. 2016).

IxAua 1-4: Ou Sékteg otnv NoAutexveloUToAn (aplotepd) kot oto Aadplo (5€udt)

O &ékteg Ka Bplokovtal o adiaheuttn Asttoupyia and tov lovAwo tou 2016 evw ol dékteg Q
gykatootadnkav kot Aettoupyouv amd tov lovAo tou 2017. O emutAéov SVo Sékteg Ku kat Ka
gykatootadnkav kat Asttoupyolv amo tov loVvALo tou 2017 kat 2018 avtictowa.

MapaMnAa pe toug S£kTeg Aettoupyel Kal €EOMALOMOG Yla TNV UTTOCTHPLEN TWV UETPHOEWV UE
petewpoloyika Sedopéva. Mo CUYKEKPLUEVA, HETPOUVTOL HeYEDN omwg n Bepuokpacia, n
vypaocia, n atpoodalplkn mieon, n taxvtnta Kot StebBuven tou avépou, n nAlakrn aktvopolia
Kal ¢puoikad n Bpoxomtworn. Ta pPeTewpoAoykd dedopéva eival MANPWES CUYXPOVIOUEVO UE TOUG
S€kteg Kal amoBnkevovtol o BAacn SeSOUEVWVY TIPOKELUEVOU Va EETOOTEL N CUGKETLON TOUG LE Ta
Sladopa dpawopeva diadoong.

1.5 AnoteAeopata

Onwce Nén emwOnkKe, oL LETPAOELG elval akOpa og eEEALEN. ZTO TAPAKATW OXA AT TAPOUCLALETAL
WG TAPASEYUO €va KOMMATL TwV OUAAeyéviwv O6ebouévwv Ue TN Hopdn XPOVOCEPWV
OUVOSEVOUEVO LE Ta avtioTola Sedouéva Bpoxontwaonc.

1.5.1 Napadeyua Sitapopiouov Beanc (site diversity) otnv Ka-band

Y10 mapakdtw oxnua (2x. 1-5) napouvaotdlovrtal Sedopéva ylo TpeLg NUEPES, ard 16/11/2017 £wg
kot 18/11/2017 omoOte Kal WUMopouv va yivouv aflOAOYEC MOpATNPACEL. ITO oXAa yivetal
geudavng n XpOVLKN UCTEPNON TTOU TTAPOUGCLALETOL LETALD TWV GALVOUEVWY LETALY Zwypaddou Katl
Aauplou, yeyovoc mou Ba pmopouoe va aflomotnBei yia tn xprion oxfiuatog Stadopilopol B€ong
(site diversity).
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= Campus Ka-band Rainfall Rate
~—— LTCP Ka-band Rainfall Rate

150 A
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v
o
L

Rainfall Rate[mm/h]
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'
3

Time, GPS locked [sec]

IxAuna 1-5: MNapadeypa site diversity - xpovooelpég {wvng Ka twv 800 tonobeoiwy,
and 16/11/2017, éwg 18/11/2017

1.5.2 Mapadetyua Stapopiouov cuyvotntac (frequency diversity)

Mpokelévou va yivel avtiAnmen n SLadopeTikr EMIMTWON OV £X0UV TO ATUOCPALPLKA PaALVOUEVA
otn 6tadoon tou onparog otig Lwveg Ka kat Q mapouoialovial oTo MopakATw oxnua (Zx. 1-6)
S6ebopéva Slapkelag piag nuépag (04/11/2017) ywa toug otabuolg Ka kat Q otnv
MoAuteyvelolTOAN Zwypadou. Mapd To HKkpo pubuod Bpoxomtwaong, n {wvn Q avieTwilel un
opeAntéa e€acBevnon (tafsweg 3 dB) evw n {wvn Ka Atyotepo amd 1 dB kot paAlota ylo opKeTa
ULKPOTEPO XPOVIKO SLaotnua.
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Beacon Signal
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IxApa 1-6 Napadeypa frequency diversity — xpovooelpég yla tnv
MoAutexvelounioAn Zwypadou tnv 04/11/2017

1.6 2TOTIOTIKA PWTNC TAENC - afloAdynon

Toco katd tn oxediaon twv cuotnuatwv (SlactacloAoynon {ev€ewv) 000 KAl KATA TN
xprion/éheyxo povtéhwv Slddoong, elval avaykaia n oTatioTky Teplypadr] Twv Galvopévwy
KOBWE Kal N XWPOXPOVIK OUCYXETION TOUG. ITA MOPOKATW oxnuota (Xx. 1-7 kot Zx. 1-8)
TIAPOUCLA{OVTOL TA OTOTLOTIKA 1NC TAEEWC KOLL TTLO GUYKEKPLUEVA OL CUTIANPWHOTIKEG 0lOPOLOTIKEC
KaTavouEG mukvotntag mibavotntag (Complementary Cumulative Distribution Functions — CCDFs)
T000 yla to pubuo Ppoxomtwong ot dvo meploxég (mm/h, xpnowwomowvrtag HEBodo
olAokAnpwong 1 min) 6co kat yla tnv untepBairlouvoa e€acBvnon (excess attenuation).

Ta oxAuata autd adopolyv To TANPES SLACTAA TWV HETPOEWV OVA CUXVOTNTA KoL TIEPLOXH. ATtO
auTa yivetal eUKoAA avtAnmTo otL n unepBalouvoa e€aoBévnon (in-excess attenuation), SnAadn
n e€aoB€vnon mou udiotatal to onfpa Aoyw cuvwedpwy Kot L&iwg Bpoxng, AapuBavel e€alpeTka
MEYAAEG TLLEG YLOL LN OLLEANTED TTOOOCTO TOU XPOVOU OE OAEG TLG MEPUTTWOELS Kal blwg otnv Q-
band.
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Kepalaio 1 — Exktetapévn nepidndn ota EAAnvika

lMNa tnv nepintwon g Ka-band mapatnpouvral Tipég e€aoBévnong nepi ta 25 dB (Zwypadou) yia
oxebov 0.01% tou xpovou, kablotwvrag eva amAo neplbwplo StaleiPewv 1 Tov EAeyxo LoXLOG
OVETIOPKI) QVTIMETPA yLa TNV emtiteuén uPnAoug dtabeoipuotntag.

Ztnv nepimtwon g Q-band mapatnpeital akoun peyaAutepn e§acBévnon yla ta (Sla mocootd
TOU XpOVOU, KOTASELKVUOVTAG TTOCO CNUOVILKEG ELVAL OL EMUMTWOELG TNG dLAdoong og autr TN
daopatikr) {wvn. Evoelktika, yia 0.01% tou xpovou napatnpsital andéoPfeon peyaAltepn twv 35
dB ko yta tig U0 TEPLOXEG.

Movo otn ¢paopatikn {wvn Ku mapatnpouvtal xapunAotepeg TLHEG e€acBgvnong, mepi ta 10 dB oto
0.01% tou xpovou. MNpayuott £wWE TWPA, CUUPBATIKESG TEXVLKEC XPNOLUOTOLWVTAC KATIOLO IEpLOwpLO
StaeiPewv pall pe SuvapLko Eleyxo LoXUoC elyav amodelXTel ApKETEG yLla TNV emiteuén uPnAolg
SlaBeopotntag og auth tn daopatikn {wvn, o TMARPN avtiBeon onwg daivetal pe TG {wveg Ka
Kot Q.

Oa mpemnel va onUelwOel OTL N eMUMESWON TWV KAUMUAWY ota XapnAd mocoaoTd tou Xpovou (SnA.
OTLG XaUnAEG TBavotnteg) odeiletal otnv umépBaon tou dabecipou duvapikol eUPOUG TWV
Sextwv. Avtictolyo amotedéopata mapoucidlovtal ota (Papafragkakis et al. 2019) kat
(Papafragkakis et al. 2020).

1.7 Ytatiotikd 6eUTeEPNG TAENC — OUVAULKA cuuTEPLPOPA
Staleipewv

ISlaitepo evdladEpov MapoucLAlouv Kal T OTATIOTIKA SeVTEPNG TAENG Ta omoila adopouv Tov
puBbuod petaBolnc tng e€aobévnong (Fade slope, dB/sec), tn Siapkela twv StokeiPpewv (fade
durations) kot to mARBog autwv ava KatwdAl e€acbevnong kabwe Kal to pecodlactnua petafl
Stodeipewv (inter-fade durations).

210 mapakAtw oxnua (Zx. 1-9) mapouvoialovral ta Bnkoypaupata (boxplots) yia tn diapkela Twv
SloAeipewv ava katwoAl e€acBévnonc.

Onwc SLamoTWVEL KAVEIG LEAETWVTOC TA TOPOKATW BnKoypAaAUHaTA, AVEEAPTNTWE CUXVOTNTOG KL
Tung e€acBévnong daivetal otL n Stdpeoog (median) twv dtaleiPewv eival oxetika otabepn pue
TN amo 2-6 sec, pa afloonueiwtn dlamiotworn. Avtiotowa, paivetal OTL To TPITo TETAPTNOPLO
(quartile) Twv 6ebopévwv Slapkelag Stahelipewv akolouBel pia oxedov ykaouolavol TUTOU
KOTAVOU .

Ye KGOe TepiMTWOoN, TETOWA OTOTIOTIKA €ival MOAU ONUAVTIIKA OTnV UAOMOLNGCN amodotikwy
TEXVIKWY FMTs kKaBwg pmopouv va elcax8olv we mapapeTpot

= oT0 puBNO SetypatoAnyiag Twv alyopl®Ouwv FMT
= oto képSog KAeloTwv Bpoxwv (closed loop gain)
= otov SLACTNUO UOTEPNONG LETALL edapuoyng Twy FMTs
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IxAua 1-9: Onkoypdppara Stapketag StaleiPewv yio OAEG TLG CUXVOTNTEG KOl OTLG SU0 TIEPLOXES
(a) Ku-band BADR5 Campus, (B) Ka-band KaSAT Campus,
(v) Ka-band ALPHASAT Campus, (6) Ka-band ALPHASAT LTCP,
(€) Q-band ALPHASAT Campus, (ot)Q-band ALPHASAT LTCP

1.8 2TaTloTkd YwpLkol Stadoplopou/dladoplopol
Beonc

Ano Tta mAéov amodoTikA oxNuoTa HeTplacuol Stodeipewv Bewpsital n TEXVIKA XwPLKOU
Sladoplopou (site diversity). Zta mAaiola auTnG, TO CAUO EKTTEUMETOL ] AapBAvVETOL Ao AoV
™G ULoG Yewypadlkng eploxng Sivovtag duvatdtnta aglomoinong tng KN XWPLKNAG KATAVOUNG TNG
Bpoxng. Mevika, 6co peyahUtepn eival n andotacn petaly Twv otabuwy (separation distance),
TO0OO HEYOAUTEPO QVOMEVETAL TO KEPSOC ammd TN XPnon tou oxnuatog autol. Emilong, oe
TIEPUTTWOELG CwpPEeLTOpopdnC Bpoxng (convective precipitation), omou n Bpoxn oxnuatiletat Adyw
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LOXUPWV OVOSLKWVY KWWAOEWVY, elval peydAng évtaong oAAQ ULKpn¢ SLAPKELAG Kol €KTAoNG, TO
KEPSOC elval ouvnBwg HeyaAUTEPO EVaVTL TIEPUTTWOEWY oOTpatopopdns Bpoxng (stratiform
precipitation) n omola eivat pikpng évtaong oAAQ LeyAANC SLAPKELAC KAl YEWYPOPLKNC EKTAONC.

210 mapakatw oxnua (2x. 1-10), aneikoviletal n amnod kowvou mbavotnta untépBacnc e€acBevnong
(joint exceedance probability) avd cuxvotnta xpnoluonolwvtag tautoxpova Sedopéva amo Tig
SUo mepLoxég KaBwce katolo Ba nTav To mpokUTTov KEPSOC (ava ouxvotnTta), BewpwvTag KATIOLOV
oo toug Suo oTabpoUG WG MPWTeLOVTA.
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IxAua 1-10: ArtoteAéoparta epapproyrg Xwpetkol StadopLopol XpnoLLOToLWVTAG TauToXpova Sedopéva yia
(a) Tnv Ka-band, (B) tnv Q-band

JTO TMOPOMAVW OXNUO, OUCLOOTIKA Tapoudtdletal n emidoon &vog Seatol GUOTHUOTOC
Sladoplopou Bong (selection combining site diversity), oto onola Bewpeitatl Suvartr) n otyuaia
evoAdayn Hetofl twv Sektwv. Elval ¢pavepd OTL éva TETOLO cUOTNUA OVIWG KOTadEPVEL va
METPLACEL TNV eninTwon Twv Staleiewv. Mapd To yeyovog OTL €va TETOLo cUoTNA lowg Sev gival
TIPAKTLKA UAomololpo, kabopilel wotdoo to avwtato 0plo BeAtiwong mou Ba prmopolos va
ETUTEVXOEL XPNOLUOTIOLWVTOC TNV EV AOYW TEXVIKN.

EvSelktika, yio 0.001% tou xpovou n mpokumtouoa anocBeon sival nept ta 6.7 dB otn {wvn Ka
(képbog dladoplopol ~ 31 dB), mapouctalovTag Lo OXETIKA YPOULKT cuuTiepldopd kEpdoug (ot
dB) oto Sidotnpa petagd 0.003% kat 0.02%.

MNa tnv nepintwon tng daopatikng lwvng Q, n pelétn meplopiletal yla mBavotnTeg OxL
ULKPOTEPEC TOU 0.03% AOYW TMEMEPOACUEVOU SUVOULKOU EUPOUC TWV SEKTWV KAl LEYAANG EVTAONG
Twv PaLVOpEVWY. ITO TTOCOOTO AUTO Tou Xpovou (0.03%), To kEpdog Stadoplopol eival mepi ta 23
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dB, amawtwvtog €va emutAéov meplBwplo 8.5 dB mpokewwévou TtOo clOTNUA va ¢GTAoEL
StoBeopdtnTa 99.97%).

OLTLUEG amOOBECNC TTOU TPOKUTITOUV UETA TNV edappoyn Tou xwpLkoL dtadoplopol eivat ev yEVel
duvatd va avtiotabulotouv pe to meplBwplo Soheipewv mou ouvnBwE oUTwG N GAAWCG
uloBeteital, elbka av To teAeutaio cuvSuaoTel kal Pe KAToLo oxnpa eAéyxou Loxvog. Etol, sivat
duvatov va auvénBel onuavtikd To TocooTto SLABECIUOTNTAG TWV CUCTNUATWY AKOUN KoL OTLG
daopatikég Lwveg Ka kat Q.

1.9 2TOTIOTIKA KALUAKWONC CUXVOTNTOC

XPNOLUOTIOLWVTAC OTATIOTIKA KALLAKwoNG ouxvotntag (frequency scaling) i akoun koAUtepa
povTEAa Baolopéva og Sedopéva KALLAKWGONG CUXVOTNTOG UTTOPEL KAVELG VAL ATIOKTHOEL yVWaoh ToU
TL oupPaivel oe kamola daopatiky {wvn XpnoLldomolwvtag dedopéva amd Kamola AAAn,
xaunAotepn ¢acpatikny lwvn. AkOun, cuotiuota Stadoplopol cuXVOTNTAG UMopouv va
vlomotnBouv, av Kat n Tautoxpovn Asttoupyia oe dladopetikeég {wveg ouvnBwg eival SUCKOAN
KaBwg amattel ToAU SLapopeTiko eEOMALOUO Kat cuvemayeTal SladopeTikols pubuolg petadoong
Sebopévwv.

‘EToL og KAmoLla TEPLOYN) OMOU WIMOoPEl va pnv unapyouv Stobéaipa dsdopéva tadoong ylo Tig
ouUXVOTNTEG eVOLAGDEPOVTOC, UTOPEL WOTOCO VO UTIAPXOUV O€ KAToLa XapnAotepn, eival duvatn n
XpNon Twv teAeutaiwy ylo TNV g€aywyrn cupnepaopdatwy 1 nmpoPAéPewy. Avtiotola, HOVTEAQ
S1adoong twv omolwv n akpifela £xel emaAnBeutel oe £€va €UPOC GUXVOTATWY UMOPOUV va
enektaBolv Kal og GAAeG UPNAOTEPEC CUXVOTNTEG E KATAAANAEG TPOTTOMOLIOELG.

210 mapakatw oxnua (2x. 1-11) mopouctaletal N KALLAKWGON CUXVOTNTAG Yla TNV TIEPLMTWON TWV
{wvwv Ka kat Q xpnolponowwvtag PeTpnoelg anod tov ALPHASAT otig 600 MEPLOXEG TIELPAMATOG.
Xpnowomnolwvtag apevog To cUVOAO Twv Sebopévwy Kol adeTEPOU TIC EVOLAECES TIUEC ava
levyog €€aobévnong Ka-Q mpaypatonodnke amAn ypapuLkn naAvépounon eayovtag moAu
KOAQ amoteAéopara.

35 35
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IxAua 1-11: AntoteAéopara KAUAKWONG CUXVOTNTAG XPNOLHOTIOLWVTAG Tautdxpova dedopéva yia tig {wveg Ka kol Q
(at) otnv MoAutexvelolmoAn (B) oto Aavplo

1.10 Zuunepaopato — MNPOeKTACELS

Itnv mapoloa gpyacia mopouclaleTal ASMTOUEPWE N oxedlaon, avamtuén, sykataotaon Kot
Aettoupyia 60pudoplkwy SEKTWV yLa TNV EKTEAECN LETPHOEWV SLASOONG OTLG PACUATIKEG LWVEG
Ku, Ka kat Q. Napouctaovtal avaAUTIKA oL TTOPAYOVTEG Ttou TPENEL va AndBolv unddn ot pa
TETOLA TTPOOTIAOELQ, OL TIPOKANOELG TIOU QVTIUETWITLOTNKOV KOOWCE Kot oL AUoELS Ttou §60nKav.

To cUvolo Twv AndBévtwy Sedouévwy enefepyactnke, Sivovtag tn duvatdtnta afloAdynong twv
OTATIOTIKWY TPWTNG Kal deUTEPNG TAENG, Twv Sladopwv oxnuatwv FMTs (xwpkod dtadoplouo,
XPOoVikO Sladoplopo, Stadoplopd TpoxLac) KoBwe Kot HEAETNG TNG KALLAKWONG ouxvoTNTOG Kal
TWV oTVOnpLoHWV.

H mopoloo gpyacia cuvioTd TNV TPWTN Kal TTILo OAOKANPWHEVN TIPOOTIAOELO CUYKEVTPWONG KoL
avaAuong petpntikwy dedopévwy dladoong ya g Sopudopikég Lwveg cuxvotntwy Ku, Ka kat Q
otnv EAAGSa aAAQ Kol otnv €upuTeEPn TEPLOXN TNG voTiou Mecoyeiou. MéExpL mpdtwvog, n
ouvtputtikn MAsloPndia Twv Stabeoipwy povtéAwv otn BiBAloypadia Baoclldtav oe MapadoxES
1 LETPNOELG AWV, UTIOTIOEUEVA TTAPOUOLWY KALLOTIKWY TIEPLOXWV. ZTNV PALN, ONMWG AAAWOTE
arodelkvUETAL KAL OO TNV OVAAUGCN TwV ANPOEVTWY PETPHOEWVY KOl TNV QVTUTOPOBOAR TOUG UE
TIAPOUOLEG TIPOOTIAOELEG ava TNV EupwTtn, UTIAPXOUV CNUOVTLKEG AITOKALCELC.

H EA\ada SladEpel katd MoAU armd To NMEPWTLKO KALMA TNG KEVTPLKNG Eupwrng (akoua Kal and
auTd ™G BOpeLag-Kevtplkig Itahiag) r to tpomikd/unotporikd tng Adpiknc. ELSIKAE n Attikr 6mou
Kol AapBAavouv xwpa oL UETPHOELS, EUPLOKOMEVN OTO KEVTPO TNC EAAASOC, 0TO NMEPWTIKO TNG
TUNUo oAAG SimAa og BdAacoa MopouoLalel TNV TAEOV XOPOKTNPLOTLKY) CUUIEPLPOPA TIEPLOXNG
™¢ votiou Meooyelou. To Kahokaiplt xapaktnpiletat amd peyahn Suapkela, TOAU uPnAEg
Bepuokpacieg (>40°C oe TMOAAEG TMEPUTTWOELG) KOL UYPOOIA EVW O XEMWVOG €ival ATLOG, ME
Bepuokpacieg OxL ouxva xapnAotepeg twv 10°C. Katd toug Bgpvolic UVeg oL BPoxomTtwaoelg dev
eivat 1blaitepa ouxvEg, elval wWoTtoOoo TIOAU £vioveg (cwpettopopdn Bpoxn), MKPAG SLAPKELOC Kat
£ktaonG. H emoxn He TG LEYOAUTEPEG CUYKEVIPWOELG UETOU £ival Stopovika to ¢Owvonwpo.

OL petpnoelg amodelkvuouv OtL gav 86e AndBoUV onuavtikd avtipetpa, n Swabeoudtnta
OUOTNMATWY e ouxvOTNTEG Aettoupylag otig {wveg Ka n Q Ba elval onpavTika mepLopLopévn. Ao
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Vv &AAn, n edappoyr TeExVIKWV FMT kol e8ikd oxnudatwv Xwplkou Sladoplopol daivetol
gfalpeTikd@ amodotik (av kal kootoPfopa) kot Ba pmopolos va aufnosl BeapatTikd TN
SlaBeopdTNTA TWV CUCTNUATWY.

H olUykplon Twv dedopévwy He PovTéAa Ttou uTttapyouv oth BiBAloypadia kabBwe kat n BeAtiwon
TOuG N avamtuén véwv Ba pmopolos va amoteAEoel HEPOCG HEANOVTIKAG gpyaciag. AKOun, ol
XPOVOOELlpEC Ba pmopouoav va xpnoldomnolnBolv yla thv MPOCcOoUoiwon CUCTNUATWY TIoU
Baoilovtal otn cuvépyela pe 50puPopPLKA CUCTHUOTA, OTIWG TT.X. OTA TAQLOLO TOU OLKOGUGOTHUOTOG
Twv Siktvwv 5G/6G.

1.11 BiBAoypadia

Arapoglou P.-D., Shankar M. R. B., Panagopoulos A. D, Ottersten B.: “Gateway diversity strategies
in Q/V band feeder links”, 17th Ka Broadband Communications Conference, 2011, Palermo, Italy

De Gaudenzi R., Re E., Angeletti P.: “Smart Gateways Concepts for High-Capacity Multi-beam
Networks”, 30th AIAA International Communications Satellite System Conference (ICSSC),
International Communications Satellite Systems Conferences (ICSSC), 2012

Gharanjik A., Shankar M. R. B., Arapoglou P. D., Ottersten B.: “Multiple Gateway Transmit Diversity
in Q/V Band Feeder Links”, IEEE Transactions on Communications, vol. 63, no. 3, pp. 916-926, 2015

Ippolito L.J. “Satellite Communications Systems Engineering: Atmospheric Effects, Satellite Link
Design and System Performance”. 2008, Jon Wiley

Kyrgiazos A., Evans B., Thompson P., Jeannin N.: “Gateway diversity scheme for a future broadband
satellite system”, 2012 6th Advanced Satellite Multimedia Systems Conference (ASMS) and 12th
Signal Processing for Space Communications Workshop (SPSC), pp. 363-370, 2012, Baiona

Panagopoulos A. D., Arapoglou P.-D. M., Cottis P. G.: “Satellite Communications at Ku, Ka and V
Bands: Propagation Impairments and Mitigation Techniques”, IEEE Communication Surveys and
Tutorials, 2004

Papafragkakis A. Z., Kourogiorgas C. Il., Panagopoulos A. D., S. Ventouras: “Site Diversity
Experimental Campaigns in Greece and UK Using ALPHASAT at Ka and Q Band”, Loughborough
Antennas and Propagation Conference LAPC 2016, 2016, Loughborough

Papafragkakis, A. Z., Panagopoulos A. D., Ventouras S.: “Combined Beacon and Noise Satellite
Propagation Measurements Using Software Defined Radio”, 11th European Conference on
Antennas and Propagation (EuCAP), 2017, Paris

Papafragkakis A. Z., Kourogiorgas C. |. and Panagopoulos A. D: “Site-diversity Ka-band Satellite
Propagation Campaign in Attica, Greece using ALPHASAT: First 2-years results”, IEEE Antennas and
Wireless Propagation Letters, 2019.

Papafragkakis A. Z., Ventouras S., Kourogiorgas C. |. and. Panagopoulos A. D.: “ALPHASAT site
diversity experiments in Greece and the UK at Ka band: Comparison of 2-years' results”, ITU
Journal: ICT Discoveries, Vol. 2, 1, Nov. 2019.

32



Kepalaio 1 — Exktetapévn nepidndn ota EAAnvika

Papafragkakis A. Z. and Panagopoulos A. D.: “Site and Time Diversity Experimental Statistics at Ka
and Q band in Attica Greece using ALPHASAT”, URSI Radio Science Letters, Vol 2,2020 (in press).

Paraboni A., Riva C., Valbonesiand L. and Mauri M.: “Eight years of ITALSAT copular attenuation
statistics at Spino d’Adda”, Space Commun. Vol 18, pp.59-64, 2002

Ventouras S, Callaghan S.A, and Wrench C.L.: “Long-term statistics of tropospheric attenuation
from the Ka/U band ITALSAT satellite experiment in the United Kingdom”, Radio Science, Vol. 41,
2006

Ventouras S. et al.: “Large Scale Assessment of Ka/Q Band Atmospheric Channel Across Europe
with ALPHASAT TDP5: The Augmented Network”, 2017 11th European Conference on Antennas
and Propagation (EuCAP), 2017, Paris.

33






Chapter 2

Introduction

The increasing demand for high data rate satellite services is necessitated by the vast number of
new or planned services involving multimedia transmission or other data rate-intensive
applications in the upcoming 5G era [1], [2]. Satellite communication will be key in the 5G vision
[1], [3]-[5], by either providing backhaul services to the internet providers or extending the end-
user internet connectivity in under-served, remote locations. Additionally, satellite links could
serve as the prime solution for use cases such as emergency response, network backup and
Internet of Things (loT) applications.

2.1 Current Status — Open Issues

The spectrum scarcity problem [6]-[7], namely the congestion of the lower frequency bands such
as the C and the Ku bands and the fact that system capacity increases with increasing the amount
of available spectral bandwidth currently leads to the use of higher frequencies. Currently, fixed
satellite services using GEO satellites commonly make use of the Ku (12/14GHz) and the Ka
(20/30GHz) frequency bands [8]. These bands are used for both direct-to-the-user (DTU) and
broadcasting applications as well as for feeder links and satellite backhaul networks [1], [9].

In order to increase the provided data rates in an efficient, cost-effective manner and taking into
consideration the aforementioned spectrum scarcity problem, next generation satellite
communication systems are migrating to the Ka and Q/V bands and are expected to make
extensive use of link adaptation strategies combined with multi-beam satellites and/or other
relevant techniques [10]-[15]. In particular, the Q/V-band or even the W-band and the optical
range are investigated as solutions for the feeder links in order to release the whole Ka-band
spectrum for the user links [16]-[18]. Operators and system designers have already started
planning or even deploying High Throughput Satellite (HTS) systems [1], [19] operating at Ka and
Q/V bands, enabling them to increase their offered bandwidth to up to 5 GHz for the Q/V band
case [20]. The second generation of High Throughput Satellite (HTS) systems achieves capacities
in the range from 10Gbps to 100Gbps by operating at Ka-band, where more bandwidth is available
with less coordination issues (with respect to the over-utilized lower frequency bands). As an
example, Eutelsat’s KASAT offers a throughput of 90Gbps and the capability of supporting a million
users [21], [22].

The migration to higher frequency bands combined with the sole use of Q/V bands for feeder links
shall yield the following advantages (besides the larger available spectrum):

e Reduced risk of interference across feeder links and user links even when the gateways
are deployed within the actual user service area; minimal spectrum coordination is thus
required.
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e Narrow/spot beams (multi-beam coverage) generation shall allow for even higher
throughput, especially when accompanied by frequency and polarization reuse schemes.

Despite the abovementioned advantages, the system components and equipment operating at
higher frequencies (although usually more compact) are more challenging in terms of design and
manufacturing process rendering them more expensive and difficult to procure and to maintain;
the cost of service/provision often denoted in terms of cost per Mbps is critical and has to be kept
to a minimum. Such factors and constraints, especially when combined with the fact that signal
propagation is more prone to the various atmospheric effects at these frequency bands, constitute
a complex optimization problem involving both the satellite as well as the ground segment, where
a compromise has to be made in order for the whole endeavor to achieve market success.

2.2 The role of atmospheric impairments

The end-user Quality of Service (QoS) is affected by the performance of each of the individual
communication links involved in the overall data transmission chain; the throughput and the
availability of each of the latter are, in turn, largely dictated by their resilience to the various
propagation effects. Signal propagation at Ka-band frequencies and above is, nevertheless, highly
impaired by the various atmospheric phenomena, upping the ante on system design.

The various atmospheric effects could - unless carefully addressed, jeopardize the throughput
and/or the link availability [8], [23]-[25], potentially resulting into severe degradation of the overall
system performance; more precisely, at Ka- and Q/V-band the atmospheric attenuation arising
from precipitation, clouds and atmospheric gases (oxygen and water vapor) can cause signal fading
in the order of tens of dB of magnitude for a non-negligible percentage of time with rain being the
dominant fading mechanism [24]-[25] involving hydrometeor absorption and scattering.
Additionally, tropospheric turbulence scintillates the signal (causes rapid fluctuation of its
amplitude) posing further challenges in meeting the required system performance even when
advanced mitigation techniques are used [8]. Such phenomena exhibit a stochastic behavior both
temporally and spatially and thus differentiate themselves from other deterministic phenomena
such as free space loss which can be accounted for in advance (i.e. during the system
design/dimensioning phase). When considering feeder-links it is of utmost importance to
understand the various limitations and to act proactively (i.e. during the design phase) in order
devise mechanisms that counteract the various propagation losses; a feeder-link driven to outage
could potentially impact millions of end-users served by this particular link.

In the past, merely allocating a fade margin for earth-space systems operating in lower frequency
bands such as e.g. C and Ku was the common practice in order to compensate for the signal fading
due to the various atmospheric effects. The fade margin was usually obtained via empirical
calculations and modelling based on long-term statistics of signal attenuation for various climatic
regions. Nonetheless, when considering the signal propagation at higher frequency bands, the sole
use of a conventional fade margin is generally an insufficient counter-measure since signal fading
could be in excess of 20-30 dB for a non-negligible fraction of time. The need for more advanced
atmospheric attenuation mitigation techniques becomes even more evident, when one considers
that for comparable size (effective area) antennas at e.g. Ku- and Ka-band, the latter already offers
appreciably higher gain.
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In order to compensate for the atmospheric attenuation, Propagation Impairment Mitigation
Techniques (PIMTs) are employed [15], also commonly referred to as Fading Mitigation
Techniques (FMTs); they are vital in order to meet the required Quality of Service - QoS) imposed
by the services, keeping at same time the resource usage at an optimal level [26].

The core concept behind PIMTs is the on-the-fly reconfiguration of an earth-space link, enhancing
overall link availability while at the same time maintaining an acceptable average throughput even
during events of high path loss. Most PIMTs exploit the non-uniformity of the propagation
impairments in time and in space by altering terms involved in the link budget or the baseband
sighal to compensate for the increased signal attenuation. The following could be considered as
the main PIMTs widely proposed for use at Ka-band and above:

e Rate Adaptation, supplemented by ACM and/or VCM
e  Power control

e Reconfigurable antennas

e Frequency diversity

e  Orbital diversity

o Site diversity

o Time diversity

2.3 Experimental Propagation Campaigns

To enable the design of HTS systems with FMTs, accurate propagation modelling is of utmost
importance; compiling new propagation models is nevertheless a very challenging task, as it has
to be supported by long-term experimental campaigns. Furthermore, the various parameters can
vary across different geographic/climatic regions and hence the results cannot be easily
generalized. Regarding the Ka-, Q- and V-bands, experimental data have been relatively limited,
despite the major effort the research community put during the propagation experiments using
ESA OLYMPUS and ITALSAT F1 in the past. Most importantly, the spatio-temporal correlation
characteristics of signal propagation at these bands were not comprehensively studied in the
aforementioned campaigns.

Although there has been an effort to conduct propagation measurement campaigns around the
globe in the past, it is the first time such a campaign takes place at a south-Mediterranean country
like Greece. Greece has a distinct geophysical morphology, consisting of tall mountains and a vast
coastline; also, its close proximity to Africa has to be taken into consideration as it influences the
climate. It is characterized by long-lasting, hot summers with significant diurnal temperature
variations (very high temperatures during the day that drastically drop at night). During the
summer season the rain precipitation is sparse and mostly convective (very intense rainfall taking
place at irregular intervals), while winter is mostly mild with moderate temperatures and less
intense rainfall events.

With the advent Software Defined Radio (SDR) technologies, the execution of propagation
measurement campaigns has fortunately become less painstaking and of far lower cost than
before. This fact, along with the availability of experimental beacons in the Ka- and Q-band from
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ALPHASAT satellite has led many experimenter groups around Europe to initiate new propagation
campaigns. Other similar experimental campaigns are ongoing around the globe [27]-[37].

2.4 Structure of the Thesis

In Chapter 3 of this thesis the fundamental propagation effects are briefly outlined along with
possible FMTs and measurement techniques; in Chapter 4 the design and deployment of new
beacon receivers in Attica, Greece are presented in detail. Chapter 5 provides an evaluation of the
first order statistics based on the obtained measurement dataset from all available receivers. The
second order statistics (fade dynamics) are investigated in Chapter 6. Chapters 7 to 9 provide
statistical evidence for the efficiency of site, time and orbital diversity techniques while in Chapter
10 the frequency scaling across Ku/Ka/Q bands is considered. Scintillation analysis is performed in
Chapter 11 followed by an evaluation of a large-scale site diversity scenario across Greece and the
UK using the actual, concurrent measurements at each location in Chapter 12. The thesis concludes
with Chapter 13 where the main conclusions are drawn and possible future work is outlined. The
statistics presented in this thesis can be found in tabular format in the Appendix.
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Chapter 3

Propagation Effects, Mitigation
Techniques & Measurements

3.1 Introduction

In this chapter the main signal propagation phenomena affecting earth-space links at frequencies
above 10 GHz are outlined together with the possible countermeasures to minimize their impact
on system performance and availability. The chapter ends with a brief discussion on the design
and execution of propagation measurements using conventional as well as Software Defined Radio
(SDR) techniques.

3.2 Propagation Phenomena

Apart from the free space losses present in any wireless system, satellite communication systems
(and earth-space links in general) suffer from effects induced by the earth’s atmosphere. Such
effects are usually divided in two subcategories, namely in ionospheric effects affecting systems
operating below 3 GHz and tropospheric effects regarding systems operating above 3 GHz [1], [2].
The latter can be very significant especially for operating frequency bands above 10 GHz, where
the signal deterioration can lead to significant outage times and overall performance degradation.
A brief summary of the tropospheric effects follows in this section.

Figure 3-1: A satellite link slant path impaired by atmospheric effects

3.2.1 Precipitation-induced attenuation

Precipitation-induced attenuation, and more particularly rain attenuation constitutes a strong
limiting factor in satellite communication system’s performance and availability. It is the major
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factor of signal degradation and can affect links operating at all frequency bands above 3 GHz,
although its role becomes very significant for frequencies above 10 GHz [3].

Precipitation-induced attenuation apart from rain also involves snow and hail, although rain has
the most dominating effect on the signal. Rain drops present in the signal’s slant path can both
absorb and scatter energy and the strength of their effect depends on the signal frequency, rain
rate, rain drop size distribution as well as their shape/oblateness. Two main types of rain structure
can be distinguished, namely stratiform and convective rain.

Stratiform rain has a large horizontal extent reaching hundreds of kilometers with a vertical height
from 4 to 6 km [4] resulting in a rather uniform spatial rainfall rate distribution; it is associated
with low to medium rainfall rates, typically less than 25 mm/h which, however, can have large
durations throughout the day.

Convective rain usually spans across a smaller horizontal extent (in the order of a few kilometers
[4]), nonetheless, it has greater vertical height and can yield rainfall rates in excess of 100 mm/h,
albeit for a small duration (in the order of a few minutes); such events are often accompanied by
thunderstorms and are more often in tropical and subtropical climatic regions, easily driving the
satellite link to outage unless proper countermeasures are taken.

The rain attenuation 4, in dB of a signal propagating through a rain medium along a path L is

[1]-14]:

L
Ay = [ 7e(x)dx [3-1]
where
Vg = kR® [3-2]

the rain specific attenuation expressed in dB/km, with £ and a functions of frequency, drop-size
distribution, temperature, assuming uniform medium and R the rainfall rate in mm/h. Using the
effective path length parameter, often a function of rainfall rate, L(R) (km), A4, in dB can be

calculated from:

A, = kR*L(R) [3-3]

3.2.2 Cloud - Fog Attenuation

Apart from the precipitation-induced attenuation mentioned above, clouds as well as fog interact
with the signal causing further attenuation. The clouds are formed by condensed water droplets
rather than water vapor; the relative humidity inside the cloud is typically in the vicinity of 100%.
Higher altitude clouds could also include/constitute of ice crystals; the latter, although do not play
an important role in attenuating the signal, could cause strong depolarization as explained later in
this section.

The diameter of the water droplets in the clouds are typically less than 0.1 mm [5] (rain droplets
being in the range 0.1 to 10 mm), allowing for the application of Rayleigh scattering theory to
determine the cloud specific attenuation (in dB/km) as a function of its average liquid water
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content. Statistics of the total columnar content of liquid water can be obtained from e.g.,
radiometric measurements or using radiosonde sounding techniques. Depending on the type of
clouds, a vastly different value of liquid water content could be present; in any case, the cloud
attenuation generally increases with frequency and with decreasing elevation angle. The cloud
attenuation is much smaller in magnitude when compared to precipitation-induced attenuation,
however, clouds are more common than e.g., rain and at higher frequencies can still play a decisive
role as far as link availability is concerned.

Attenuation due to fog is very low for signals operating at frequencies below 100 GHz even at low
elevation angles and considering the small path length through fog (in the order of a few hundred
meters), it can be safely neglected.

3.2.3 Gaseous Attenuation

Gaseous attenuation is caused due to absorption taking place upon interaction of the propagating
electromagnetic wave with oxygen (paramagnetic molecule) and water vapor (polar molecule) in
the atmosphere [1]; when absorbed, RF energy is converted into heat. The magnitude of
attenuation depends on the frequency as well as on the climatic conditions (air temperature,
pressure and humidity). The contribution of gaseous attenuation to the total attenuation is
considered small compared to other effects, however, at higher frequencies and/or low elevation
angles can still be of significant importance.

Oxygen absorption is considered relatively constant among different climatic conditions (oxygen
partial pressure is nearly constant around the world). On the other hand, absorption due to water
vapor greatly varies depending on the temperature and humidity, parameters showing spatial
(location, altitude) and temporal (season and time of the day) variability. The zenith attenuation
due to gases can be obtained in dB as [6]:

g ,zenith = }/0 ho + 7w hw [3'4]
where y,, the specific attenuation due to oxygen in dB/km, y,, the specific attenuation due to

water vapor in dB/km, &, and A, the equivalent heights attributable to the oxygen and water

vapor component correspondingly. Then, to derive the gaseous attenuation in the slant path [6]:

A +A ) Ag zenith
=0 w__& [3-5]
sin @ sin @

g, slant

where 6 the elevation angle in degrees (applicable from 5°to 90°).

In general water vapor absorption is the main contributor to gaseous attenuation, exhibiting
maximums at 22.5, 183 and 320 GHz; oxygen absorption dominates at frequencies around 60 and
119 GHz as shown in the figure below [6]:
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Figure 3-2: Specific attenuation due to atmospheric gases [6]
(Pressure = 1 013.25 hPa; Temperature = 15°C; Water Vapour Density = 7.5 g/m?3)

3.2.4 Tropospheric Scintillation & Ray Bending

Tropospheric scintillation refers to the rapid fluctuations of the received signal’s amplitude and
phase caused due to short-term variations/irregularities of the refractive index in the troposphere
along the slant path. Such rapid variations of the refractive index are attributed to atmospheric
turbulence; two mechanisms can be distinguished [1]:

e In the lower part of the atmosphere/near the Earth’s surface, where wind/turbulence
mixes vertical layers of air

e In clouds, where turbulence is a result of the outer edge of the cloud mixing with dry air
outside of it causing severe scintillation

Tropospheric scintillation effects greatly depend on the season and the daily weather conditions;
they increase with frequency and slant path length and decrease with antenna beamwidth;
therefore, at lower the elevation angles where the path length is significantly increased, higher
tropospheric scintillation is to be expected [7].

Besides the short-term variations of the refractive index, additional longer-term variations can be
observed based on the meteorological conditions; such variations cause the apparent elevation
angle from a ground station towards the satellite to be higher than the actual (non-refracted) one
(ray bending); such affects are normally neglected except for cases involving very low elevation
angles (<10°) and very narrow-beam-width antennas.

3.2.5 Signal Depolarization

Apart from the previous effects, depolarization occurs when a signal propagates through non-
spherical scatterers, commonly hydrometeors (raindrops, ice crystals) that are anisotropic and
introduce a differential attenuation and/or differential phase shift to each polarization
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component; part of the transmitted energy from the incident polarization is transferred/coupled
to the orthogonal polarization resulting in polarization crosstalk/interference. Normally, as the
raindrop’s size increases its shape tends to deform from the spherical one, forming oblate
spheroids, often randomly inclined due to wind.

Such a phenomenon is of particular significance in the context of frequency reuse systems
employing two independent orthogonal polarization channels to optimize spectrum utilization and
increase capacity. In this case, signal depolarization can severely impair system performance as a
result of cross-channel interference, limiting its operational availability [8].

Depolarization due to rain involves both differential attenuation and phase shift while
depolarization due to ice merely involves a differential phase shift in the polarization components

[9].

A metric commonly used to describe the performance of systems is the cross-polarization
discrimination XPD defined for linear polarized waves as the ratio [1]:

E
XPD =20log |—L [3-6]

12

where £, the received electric field in the desired (transmitted) polarization (co-polarized field)

and E|, the electric field received in the orthogonal (undesired) polarization; for this

measurement a single-polarized signal is transmitted and received at both polarizations.

An equivalent metric taking into account the performance of the receiving antenna is the cross-
polarization isolation or XPI for linear polarized waves, defined as [1]:

E
XPI =20log|—L [3-7]

21

where similarly £, is the received electric field in the desired polarization and E,; the electric

field received in the desired polarization but originally transmitted at the orthogonal polarization;
for this measurement two orthogonally polarized signals are transmitted and received at one
polarization.

3.2.6 Sky Noise Increase

Atmospheric attenuation (gaseous and precipitation-induced) is always accompanied by an
increase in sky (brightness) temperature; this can be attributed to the energy absorbed by the
molecules in the atmosphere being radiated back as thermal noise. The latter is added to the
receiver system noise reducing the dynamic range (effective carrier to noise ratio) of systems even

further. More precisely, the sky noise temperature 7' (neglecting cosmic noise) in K can be

calculated from [1], [3], [7]:

T.=T (1-10"""%) [3-8]
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where T is the equivalent medium temperature of the atmosphere (typically around 260-280K).

3.2.7 Other effects

3.2.7.1 Melting Layer Attenuation

Signal can deteriorate as it propagates through the melting layer [10], i.e. above the effective rain
height, where snow and ice particles are converted into precipitation; such effects are more
pronounced during light rain for systems operating at low elevation angles.

3.2.7.2 Inter-system interference
Inter-system interference can be present at clear-sky, between either satellite systems or

terrestrial and satellite systems and is attributed mainly to the antenna side lobes ‘leaking’ energy
towards unwanted directions. Such effects can be further deteriorated by differential rain
attenuation, i.e., when the desired signal suffers from higher attenuation than the unwanted,
interfering one [11], [12].

3.2.7.3 Antenna Gain effects
Potential amplitude and/or phase fluctuations of the propagating signal can lead to a deviation of

the apparent antenna gain, which of course on its own does not change as it only depends on the
structural characteristics of the antenna. More precisely, the effective angle of arrival of the
incident signal can deviate from the antenna maximum gain direction, possibly accompanied by
phase dispersion of the signals reflected from the surface of the antenna reflector resulting in
summation of rays that are no longer in-phase [4], [13]. Such effects are more prominent in large
and very large antennas, particularly the ones pointing at very low elevation angles.

3.3 Fade Mitigation Techniques

As already mentioned in the introductory chapter of this thesis, due to the magnitude of the
attenuation experienced at frequency bands such as Ka-band and above as well as the fraction of
time it occurs, the use of only a fade margin is insufficient. In order to combat the aforementioned
effects on signal propagation, the following schemes, usually termed Fading Mitigation Techniques
(FMTs) or Propagation Impairment Mitigation Techniques (PIMTs) have been devised by the
system designers [14], ; each of them can either be used on its own or combined with other(s),
depending on the severity of the expected signal degradation and the resources available.

3.3.1 Power Control Schemes

Power control schemes involve the alteration of the transmitted power [15], [16] either at the
earth station (Up-link power control, UPLC) or at the satellite (Down-link power control, DLPC).
Under normal conditions, the High-Power Amplifier (HPA) at the ground station or the Travelling
Wave Tube Amplifier (TWTA) at the satellite have a particular output back-off, i.e., there is a
margin between the amplifier’s operational point and its saturation point).

During a fade event, the output back-off can be reduced, effectively increasing the transmitted
power and therefore compensating (at least partially) for the attenuation effects. In order for this
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technique to function, constant monitoring of the channel conditions is required; channel
information can be acquired either by:

e in-situ measurements of the received power at a pilot frequency or from the information
signal (open-loop power control) providing an estimate of the propagation conditions or

e by receiving feedback from the receiver on the other end of the link (closed-loop power
control)

The latter is expected to provide more accurate efficient management of the power control
scheme; however, it is more difficult to implement and can introduce significant round trip delays.

The fundamental limitations of the power control technique are the following:

e Higher transmitted power can result into adjacent satellite interference [17] (ULPC case)
or terrestrial network interference (DLPC case), potentially violating regulations on
maximum power flux density as imposed by the corresponding spectral masks

e intermodulation interference [17] due to the non-linear amplification of multiple carriers

e limited margin for satellite DLPC due to the tighter output back-off and the limited
resources available on-board the satellite

3.3.2 Spot-beam shaping — adaptive antennas

This technique involves the reshaping of the transmitted satellite beam by means of active
antennas in order to focus the transmitted power to smaller geographical areas (spot beams)
effectively increasing the EIRP at the coverage area of interest or higher priority while removing
coverage from other areas. The inherent complexity of such systems (i.e. the very sophisticated
algorithms, antennas) as well as the reduction of global coverage are the main downsides of this
FMT.

3.3.3 Link Adaptation Techniques

Link adaptation techniques include Hierarchical Coding (HC), Hierarchical Modulation (HM) and
Data Rate Reduction (DRR). The common denominator across these techniques is that they act on
the signal to be transmitted itself rather than altering the system’s link budget parameters. They
function by providing higher error correction capabilities (HC technique), lower required Ep/N for
the same C/N to maintain a certain Bit Error Rate (BER) (HM technique) or by decreasing the
required C/N itself (DRR technique).

3.3.4 Diversity Schemes

Diversity schemes are usually employed on top of the two aforementioned techniques and exploit
either the spatial inhomogeneity of the rainfall medium (site & orbital diversity), the temporal
dependence of rainfall (time diversity) or its frequency-spectral dependence (frequency diversity).

Two metrics are often used to quantify the performance of a diversity technique, the diversity gain
G and the diversity improvement. Diversity gain is defined as the difference between single
attenuation and joint-attenuation statistics in dB for the same exceedance probability level;
Diversity improvement is defined as the ratio of the single exceedance probability to the joint one
for the same attenuation value [18].
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3.3.4.1 Site Diversity

Site diversity schemes exploit the spatial inhomogeneity of (mainly) convective rain; convective
rain cells usually span across a few km and are responsible for very high rainfall rates which in turn
result in deep signal fades. The goal is to create spatially uncorrelated slant-paths by strategically
placing multiple earth stations (two for double site diversity, three for triple site diversity etc) at a
separation distance D greater than the typical horizontal extent of a convective rain cell. Then, the
(joint) probability that the received signals simultaneously experience a deep fade across all slant
paths can be significantly lowered compared to the case of a single slant path. Naturally larger
separation distances and/or higher number of earth stations can yield higher performance in terms
of diversity gain, although appreciable gain can be observed even for very small distances (pico-
scale diversity scenarios) [19].

Figure 3-3: Example of a double site diversity scheme, separation distance D

The earth stations are interconnected (usually by means of optical fiber lines) and are managed by
a central controller/system broker. The received signals can be further processed using:

e Switching Combining, where at any given moment the received signal from a single station
is used, switching to another one only after an attenuation threshold is exceeded

e Selection Combining where at any given moment the received signal from the station with
the best C/N ratio is used

e  Maximal Ratio Combining where all signals are synthesized using appropriate weighting
to produce the final signal

Site diversity can also be used for the uplink by appropriately designing the system controller and
monitoring the channel state.

Although a properly designed site diversity system can offer gain in excess of 30 dB for Ka-band
and higher frequencies [20], the costs associated with deploying and maintaining multiple earth
stations as well as the infrastructure for their operation and control constitute a substantial
drawback.

3.3.4.2 Orbital Diversity
Similar to the side diversity technique, orbital diversity tries to exploit the spatial variability of the

rain medium, only this time, by pointing the earth-station antenna to different, back-up satellites
in order to change the slant path; either another antenna can be used or the same if equipped
with a fast-acquisition tracking system. Needless to mention that the back-up satellite(s) should
be in LOS with the earth station and be able to convey the information from/to the other end,
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either by inter-satellite connection with the master satellite, or multiple antennas/tracking system
at the other earth station to adjust pointing to the back-up satellite(s).

= \

Figure 3-4: Example of a double orbital diversity scheme, separation angle &

Such a technique is expected to yield less gain over site diversity as the alternate slant paths are
not significantly uncorrelated. Naturally, the higher the separation angle € between the satellites,
the greater the gain is expected to be, generally in the range of 10 dB for Ka-band and above [20].
It is a more economically viable solution, as only a single earth station needs to be maintained,
nonetheless, it still requires a system controller and can result in delay upon satellite switching /
traffic rerouting if a single antenna is used.

3.3.4.3 Time Diversity

Time Diversity is a technique that exploits the temporal correlation of rainfall; a particular duration
of transmission suffering from a deep fade can be retransmitted at a later time, when the
magnitude of the rainfall rate will allow for higher C/N. In this context, the inter-fade intervals play
an important role since they are the ones to determine the time delay after which the data will be
retransmitted. For such a scheme to function, continuous monitoring of the propagation
phenomena is required accompanied by an estimate of their duration.

This technique can be very effective for non-real time applications such as data transfer, video on
demand, etc., however, cannot be used e.g. for voice or live streaming services. Also, for rainfall
events of very high duration, although the data will eventually be successfully transmitted to the
other end, from a user’s point of view the long delay could appear similar as a system outage.

3.3.4.4 Frequency Diversity
As satcom systems move towards higher frequency bands, the atmospheric impairments become

stronger both in magnitude and probability of exceedance. A possible countermeasure could then
be the use of high frequency bands (Ka, Q/V) for regular operation (no to minimum rainfall
conditions), while switching to lower frequency bands (Ku or even C) in the case of a strong rainfall
event.

Such a scheme, however, requires the presence of spare lower frequency transponders onboard
the satellite and multiple antennas/RF chains on the earth stations. Moreover, the switching to a
lower frequency band offers less capacity, possibly raising issues on channel allocation and
excluding or downgrading bandwidth-intensive services. In any case, an appreciable gain could be
achieved, estimated in the order of 30 dB for the Ka-Ku band case [20].
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3.4 ITU Models

In the following table, the ITU-R Recommendation per propagation effect mentioned in this
chapter is presented:

Table 3-1: ITU-R Recommendation per propagation effect

Propagation effect ITU-R Recommendation
Gaseous Attenuation P.676-12

Cloud Attenuation P. 840-8

Rain Attenuation P.618-13

Scintillation P.618-13
Depolarization P.618-13

3.5 Propagation Measurements

3.5.5 Radiometric Measurements

Radiometric techniques utilize sky noise temperature measurements to provide an absolute
estimation of the attenuation in the slant path [21]; using this technique attenuation only due to
absorption is considered. They typically comprise of very specialized equipment requiring very
stable temperature control, have a relatively low dynamic range and are prone to errors arising
from thermal emissions outside the slant path; they are rarely used on their own but rather in
conjunction with beacon measurements [22].

3.5.6 Beacon Measurements

Most of the experimental satellite propagation campaigns are based on the reception of beacon
signals; satellite beacons are commonly available to the ground stations:

e to enable monitoring of the satellite’s position
e as pilots to receive telemetry data or
e for antenna pointing purposes

In most cases beacon signals are merely CW signals of constant power and frequency and can
therefore be exploited to measure the spatiotemporal changes in the propagation conditions.

The measurements obtained using beacons are in essence differential measurements: the signal
power measured during clear sky conditions is considered the reference signal; during a fade event
the received signal power is subtracted from the reference signal to yield the so-called excess
attenuation (values relative to the reference signal power). They can provide a very high dynamic
range (in the order of a few tens of dB) and are not susceptible to effects around the slant path as
they lock on the particular beacon signal; furthermore, measurement set-ups can be easily
designed using readily available (common off-the-shelf, COTS) satcom or commercial stand-alone
hardware. The drawback of this technique is that using beacon measurements alone it is virtually
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impossible to distinguish and measure the bulk effects of the atmosphere such as gaseous
attenuation.

Apart from the antenna(s), conventional beacon receivers consist of an RF front-end including Low
Noise Amplifiers (LNAs), filters, Intermediate Frequency (IF) conversion stages, Phase Locked
Loops (PLLs) and/or Frequency Locked Loops (FLLs), external stable oscillators and RMS power
detector(s). Part of the RX chain can be implemented using either analog or digital electronics
depending on cost and design choices. The measurements are then digitized using an Analog to
Digital Converter (ADC) connected using appropriate interface to a computer for further data
processing and storage.

With the advent of Software Defined Radio (SDR) techniques and supporting hardware, many of
the RX chain stages have been migrated from hardware to software. In practice not all of the RF
chain stages can be implemented in software, especially taking into account the high cost of wide-
band ADCs, however, the remaining hardware blocks can often easily be parametrized in software.

The advantages of using the SDR paradigm in the framework of beacon measurements are:

e Quicker prototyping

e Lower provision and maintenance costs

o Less bulky equipment

e Straightforward adaptation and reuse of already developed software to accommodate
required changes in the configuration or future needs

o Interoperability with different types of equipment

e  Possibly higher accuracy and dynamic range depending on the processing techniques used
(e.g. substitution of PLL/FLL and power detectors by Fast Fourier Transform estimation)

Possible disadvantages of using SDR techniques within the scope of beacon measurements are:

e Software complexity/overhead requiring significant processing power for real-time power
estimation

e Potential bugs in the developed code requiring further investigation/debugging which
unless addressed could lead to inconclusive data or reduce the data availability

A more in-depth analysis of the receivers’ design within the scope of this thesis follows in the next
chapter.
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Chapter 4

Receivers’ Design and Deployment

In this chapter, the implementation of Software Defined Radio (SDR) beacon receivers targeting

the Alphasat’s beacon at the Ka- and Q-band is presented; the experimental campaign was later

augmented by the deployment of another two receivers, one targeting Arabsat’s BADR5 Ku-band

beacon and another one targeting Eutelsat’s KaSAT Ka-band beacon.

4.1 Receiver Locations

As part of this thesis, satellite beacon receivers were designed, deployed and are still maintained
across two locations in Attica, Greece, approximately 36.5 km apart as depicted in Figure 4-1. The
first one is located within the NTUA Campus in Athens (NTUA Campus), while the other one at the
NTUA Lavrion Technological and Cultural Park (NTUA LTCP) near the town of Lavrion. This
configuration allows for the study of frequency diversity as well as site diversity schemes in small-
and large-scale distances; (Table 4-1). As per common practice, the measurements are carried out
using beacon signals, i.e. Continuous Wave (CW) signals of constant power and frequency. At each

site, one Ka-band and one Q-band receiver targeting the ALPHASAT satellite is installed.
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Figure 4-1: The two experimental locations in Attica, Greece.
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Table 4-1: Summary of the experimental campaign geometry.

Height

Location Coordinates amsl* Azimuth Elevation
Zografou 37.982 N, o o
NTUA Campus 23.799 210m 178.032 45,978
Lavrion 37.729N, . .
NTUA LTCP 24,05 E 20m 178.442 46.262

The NTUA Campus station (37.98 °N, 23.79° E) consists of fully-outdoor receivers (antennas and
equipment) placed on one of the buildings’ rooftop, above offices and laboratories as shown in
Figure 4-2; the selected building faces to the south and is the tallest in the campus, ensuring
unobstructed line-of-site with the Alphasat satellite. Access to the area is restricted by means of a
permanently locked steel door; hence, the equipment is easily accessible by the campaign staff for
inspection and maintenance on a daily basis, while at the same time secure from unauthorized

persons.

Figure 4-2: The deployment site at the NTUA Campus location.

The NTUA LTCP station (37.72°N, 24.05°E) consists of outdoor receivers placed on top of the
campus reception/data-room as depicted in Figure 4-3, while the rest of the equipment is installed
indoors in a rack. The location of the building allows full view to the south, ensuring unobstructed
line of site with the satellite at all times. Access to the room inside which the rest of the receiver
equipment is installed is restricted by means of a security door lock. The status of this station is
monitored remotely, while maintenance visits are regularly scheduled.

Figure 4-3: The deployment site at the NTUA LTCP location.
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4.2 Details on ALPHASAT satellite

The receivers used throughout this thesis make use of the ALPHASAT satellite located at 25.02 E.
ALPHASAT, despite being a commercial geostationary communications satellite (official name:
Inmarsat-4A F4) bears payloads for research purposes under the coordination of the European
Space Agency (ESA). One of them is the so-called Technology Demonstration Payload (TDP) #5,
also referred to as the Aldo Paraboni payload, named after the Italian scientist and professor who
inspired it. This payload makes available two fully coherent unmodulated Continuous Wave (CW)
beacon signals, appropriate for the conduction of propagation experiments. One beacon is
transmitted at 19.701 GHz (Ka-band) while the other one at double that frequency, namely at
39.402 GHz (Q-band) [1]-[2]. By measuring the received beacon power at the ground and
considering that the beacons are transmitted at constant power, one can derive the excess
attenuation induced by the atmospheric propagation; in essence a differential measurement is
performed in order to obtain the atmospheric attenuation.

Table 4-2: Overview of the available beacons from ALPHASAT

PARAMETER REQUIREMENT
Beacons 1 at Ka Band
1 at Q Band
Carrier modulation Un-modulated CW
Ka Band Frequency 19.701 GHz
Q Band Frequency 39.402 GHz
Ka/Q Beacon Frequency | Coherent

Coverage

Q Band: boresight pointed to

[45°24" N; 9°29' E] (Spino D'Adda)

Ka Band: boresight pointed to
[32.5°N; 20°E]

Ka Band Polarization Linear V

Q Band Polarization Liner tilted by 45°
Ka Band EIRP 19,5 dBW

Q Band EIRP 26,5 dBW
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4.3 Detailed Receivers’ Description

4.3.1 General Architecture

As already mentioned in Section Receiver Locations4.1 of this chapter, two identical Ka-band
beacon receivers and two identical Q-band receivers (i.e. 4 receivers in total, covering two
frequency bands per location) have been designed and built in-house using primarily common, off-
the-shelf components (COTS); they receive and measure the power of the ALPHASAT's CW Ka-
band beacon at 19.701 GHz (vertical polarization) and 39.402 GHz (459 tilted linear polarization);
for each frequency band, the receiver architecture, configuration and components used are
identical across the two locations.

The receivers have been designed around the Software Defined Radio (SDR) paradigm, offering
vast reconfiguration options while keeping the costs at reasonable levels. Beacon power
estimation is accomplished by means of Fast Fourier Transform (FFT) techniques using tools from
the popular SDR framework GNU Radio along with custom software developed in-house.

Regarding the Ka-band, the receivers’ front-end consists of 1.2 m offset glass fiber parabolic
antennas and commercially available Low Noise Blocks (LNBs); for the Q-band case, 0.6 m glass
fiber parabolic shrouded antennas are used, along with custom-developed Low Noise Converters
(LNCs) as described in the next sections.

A simplified block-diagram of the receivers is presented in Figure 4-4.

1.2mKa-band
Offset Dish Antenna LMR-400
Cable
A e LNB Q Bias Tee/ BPF LNA
ntenna ias Tee
Feedhorn 1 F=1451 MHz Diplexer ™ 1420-1470 MHz ™ 30dB |
- |+
10 MH > USRPs B210
P DDC - 12 bit ADC
0.6mQ-band Shrouded f
ban L 20vDC GP3DO 10 MHz + PPS—
Parabolic Dish Antenna LMR-400
A e LNB = Bias Tee/ BPF LNA
ntenna ias Tee
Feedhorn 1 i =1902 Mz Diplexer ™ 1455-1925 MHz ™ 30dB

A 4
Beacon Software Receiver

UHD % GNURadio

Power FFT,
D eotiel Sy Beacon & Noise Power calc

Figure 4-4:Simplified block diagram of the beacon receivers deployed at each location.

After receiving each signal at the antenna feed, it goes through the LNB/LNC in order to filter it,
amplify it and down-convert it to a lower Intermediate Frequency (IF). After further filtering and
amplification, the main signal acquisition (sampling, quantization, digitization) is then
accomplished at an SDR device, namely at ETTUS USRP B210 units connected to an onboard
computer running the required software. The estimation is based on the Fast Fourier Transform
(FFT) technique using libraries from the very popular GNU Radio framework; using similar
techniques, the signal noise floor is also estimated and recorded. The data are recorded and stored
using time stamps and all the relevant meta-data to allow for further processing and analysis. In
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order to establish fully coherent measurements, all oscillators are locked to a common GPS

Disciplined Oscillator (GPSDO) installed at each location, including the computer, whose real time
clock (RTC) is constantly adjusted using Pulse Per Second signals from the GPS. This ensures
minimal frequency drift/jitter and phase noise in the measurements.

The output measurement sampling rate is 10 Hz and the achieved dynamic range is in excess of
40 dB for Ka-band and 35 dB for Q-band.

4.3.2 RF Front End

4.3.2.1 Antennas

As already mentioned, 1.2 m offset parabolic antennas are used for Ka-band while 0.6 m parabolic

shrouded ones for Q-band. Their main specifications are the following:

Table 4-3: Antennas’ Specifications (Manufacturer’s nominal values)

Manufacturer/Model

Size [m]

Operating Frequency [GHz]
Gain at midband [dBi]
(x0.5dB)

VSWR

Beamwidth

-3dB

-15dB

Cross Polar Isolation

On Axis

Within 1.0dB Beamwidth

Output Waveguide Flange

Reflector Material

Wind loading tolerance [km/
h]

Temperature tolerance [2C]
Rain [“/hr]

Solar radiation [BTU/h/ft2]

Ka-band
General Dynamics Satcom
Model 3122-990
1.2
18.20-21.20

46.10
1.5:1

0.84¢
1.88¢

30.0
26.0
WR42 using XMW FD9000L
as matched antenna feed
Glass Fiber Reinforced
Polyester SMC
80 (operational)
201 (survival)
-40 to 60
% (operational)
360

Q-band
Radio Frequency Systems
(RFS) Model SC2-380BB
0.6
37.0-40.0

45.4 (45.8 at Alphasat freq.)
1.29:1

0.82

30

WR28, UG599/U

Glass Fiber

140 (operational)
252 (survival)

Figure 4-5: The antennas used: 1.2m Ka-band (on the left), 0.6m Q-band (on the right)
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4.3.2.2 Low Noise Blocks (LNBs) / Low Noise Converters (LNCs)
The specifications for the Low Noise Blocks/Converters are listed in the following table:

Table 4-4: LNBs/LNCs specifications

Ka-band Q-band
Manufacturer/Model Norsat 9000XBN-2 LC Technologies
Custom Prototype
Noise Figure [dB] 1.3 3.5

L.O. stability

Phase locked to

external reference

Phase locked to
external reference

Phase noise (SSB) [dBc/Hz] -65 (100 Hz)

-75 (1 kHz)

-80 (10 kHz) )

-100 (100 kHz)
Input VSWR 2.0:1 -
Output VSWR 2.0:1 -
Gain flatness over 1000 MHz
4.0 -

[dB p-p]
Max gain variation over
temperature [dB] > 0.012dB/C
Input frequency [GHz] 19.20t0 20.20 39.402
L.O frequency [GHz] 18.25
Output frequency [MHz] 950 to 1950 1902
Conversion gain [dB] 55 43.6
Output P1dB [dBm] 3 -35.1
Power requirements [V]
(supplied through center 15-24 22.0
conductor of IF cable)
Current drain [mA] 160 56

Figure 4-6: Low Noise Block/Converter for Ka-band (on the left) and Q-band (on the right)

4.3.2.3 10 MHz external reference oscillator /GPS Disciplined Oscillator (GPSDO)

The 10 MHz external reference frequency is generated using a Trimble Thunderbolt GPS

Disciplined Oscillator (GPSDO), model 48050-61 which has the following specifications:

Table 4-5: The Trimble Thunderbolt GPSDO specifications

General
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Update Rate [Hz] 1
1 PPS accuracy GPS or UTC 20 ns (one sigma)
Max harmonic Level [dBc] -40
Max spurious [dBc] -70
-120 (10 Hz)
-135 (100 Hz)
Phase Noise [dBc/Hz] -135 (1 kHz)

-145 (10 kHz)
-145 (100 kHz)
1 PPS: BNC Connector, TTL levels into 50 ohm 10 ms-wide
pulse with the leading edge sync to GPS or UTC within 20 ns
(one sigma) in static, time-only mode (rising time < 20 ns,
pulse shape affected by capacitance of interface cable/circuit)
Interfaces
10 MHz: BNC Connector, sinusoidal wave,
+12.5dBm, +2.5 dB into 50 ohms

Serial Interface: RS-232 through DB-9 connector
+24V DC (19-34 V),

AP 15 W cold, 10 W steady-state

Figure 4-7:The Trimble Thunderbolt GPSDO used at each campaign location.

4.4 Link-budget calculation

Considering the nominal values of the individual components in the RF chain as well as the
information provided for the ALPHASAT beacons, the calculated link-budget for Ka- and Q-band is
provided below:

The basic link-budget parameters for the NTUA receivers are listed in the following table:

Table 4-6: NTUA Campus receiver link-budget summary

Ka-band Q-band
Frequency 19.701 GHz 39.402 GHz
Polarization LinearV Linear 452 tilted
EIRP 19.5 dBW 26.5 dBW
Antenna Size and type 1.2m offset 0.6 m prime focus
Antenna Gain (Gant) 46.1 dBi 45.8 dBi
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Half power beamwidth

(HPBW) 0.84¢° 0.8°
Free Space Loss (FSL) 209 dB 216 dB
Atmospheric Loss 0.3dB 0.7dB
Pointing Loss 0.5dB 0.5dB
Waveguide Loss 0.5dB 1.0dB
LNB Gain (Gyng) 55dB 43.6 dB
LNB Noise Figure (NF.ng) 1.3dB 3.5dB
Reference Temperature 290 K 290 K
Tsys Clear Sky 23493 K 648.33 K
G/T 22.39 dB/K 17.68 dB/K
C/No Clear Sky 60.69 dB-Hz 55.58 dB-Hz
Receiver Bandwidth 112.7 Hz 112.7 Hz
Sampling Rate 10 Hz 10 Hz
C/N Clear Sky (nominal) 40.17 dB 35.06 dB

In order to enhance the campaign with even more measurement data, another 1.2m satellite
antenna was deployed at the Campus site in July 2017 targeting the Ku-band at 11.699 GHz
(vertical polarization) using Arabsat’s BADR5 satellite located at 26.0°E. The practically negligible
angular separation of BADRS5 with ALPHASAT allows for the evaluation of frequency scaling effects
as well the investigation of frequency diversity schemes.

In July 2018, the experiment was further augmented by installing an offset feed/LNB to the Ku-
band antenna, in order to provide measurements from Eutelsat’s KASAT at 9.0°E operating at Ka-
band (19.680 GHz, horizontal polarization). Although placing a feed outside the antennas main
focal point reduces its effective gain, it still constitutes a viable option for the evaluation of orbital
diversity scenarios.

The following table summarizes the augmented summarizes the extra equipment installed for the
BADRS and KASAT reception.

Table 4-7: Ku-band antenna specifications (also used for Ka-band KASAT reception)

Ku-band
Manufacturer/Model Gibertini OP125L
Size [m] 1.245 x 1.335
Operating Frequency [GHz] 10.00-13.00
Gain at 11.70 GHz [dBi] 41.90
Beamwidth at 11.70 GHz
-3dB 1.32°
Cross Polar Isolation
On Axis [dBc] 28
at 10.95 GHz 26.0

C120 using Gibertini C120 as
matched antenna feed,
adapted to WR 75 for Ku-
band

Output Waveguide Flange
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Reflector Material

Wind loading tolerance [km/
h]

Temperature tolerance [2C]

The extra LNBs used are:

WR42 using XMW FD9000L
as matched antenna feed
for KASAT
Aluminium Alloy
80 (operational)

201 (survival)

-30to 70

Table 4-8: LNBs/LNCs specifications for the augmented Campus receivers

Ku-band Ka-band (KASAT)
Manufacturer/Model Norsat 1208HCN XMW R9015XBN
Noise Figure [dB] 1.5
L.O. stability Phase locked to
25 kHz external reference
Phase noise (SSB) [dBc/Hz] -75 (1 kHz) -60 (100 Hz)
-80 (10 kHz) -70 (1 kHz)
-95 (100 kHz) -80 (10 kHz)
Input VSWR 2.5:1 2.2:1
Output VSWR 2.2:1 2.0:1
Gain flatness [dB p-p] 2.0
Input frequency [GHz] 10.95-11.70 19.20 t0 20.20
L.O frequency [GHz] 10.0 18.25
Output frequency [MHz] 950-1700 950 to 1950
Conversion gain [dB] 60 (min 55, max 65) 58
Output P1db [dBm] 5
Power requirements [V]
(supplied through center 15-24 12-24
conductor of IF cable)
Current drain [mA] 300 300

The estimated clear sky C/N (at 112.7 Hz bandwidth) for the Ku-band BADR5 and Ka-band KASAT

reception is 41.5 dB and 20 dB respectively.

4.5 Antenna Pointing — Tracking system

Although a geostationary satellite, ALPHASAT orbits the earth at an inclined plane (variation in the

range of £32, probably in order to prolong its lifespan). Therefore, a tracking system is essential to

account for small deviations in its apparent position as observed from the ground stations. For the

case of Attica, Greece, this movement is particularly pronounced at the elevation plane, with a

diurnal peak-to-peak elevation angle change of 52 at the time of writing this; on the other hand,

the diurnal peak-to-peak change observed in the azimuth plane is slow and in the order of 0.29,

rendering it practically negligible.
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To account for the diurnal discrepancies in the elevation angle, a custom, fully automated tracking
systems based on linear actuators and feedback from digital MEMS inclinometers have been
developed in-house for each antenna (at each frequency band). There are many techniques
commonly applied in satellite tracking [3]; this particular implementation operates based on
position information contained in Orbit Ephemeris Messages (OEM) files. These files are usually
available by the satellite maintenance provider/contractor and include information about the
satellite’s current and future position in the sky; this information can then be algebraically
manipulated to deterministically calculate the exact azimuth and elevation angle for a particular
location on the ground.

The developed tracking system downloads the available OEM files at regular intervals (once per
week), calculates the position of the satellite for each of the two locations using the OEM
information and adjusts each antenna’s elevation angle accordingly every two minutes; the OEM
files are provided by the Politecnico di Milano University, which coordinates the file distribution
to the researchers. Finally, to mitigate effects from wind loading, a push-pull gas spring
configuration has been employed at each antenna mount. Regarding the Ka-band antennas, the
mounts provided by the manufacturer have been used after extensive modification to
accommodate the tracking system; the Q-band antennas make use of fully custom mounts,
designed and manufactured in house.

Microcontroller Satellite Tracking
H-Bridge <€«PWM— ﬁ

PWM Signal Generation Tracking SW Automated
Commands Issuing OEM fetcher

+| - . k
Inclinometer Calculations for
Monitoring Athens, GR

Motor Drive Current————————— 36 VDC -

Tracking System

Elevation Adjust Inclinometer
Linear Actuator Elevation Angle Meas.

Figure 4-8: Simplified block diagram of the tracking system for each antenna.

Figure 4-9: The LMD18200T H-bridge driver used to drive Figure 4-10: The MEMS digital inclinometer used to
the linear actuators. generate tracking feedback.

The tracking system’s principle of operation is as follows:

= Alphasat Orbit Ephemeris Messages (OEM) files are automatically downloaded by the
collocated computer at regular intervals (once per week) and processed to calculate the
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future satellite positions in terms of elevation and azimuth angles, as observed by each
NTUA campaign location. In order to account for the lower time resolution in the OEM file
data, a linear interpolation is performed, resulting in a final dataset consisting of 2-min
intervals. The elevation angles along with their (future) timestamp are then stored in a
scheduler.

=  Everytwo minutes, the scheduler issues a tracking command, sending a message to a USB-
connected microcontroller.

= The tracking microcontroller, after receiving the tracking message from the computer
generates a control signal (PWM) which is fed to an H-Bridge driver; the H-bridge driver
used is based on the LMD18200T to drive a linear actuator;

=  While the actuator is energized, the antenna’s movement is monitored in the elevation
plane by means of a MEMS digital inclinometer providing an accuracy in the order of 0.05¢
(feedback signals from the actuator’s reed sensors are also available, however not used
in this configuration).

= After the target elevation angle is reached the system enters standby mode waiting for
the next adjustment.

Significant effort has been placed to ensure that the tracking system’s error will be kept in the
range of £0.05°. This has been achieved through an elaborate calibration phase before any actual
measurement data was recorded.

4.6 Data acquisition, beacon amplitude detection and raw
data management

4.6.3 Conventional PLL vs SDR measurement techniques

Past measurement campaigns almost exclusively relied on conventional Phase Locked Loop (PLL)
envelope detection techniques in the receiver front-end. Although PLLs are a mature technology
with a wide area of application, ranging from FM receivers to state-of-the-art digital transceivers,
they clearly pose some limitations. Such systems have to be carefully designed beforehand as their
realization is usually non-trivial and their reconfiguration is limited, if not virtually impossible.
Moreover, they can monitor a narrow bandwidth and are characterized by relatively low dynamic
range and response times (especially in cases of loss-of-lock, i.e. when the signal is lost due to very
high attenuation).

In contrast to the above, more-and-more experimenters [4]-[9] nowadays make use of SDR
techniques to deploy low-cost, highly reconfigurable receivers that are reliable and overcome
many of the drawbacks the conventional receivers used to have. Although it is possible to design
a SDR receiver that simulates a PLL in software, most experiment designers build their receivers
upon Fast Fourier Transform (FFT)-based techniques, as is the case of the receivers designed in the
context of this thesis.

After down conversion from the LNB, the signal is fed to a Universal Software Radio Peripheral
(USRP) model B210 by Ettus Research which digitizes it, samples it and serves as an interface to a
single-board computer which measures the signal’s magnitude using an FFT-based real-time
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processing algorithm. The processing application is based on modification of available code from

the popular GNU-Radio platform, while results are stored in a database for future use.

The supported specifications of the USRP B210 are the following (when used in receive-mode):

Table 4-9: The Ettus USRP B210 SDR board specifications

Parameter Value
SSB / LO suppression [dBc] -35/50
Receive Noise Figure [dB] <8
IIP3 (at typical NF) [dBm] -20
Max supported ADC Sample Rate [MS/s] 61.44
ADC Resolution [bits] 12
ADC Wideband SFDR [dBc] 78
Host Sample Rate (16b) [MS/s] 61.44
Frequency Accuracy [ppm] +2

(£75 ppb w/ GPS unlocked TCXO Reference)
(<1 ppb w/ GPS locked TCXO Reference)

Power requirements 6V DC/ 3A

Figure 4-11: The Ettus USRP B210 SDR device used

The algorithm’s principle of operation is as follows:
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On every X chunk of received samples an FFT function is called to calculate the signal’s
power spectrum

Another function then looks for the FFT’s bin of maximum magnitude and considers it the
center of the beacon lobe. To account for any phase noise introduced, another Y number
of bins around the maximum are summed together to estimate the received beacon
power; according to the former interpretation, the beacon’s bandwidth shall be equal to
B = (Y+1) Hz/bin

Finally, the corresponding Noise Spectral Density (NSD) or preferably, the noise power in
the beacon bandwidth can be estimated. The algorithm averages the magnitude of Q
number of bins away from both sides of the beacon lobe and multiplies it by (Y+1) to yield
the equivalent noise power.

The aforementioned average is calculated a few bins to the left and right of the beacon
lobe (in the order of a few Hz), in order to minimize its variance.
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At this point it is worth mentioning that the selection of parameters (sample rate, FFT size etc.)
can significantly affect the accuracy of the measurements; in particular a longer FFT usually
improves the consistency of the resulting dataset by lowering the variance of the measured signals.
Nonetheless, it also lowers the time resolution of the data since more samples have to be
accumulated before the algorithm can operate on them.

During the first year of the experiment, the single board computer used for processing the received
signal was an ARM-based 8-core unit from Hardkernel co. Ltd, model ODROID-XU3 Lite with the
following specifications:

Table 4-10: Single board computer specifications -NTUA

Parameter Value

Samsung Exynos 5422 Cortex-A15 2.0 GHz quad core
and Cortex A7 quad core (8 cores in total)

Mali-T628 MP6 (OpenGL ES3.0/2.0/1.1 and OpenCL 1.1
Full profile)

2GB LPDDR3 at 933 MHz (14.9GB/s memory
bandwidth) PoP stacked

Storage eMMC5.0 HS400 Flash Storage (Toshiba eMMC)

USB 3.0 Host x1, USB 3.0 OTG x1, USB 2.0 Host x4
Ethernet RJ-45 1/100 LAN

HDMI 1.4a

30 GPIO/IRQ/SPI/ADC header pins

Integrated power consumption monitoring tool
Integrated PWM controlled cooler

Power requirements 5V /4A

CPUs

GPU

RAM

Interfaces

Miscellaneous

Figure 4-12: The single-board computer used at each location during the first year of measurements

In order to facilitate the processing of further beacon signals, i.e. at Q-band with possible extension
to even more, it was decided to upgrade to another computer. Thus, the ODROID units mentioned
before were swapped for Intel NUC NUC6i3SYH mini computers; the latter are equipped with an
Intel i3-6100U processor, 16 GB of DDR4 Ram and 500GB SSD for storage.
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Figure 4-13: The Intel NUC mini-computer currently used at each location.
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Figure 4-14: Functional Block diagram of the receiver onboard computer

The software used to do the processing has been implemented using the open-source GNU-Radio
platform; one file is output per day and its contents have the following format per line:
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time_stamp, power_measurement
where:

timestamp = current_hour*60*60*100 + current_minute*60*100 + current_second*100 +
round(current_microsecond/10000)

This is to avoid the use of floating-point numbers during logging (and therefore improve accuracy).
The power measurement is extracted by squaring and adding together a sufficient number of bins
around the beacon lobe of the FFT signal spectrum as described in the previous section.

One output file per day is generated and is later decomposed by a python script to insert its
contents to a MySQL database for storage, inspection and further manipulation. The MySQL
database is stored in a secure server in our offices and is backed up on a daily basis.

Top Block

RF Spectrum | Beacon Spectrum

FFT Plot B | vrocc options

Peak Hold

| [Average

Persistence

Trace A | Store

Trace B | Store

o0 Axis Options
dBy/Div: + -

Ref Level: +| -
-100
Autoscale
-105

1451 1451 1451 1451 1451 1451 1451 1451 1451 1451 1451
Frequency (GHz)

Stop

Moving Average

g Lo 1ox (aut Probe Signal
Scates 1000 Frequency: | 1.451G

Max tter: 2k

onnection| Write to file ml ¥ TUAD]
Beacon RSSI
e = E s — —
UHD: US
Cod Complex to Mag™2

FE-

UHD: US
[Beacon]
[FCD]
[1Q Balanc
[NOAA]

[ GUI Widge
[ Sinks]

[ Sources ]

Target sample rate: 0.010000 MSps
Actual sample rate: 0.062500 MSps

[Pager]
The hardware does not support the requested RX sample rate:

VLLELGE  Target sample rate: 0.010000 MSps

B /.ty sample rate: 0.062500 MSps

[ Instrumen
[ Trellis Cot

¥V Y Y VVVYVVVY

Figure 4-15: Snapshot of the acquisition software during testing.

4.6.4 Data Pre-processing

Before proceeding with the statistical analysis, the obtained signal data undergo both an
automatic as well as a manual pre-processing and inspection. In absence of a radiometer, the
receivers are capable of measuring in-excess attenuation, i.e. neglecting gaseous effects (arising
from oxygen and water vapor), which in any case are slowly varying and can be considered
reasonably constant.
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NTUA Campus Ka-band Receiver, results for 2016-06-07
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Figure 4-16: Sample preliminary results from NTUA campus receiver for a single day [9], © 2017 IEEE

To remove any signal fluctuation arising from non-propagation related causes (e.g. temperature
variation or tracking inconsistencies), the well-established RAL method [10] has been applied to
identify the clear-sky signal level and used to pre-process the obtained time series. This particular
methodology is based on Fourier Series fitting and allows for both automatic and manual data pre-
processing. The resulting pre-processed time series have been visually inspected on a per-day basis
to assess the resulting dataset and ensure that no inconsistencies are present (e.g. due to excessive
wind loading effects, random software hiccups and any other non-propagation related variations
in signal power level).

4.6.5 Concurrent Noise Measurements

4.6.5.1 General Properties of Noise in Beacon Measurements

Noise has always been regarded a barrier to high-capacity communication systems. It is most
commonly considered Additive White Gaussian Noise (AWGN), i.e. a random process of uniform
power across all frequency bands, Gaussian distributed in the time domain that is superimposed
to the signal of interest (in this case the CW beacon signal).

Although its effects on the received signal are largely undesirable as it constitutes a major
bottleneck in system performance, it can be manipulated by a SDR beacon receiver to assist in the
measurement procedure as will be explained below. Its main properties/advantages when
measured along with a beacon signal could be outlined as:

= |t is Gaussian white distributed, retaining a constant mean value (under clear sky
conditions)

= |tis s not affected by spectral leakage during FFT

= |t can be averaged as required in order to minimize uncertainty/variance

= |tis not affecting the beacon signal itself, the beacon signal can be considered overlaid to
the noise
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= Atmospheric events cause an increase in measured sky noise temperature =
Radiometer’s principle of operation; Recorded noise by the beacon receiver also increases
during atmospheric events

= |sless sensitive to changes in the atmosphere (compared to beacon signal fluctuations)

4.6.5.2 Practical Usage Scenarios

4.6.5.2.1 Low-cost Integrated Radiometer

Although in most cases the beacon receiver constitutes the core of a satellite propagation
experiment, it is often necessary to supplement the measurements with ones from a radiometer.
The latter gives the experimenter the capability to capture slower, lower attenuation propagation
effects, namely gas and cloud attenuation; nevertheless, the cost of such equipment is in most
cases prohibitive.

FFT based solutions and especially the SDR based ones provide a unique opportunity to operate a
beacon receiver and radiometer using the same system setup [11]-[12]. Apart from being a low-
cost solution compared to operating a separate radiometer, another advantage is that the slant
path is exactly the same for both modes (beacon receiver and radiometer) as they share the same
antenna.

The simplest form of a radiometer, the total-power radiometer merely measures the time-
averaged power delivered by the antenna to the receiver. The output of such a receiver shall be:

P, =(T,+T )kBG [4-1]
where T, is the temperature seen at the output of the antenna, T, is the total receiver temperature,
k the Boltzmann’s constant, B the measured bandwidth and G the total receiver gain. More
specifically,

T,=T,+T, [4-2]

where Ty is the sky noise temperature (also referred to as brightness temperature) and T, the noise
temperature resulting from the reception of unwanted signals mainly via the antenna side lobes
[13]-[14]. Considering all parameters but T, practically fixed, one could calculate T, and then using
ITU-R Recommendation P.1322 [15] convert it into path attenuation (dB) using the following
equation:

T -1
A=10log,, 2—— [4-3]

mr b

where T, the atmospheric effective or mean radiating temperature and Ty the cosmic background
temperature. Tn generally depends on frequency, however for the 20 GHz band it can be
estimated by multiplying the surface temperature by 0.95; Ty is usually chosen as 2.7K [15].

As expected, a temperature stabilized environment is essential to obtain accurate measurements,
as any temperature variation can change both the level of noise introduced to the system as well
as the gain of the various components. To compensate for such variations, it is suggested that a
calibrated reference noise source at the band of interest is periodically coupled between the
antenna and the LNB to allow for accurate recalibration and calculation of the system parameters
e.g. using the well-known Y-factor method of others [16]-[17].
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Figure 4-17: Actual beacon and noise power time series for a day
involving a light rain event (13/06/2016) [9], © 2017 IEEE

4.6.5.2.2 Antenna Pointing Monitoring

As a result of the inclination of Alphasat’s orbital plane, its apparent position as observed from the
ground varies over time; although its azimuth variation is insignificant in Greece (< £0.1592), its
variation with regard to the elevation plane cannot be neglected as it is in excess of +1.52.
Therefore, an in-house elevation tracking solution was designed and installed in both receivers,
with an accuracy in the order of 0.059; this way practically zero pointing losses are introduced in
the measurements.

During the system’s operation it became apparent that once the installed elevation tracking
system was halted —either due to malfunction or scheduled maintenance- causing a pointing error,
the measured noise power was reduced in the order of a few dB as in Figure 4-18. This is an
interesting observation, as it could be exploited by the campaign designer to generate flags
indicating pointing error; the corresponding measurement data could then be either manually
revised before final processing, or be automatically excluded from the final data set.
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Figure 4-18: Apparent reduction in noise power due to pointing error
(antenna tracking system halted from 00:00 until 06:00) [9], © 2017 IEEE
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4.6.5.2.3 Assisted Preprocessing — Events Identification
Preprocessing is one of the most crucial tasks in any propagation measurement campaign.

Ultimately the chosen preprocessing procedure should:

=  Yield accurate and consistent results

= Be mathematically rigorous

=  Require minimal human intervention

=  Be compatible with most experimental set-ups

= Require no radiometer or previous events identification

At NTUA the chosen method for pre-processing the collected data is the Fourier series as proposed
in [10], since it meets all the aforementioned criteria. The method is based on the extraction of a
template by successively calculating a Fourier series fitting while progressively removing any non-
clear sky points. The initial data are then subtracted from the calculated template yielding the
excess attenuation results.

This method requires setting the clear sky thresholds during its execution, rendering it
considerably labor-consuming; in an effort to automate the whole process, after various attempts
it was observed that it could be enhanced by using the recorded noise measurements. According
to the proposed procedure:

= Apply the Fourier series method to the noise samples
= By setting appropriate thresholds, spikes in noise should be easily identified
= Spikes in noise = Atmospheric events with extremely high confidence
= Because of 1:1 correspondence between beacon and noise samples:
o Mark the above identified beacon samples for exclusion from fitting
o Finally run the Fourier Series method on the remaining beacon signal samples
= The final excess attenuation values are calculated

The advantages of this enhanced version could be summarized below:

= No need for daily flags or specialized meteorological equipment

=  Small calibration period required for each receiver (to define the necessary thresholds)
= |f thresholds set appropriately, the whole procedure can be automated

= Time series are not altered by any means (no padding whatsoever)

=  Method mathematically rigorous

=  Fast execution, sampling rate of 1 Hz is required for the fitting

Figure 4-19 presents an example plot of time-series resulting from the application of this method
to the raw data on a day with light rain.

4.6.5.2.4 Mitigation of Temperature Variation Effects
As already mentioned in a previous section, variations of the ambient temperature can

significantly impact the gain of the various components. During our testing and actual operation
of the receivers the LNB —being outdoors- was proven to be the most susceptible component to
such variations. Its daily variation can reach up to a few dB, despite being thoroughly covered with
thermally isolating material. Fortunately, the above preprocessing method taking into account
noise can successfully mitigate this issue.

71



A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment
for Next-Generation Satellite Networks”

Beacon Signal

|
L]
5

| |
MR
w o

|
w
%]
T T

Signal Power [dBm]
&
(=}

|
w
B

= Beacon Signal
I

|
w
o

Excess Attenuation (automatic solution)

—  Attenuation

Attenuation [dB]

OO NWEWLO -G
r —

%
e

o0 0 Q0 Q0 Q0
R R o 0 Q-
()'5"0 ) o a;;;.ﬁ 0

2,

o ¥
[ ] Time [UTC, GPS sync]

Figure 4-19: Recorded beacon power and automatically preprocessed excess attenuation
result using the proposed methodology (13/06/2016) [9], © 2017 IEEE

4.6.5.2.5 Narrowband Interference Discovery

In a different context, instead of using noise as an enhancement to the preprocessing procedure
it can be used on its own to indicate any possible interference close the beacon frequency. This
method assumes therefore that one runs the Fourier series preprocessing method on the noise
measurements to calculate a template. Then, merely subtracting the initial noise data from the
template should return a time series in which any spikes could indicate interference. The
disadvantages of this method are that it is accurate only for clear-sky conditions along with the
relatively small observation bandwidth it offers (a larger bandwidth could severely affect the
available dynamic range of the beacon measurements)

4.7 Ka Receiver deployment, management and
maintenance

The official start of the measurements preceded an extensive laboratory testing of the RF chains,
along with any necessary calibration of the USRP and the developed software. The experimental
campaign officially commenced at both NTUA locations on the 1%t of July 2016 with two Ka-band
receivers (one at each campaign location). On the 1%t of July 2017, after a successful year of
operation, the experiment was augmented with another two receivers at Q-band.

W -
fige R ] = -
Figure 4-20: Photos during the integration phase of the revised NTUA Campus receiver
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Taking advantage of the first year of operation and the lessons learned, the configuration was
revised, along with many components which were swapped for better-performing ones such as
the linear actuators, the onboard computers, power supplies, enclosures, custom-fabricated PCBs,
extra fans for cooling; even the placement of the equipment on the rack/cabinet shelves changed
to accommodate the larger number of components.

Figure 4-21: Testing of the 2" revision of the NTUA Campus receiver

Regarding the Q-band tracking system and its mounts, custom ones were fabricated starting from
plain steel plates as shown in Figure 4-22. The particular design was selected based on the demand
for highly stable movement on the elevation plain and the requirements posed by the type of
antennas used (particularly the fact that they are rear fed). In the following photos, the
deployment process is being presented.
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Figure 4-23: The finished Q-band antenna mounts
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Flgur 4-25: Overview of the RF front- and back-end alg with all electronic equipment (outdoor enclosure),
located at NTUA Campus.
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nd along with all electronic equipment,
located at NTUA LTCP.

To ensure availability and integrity of the measurements, the following precautions have been
taken:

e Data are backed up and uploaded to the NTUA cloud at regular intervals (daily).

e A UPS of appropriate rating is employed to keep the whole system powered in the event
of mains power outage/failure combined with software for automated event logging and
e-mail notifications.

e The antenna masts are grounded for lightening protection.

e The antennas have been made resilient to severe wind loading by installing gas springs in
a push-pull configuration; this way, it they are fully operational for winds up to 80 km/h
with minimal effect on the received beacon power (<0.5 dB).

In case of extreme phenomena their condition is assessed and if necessary they are
manually repositioned.

e The antenna feeder has an integrated plastic cap which protects it from rain.

e To establish a more weather-proof antenna profile (in terms of rain, snow as well as solar
radiation), the LNBs have been wrapped inside “Thermawrap” insulating material; also, a
piece of acrylic sheet wrapped on the outside with aluminum tape has been installed on
top of each LNB. This is expected to minimize both the effects of heat during summer (by
limiting the exposure to direct sunlight) as well as the effects of rain drops on the LNB
feeder. No significant change in the antenna radiation pattern was observed after the
installation of the acrylic sheet.

e All outdoor cable connections have been sealed and waterproofed using a layer of vinyl
electrical tape on top of a layer of rubber splicing tape.

e  Weekly inspection of the installed receivers takes place.

e Regarding the NTUA Campus receiver, the acquisition, processing and logging equipment
along with components from the RF chain (e.g. the Bias Tee/Diplexers, GPSDO) have been
placed inside an IP67 enclosure to avoid possible issues caused by water ingress or
humidity. The enclosure temperature is maintained at the desired level by installing PWM
controlled fans. The enclosure has been placed in a highly secure and tamper-proof
environment.

o Regarding the NTUA LTCP receiver, all receiver hardware is placed indoors.
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4.8 Ancillary Equipment

Water precipitation measurements and more particularly extracting the rainfall rate is key to
understanding the impact that the former has on signal propagation; it allows the correlation of
with the actual recorded signal attenuation enabling the validation and development of accurate
signal propagation models. As already mentioned in previous sections of this thesis, the
experimental propagation campaigns conducted at NTUA locations included the colocation of
ancillary meteorological instrumentation, i.e. an advanced wireless weather stations and highly
accurate tipping bucket rain gauges.

The weather stations are made by Pro Funk (Germany), model WH 3080 (this is eq. to Fine
Offset/Ambient Temperature/Maplin/Tycon/Watson WH 3080 models) and are capable of
recording ambient temperature, atmospheric pressure, relative humidity, wind speed and
direction as well as solar radiation; although each station includes a sensor for rain measurements
too, a separate advanced tipping bucket solution is preferable for extra accuracy.

Figure 4-27: View of the professional weather station deployed outdoors.

Table 4-11: Pro Funk WH 3080 weather station specifications

Parameter Value
Range: -40 2C- 65 2C
Ambient Air temperature Accuracy: 0.1 °C
Update interval: 48 sec
Relative Air Humidity Range: 1% - 99%
Wind speed Range: 0-180 km/h w/speed direction sensor
Miscellaneous UV sensor included, 60 sec update intervals
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The weather station comprises of two units: an outdoor unit where all the sensors are mounted
(except for the atmospheric pressure sensor) and an indoor one utilizing an LCD screen to display
real-time data; the two units connect with each other wirelessly over the 433 MHZ ISM band using
FSK modulation. The indoor unit interfaces with the single-board computer via USB and a custom
software has been developed in python for real-time monitoring, logging and graphing. The
software makes use of existing libraries from the popular weewx meteorological software.

Figure 4-28: Overview of the developed weather station’s monitoring application.

Apart from the aforementioned weather station, a professional precipitation sensor (rain gauge)
from Environmental Measurements (EML) Ltd., model ARG100 has been employed. It is a tipping
bucket type sensor and its specifications are:

Table 4-12: EML Arg100 rain gauge specifications. NTUA

Parameter Value

Funnel Diameter [mm] 254

Funnel Rim Height [mm] 340

Tip sensitivity 0.20 mm of rain per tip
Output Contact closure (reed switch)

The rain gauge is paired with a data logger from Onset Computer Corporation, model HOBO
Pendant® Event Data Logger UA-003-64, allowing for logging up to 3200 mm of rain at 0.2 mm
resolution at a maximum sampling frequency of 1 Hz. The data logger operates using a single
CR2032 coin-size lithium battery; it includes a real-time clock (RTC) for accurate time keeping and
a 64KB EEPROM for logging/data storage. Using the software provided, it has been configured to
log 0.2 mm rain events (each tip of the rain gauge spoon) along with the corresponding timestamp;
the data can then be downloaded to a PC for further (offline) manipulation and processing.
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Figure 4-29: The EML ARG100 tipping bucket rain gauge used at each location

A preliminary analysis revealed that the weather phenomena were expected to be mild during all
seasons; both locations exhibit similar weather conditions. In Figure 4-30 to Figure 4-33 the time
series from the Hydrological Observatory of Athens (hoa.ntua.gr), Zografou Station (about 1 km

away from the NTUA Campus receiver) are presented.
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Figure 4-30: Mean Daily Temperature graph for NTUA Campus, source: hoa.ntua.gr
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Timeseries Details

D

Related Station
Name

Variable

Unit Of
Measurement

Precision

Time Zone

Remarks

Instrument
Start Date
End Date

Time scale
Time stamps
regularity
Time stamps
nominal offset
Time stamps
reference

Actual offset of
reference

1017

Zografou (NTUA)
Daily Precipitation
Rainfall

mm

2
EET (UTC+0200)

Generated with auto aggregation from
ten-minute values, may contain errors. Each
daily value could contain up to 10 missing
(ten-minute) values.

None

Aug. 7, 2005, midnight
May 12, 2015, midnight
Time stamps properties
Daily - 1 day(s)

Time step is strict

0 minutes, 0 months

Interval, Sum

0 minutes, 0 months

Drag over the overview diagram and zoom to a specific period of time.

Timeseries Diagram

80

60

40

20

2010

201

2012

2013 2014

Figure 4-31: Daily Precipitation graph for NTUA Campus, source: hoa.ntua.gr
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Figure 4-33: Wind direction graph for NTUA Campus, source: hoa.ntua.gr

4.8.6 Selection of tipping bucket rain gauge/errors

The errors arising from the use of tipping bucket rain gauges (TBRs) can be categorized in two main
groups, namely the instrumental and environmental errors [18]-[21].

4.8.6.1 Instrumental errors/counting errors
Instrumental errors (also referred to as counting errors) are related to the ability of the instrument

to correctly estimate the amount of water actually collected; such errors are systematic
mechanical errors at different rainfall intensities, low repeatability of the tipping bucket
mechanism operation, gauge blockage, electronic and data logging errors (i.e. depleted logger
battery or power failure, memory corruption). Such errors can be random and apply for both
catching and non-catching type rain gauges; due to their nature, it is virtually impossible to
quantify or simulate in laboratory conditions. To help prevent or at least mitigate them, quality
equipment has to be used and be maintained regularly; also, to the extent possible, laboratory
calibration could be done prior to installation or at regular intervals (e.g. annually) to estimate the
performance of the instrument.

4.8.6.2 Environmental/catching errors
Environmental errors (also commonly referred to as catching errors) account for the incapability

of the instrument to collect the volume of water corresponding to the definition of precipitation
at the ground (i.e. the amount of water falling through the horizontal projection of the collector
area). Such errors could be attributed to evaporation of rainfall inside the instrument not yet
accounted for (i.e. in the funnel or in the tipping bucket mechanism), splashing (in/out) of rain
drops as well as wetting/adhesion effects. Finally, a common source of error is the so-called wind-
induced under-catch, arising from the wind commonly inherent in rainfall measurement.

Using a pit gauge is the ideal solution for measuring rainfall in situ and therefore measurements
obtained using pit gauges serve as a reference. Nevertheless, mounting a rain gauge in a pit is very
impractical in real terms and is usually implemented only by NMHSs (e.g. the UK Met office etc).
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Common good practice suggests that in order to maximize the quantity of information obtained
from the TBRs, the time of bucket tip is recorded; this allows for later selection of interpolation
technique to be implemented on the recorded data.

4.9 Experiment Verification

The following section outlines the procedures and the results of the hardware and software
verification tests conducted at the NTUA Campus station. All procedures and tests comply with
standard tests conducted on similar experimental propagation campaigns.

4.9.1 Ka-band Hardware verification

In order to conduct the hardware verification, the actual Alphasat beacon is used; the theoretical
results are compared with the measurements to assess the performance of the system. For
reference, the block diagram of the receiver is presented in Figure 4-4.

4.9.1.1 Antenna Radiation Pattern
Leaving the system running without engaging the tracking system resulted into significant

fluctuation of the received signal throughout the day as shown in Figure 4-34; this can be
attributed to the very narrow beamwidth of the antenna.

}}!ghasat beacon signal, NTUA Campus no tracking, 27/01/2016
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Figure 4-34: Received signal fluctuation without tracking

This fluctuation was in fact exploited to measure the radiation pattern of the antenna; the antenna
is fixed in the azimuth and elevation having values that fall inside the satellite’s range of motion
(the antenna shall be pointed to the median value of the azimuth range to ensure minimum drift
throughout the day). First the range of variation in azimuth and elevation was calculated using the
Orbit Ephemeris Messages (OEM) files for this particular day (i.e. on 27" January 2016).
Considering the azimuth variation to be negligibly small (+0.072) and very slow throughout the
day, any variation in the received signal power could be attributed to the pointing error due to the
satellite’s movement in the elevation plane (£1.32). The latter exhibits a sinusoidal-like pattern;
the satellite crosses each elevation value within the range [44.6782 - 47.2839] twice per day
(except for the extreme values which are reached once per day) as presented in Figure 4-35.
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Figure 4-35: Alphasat’s variation in elevation (left) and azimuth angles as observed from NTUA Campus

The following steps were necessary to calculate the exact radiation pattern:
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Figure 4-36: Aligning power data with elevation angles

After recording the beacon’s signal power for this day, the data samples are aligned to the
elevation values calculated from the OEM file. As for each signal power value throughout
the day, the maximum signal power value should correspond to an elevation value (Figure
4-36). This shall be the elevation angle of the antenna with very high precision as no
measurement error is involved here (the antenna is perfectly aligned to the satellite at
this time instant); this can then be considered the zero-reference angle of the antenna
(0.09).

Subtracting this elevation value from all other elevation values throughout the day should
yield the antenna’s relative motion with respect to the perfect pointing to the satellite.
Similarly, subtracting the corresponding power value in dB (i.e. the maximum value as
stated earlier) from all other power values results into the normalized gain of the antenna.
Combining both the relative angles and the normalized gain, the normalized radiation
pattern of the antenna in the elevation plane is finally obtained as depicted below in
Figure 4-37. The -3 dB BW of the antenna has been calculated at 0.7512 and the -10 dB
BW at 1.3242. These values are in good accordance to the ones provided by the
manufacturer, i.e.0.84 dB half power beam width (HPBW).
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4.9.1.2 Antenna Offset
Although the antenna specifications provide a nominal value of 17.352 offset in the elevation

plane, the measurements suggested that the actual offset shall be 18.2892. This value was
measured by means of a digital very high precision MEMS inclinometer with 0.0012 resolution and
0.052 accuracy (DDK Sensors HDA516V) and has been confirmed over a long time period by
sweeping the elevation angle up- and down using this value.

4.9.1.3 Outdoor Installation

4.9.1.3.1 Wind loading mitigation

During the testing period extreme wind gusts (in excess of 19 m/s or 64.8 km/h) were repeatedly
recorded by the meteorological sensors located in the vicinity of the beacon receiver at NTUA
Campus; gusts of such magnitude seemed to cause temporary misalighment of the antenna which
in turn translated into deep signal fades appearing at the beacon receiver (in the order of tenths
of dB). After investigating the aforementioned incidents in more detail, it was concluded that there
had been an inherent shortcoming in the construction of the antenna mount and tracking system.
More particularly, up until then the antenna was retained at the required elevation angle only by
the linear actuator itself and not any other supporting mechanism (such as a steel cable, hinge or
rod). Although the actuator did not have to bear the full weight of the antenna, substantial
backlash was noticed should torque have been exerted on the dish. Although this should normally
not be of particular concern under mild wind, after carefully examining the weather data, it was
apparent that wind gusts above 12 m/s systematically caused instability which had to be addressed
to ensure accurate and consistent measurements.

To this end, it was decided that the mount be reinforced by thicker steel plates (10 mm galvanized
steel) at the sensitive areas; moreover, a set of push (compression) — pull (tension) gas springs was
considered necessary to support the antenna at the elevation plane thus relieving this duty from
the linear actuator (Figure 4-38).

Figure 4-38: The push-pull gas spring architecture supporting the antenna

This way, zero backlash shall be expected even for wind gusts exerting forces in the order of 1000
Newtons during both antenna movement and idle periods. One gas spring (tension-type) is located
at the back of the antenna pulling the latter towards its maximum elevation position, while the
other gas spring (compression type) is placed at the bottom of the antenna pushing it towards the
maximum elevation position; the two springs therefore form a force couple producing enough
torque to keep the antenna stable at all times. In this configuration the linear actuator only serves
as a mechanical stop to adjust the desired elevation angle. By using such a mechanism, the
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movement of the antenna shall also be smoother maximizing pointing accuracy. Indeed, during a
very windy day (wind gust speed > 15 m/s) the receiver exhibited a very stable operation with
some small signal fades in the range of 0-1 dB at the maximum.

4.9.1.3.2 Temperature effects mitigation
Since both the antenna and the receiver are deployed outdoors it was necessary to verify that all

equipment and connections are waterproof. All equipment used is IP67 rated and has sustained
numerous rain events during its installation without any particular issues.

As the LNB exhibits a gain variation in the range of (+ 3 dB with temperature), it was decided to
insulate it using a highly reflective aluminium bubble wrap (Thermawrap). This has mitigated the
problem to great extent.

To establish a more weather-proof antenna profile (in terms of rain, snow as well as solar
radiation), apart from the “Thermawrap” insulating material, a piece of acrylic sheet wrapped on
the outside with aluminium tape has been installed on top of the LNB (Figure 4-39 - Figure 4-40).
This is expected to minimize both the effects of heat during summer (by limiting the exposure to
direct sunlight) as well as the effects of rain drops or snow on the LNB feeder. No significant change
in the antenna radiation pattern was observed after the installation of the acrylic sheet.

Figure 4-39: Front view of the antenna with the acrylic Figure 4-40: Back view of the antenna with the acrylic
sheet installed around the LNB and feeder sheet installed around the LNB and feeder

4.9.1.3.3 Antenna Wetting
To verify the impact of rain on the antenna, the dish was spilled with 10L of water; although this

is an experimental exaggeration (as under no circumstances can 10L of water fall on the dish at
once), it has been observed that the measurements return to their former values after no more
than one (1) minute (Figure 4-41 and Figure 4-42). The time required to fully dry the dish and the
whole antenna structure has been timed to approximately four (4) minutes at 232C ambient
temperature.
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4.9.1.4 Power outage protection & recovery

The whole system is equipped with an 2200VA/1200W UPS. During normal operation, the UPS
load is about 5-10% of its nominal capacity, or 60-120W; this equates to a maximum of 0.5A at
230V or 10A at 12V. Since its batteries are rated at 12V and 18Ah, its maximum runtime
considering 90% efficiency shall be about 0.9%18Ah/10A = 1.62 hours. The status of the UPS is
monitored through special software (Network UPS Tools, NUT) and the system can be
automatically shut down when battery depletion is reached and re-powered up when mains power
is back online.

4.9.1.5 Deep fade recovery

As the receiver is FFT-based, with a rate of 9.85 FFTs/sec, the maximum recovery time after a deep
fade is 0.1 sec. This has been verified by introducing a piece of thick paper in front of the LNB to
attenuate the signal.

4.9.2 Performance Verification

4.9.2.1 RF front-end: intermediate frequency CNR measurements

On a sunny, non-cloudy day a spectrum analyzer was used to conduct measurements at the output
signal of the receiving chain, just before the USRP. The spectrum analyzer was configured as
follows:

e Center Frequency: 1.451 GHz for Ka-band, 1.902 GHz for Q-band
e Frequency Span: 10 kHz

e  Resolution Bandwidth: 100 Hz

e Averages: 100

Table 4-13: IF measurements

Ka-band Q-band
First intermediate frequency (IF1) 1.451 GHz 1.902 GHz
Received power at USRP (C1) —25.2 dBm -39.2 dBm
CNR (100 Hz BW) 44 dB 37.6dB
C/No Clear Sky 64 dB - Hz 57.6 dB-Hz
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4.9.2.2 Beacon receivers
The most important part of the beacon receiver is the USRP B210, located at the end of the

receiving chain. It down-converts the signal once again, filters it and feeds it to the Analog to Digital
Converters (ADCs). Finally, the recorded samples are passed to the computer (via USB 3.0) for
further processing and calculation of the actual beacon and noise power.

4.9.2.2.1 Second Down-conversion
As stated above, the USRP B210 at the end of the receiving chain undertakes the role of direct

down conversion (Zero-IF). Since an integrated LNA is connected before the USRP’SADC, the
latter’s gain has been set to 0 dB as this setting seems to perform the best. The signal bandwidth
passed through to the ADC is 28 MHz (default USRP B210 setting).

4.9.2.2.2 Analog to digital conversion (ADC noise and range)
The Zero-IF down-converted signal is passed on a dual 12-bit ADC (Analog Devices AD9361) running

at a sampling rate of 640 kSps. According to the manufacturer, the full-scale input power (0 dBFs)
is 8.93 dBm and the ADC is expected to achieve a signal-to-noise ratio (SNR) of about 60 dB over
the Nyquist bandwidth, dc to fs/2. This total SNR considers the A/D quantization, thermal,
differential non-linearity (DNL) and jitter noise contributions. It should be noted that the
manufacturer suggests no more than 2.5 dBm at the input of the ADC to avoid possible damage.

It is necessary to investigate whether signal input to the ADC is below its maximum accepted level:
The wanted signal at the Ka-band ADC input, Cy, is at -25.2 dBm.

Since C/No is equal to 64 dB-Hz, the signal noise level at the Ka-band ADC input, N1, considering a
bandwidth of 28 MHz, is

N,=C,—C/N,+10log(BW)=-14.73 dBm [4-4]

The next step is to calculate the effective input noise of the ADC from its SNR. Considering the total
SNR of the ADC, SNRapc = 60 dBFS (dB full-scale), and the full-scale range, FS=8.93 dBm, the
effective input noise is

N,oc = FS—SNR,,. =8.93-60=-51.07 dBm [4-5]

It is therefore observed that the total noise power at the ADC input is dominated by the noise level
from the previous stages, Nj, thus, the CNR is practically not degraded by the ADC noise:

CNR=C, - N, =-10.47dBm [4-6]
and the total power at the input of the ADC:

P

ADC

=-14.36dBm [4-7]

which is well below the maximum allowed ADC input level. According to the above, the full
dynamic range of the ADCs is expected to be used.
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4.9.2.3 Signal processing
The USRP B210 samples the beacon signal at a rate of 640 kS/s. The received I-Q samples stream

is converted to a 62464 samples vector on which a Blackman-Harris window is applied. A Fast
Fourier Transform is calculated on the vectorized samples and its result is squared to yield the
power spectrum. The resulting FFT frequency resolution is 10.2459 Hz. A peak-search function
locates the bin of maximum power and power-sums it with another 10 bins (5 on either side) to
capture part of the beacon signal’s spectral lobe. The total processed bandwidth is therefore
11x10.2459 =112.7 Hz.

This results in a 43.48 dB available dynamic range for Ka-band and 37.08 dB for Q-band, not
considering the increase in noise floor due to the atmospheric effects.

4.9.2.4 Receiver Linearity
To check the receiver linearity a CW was generated using a signal generator and injected to the

LNB input port (using a SMA to WR-42 adapter). The power of the generated signal was varied in
steps of 1 dB and the results suggest that the receiver is reacting as expected, exhibiting a highly
linear performance in the entire calculated dynamic range.

4.9.2.5 Pointing System
The antenna is mounted on a base capable of moving on the elevation plane. Movement is

achieved by means of a heavy duty 12” linear actuator. The actuator is controlled by special
software developed in-house; an open-loop tracking system based on OEM files has been installed
to adjust the elevation angle accordingly by means of a linear actuator (Jaeger SuperJack HARL
3612+), capable of handling up to 250 kg dynamically at a rated speed of 5.6 mm/sec; actual
position feedback is achieved by means of a high-performance MEMS inclinometer with 0.001¢
resolution and 0.052 accuracy (DDK Sensors HDA516V) measuring the elevation angle in real-time.

Significant effort has been placed to ensure that the tracking system’s error will be kept in the
range of £0.052 which indeed appears to be the case, with the measurements indicating no
particular signal power variation due to mis-pointing errors.

4.9.3 Software verification

The software developed had undergone meticulous debugging for more than two months before
officially commencing the collection of data. All precautions have been taken, such as error
logging/reporting and auto-recover in case of error. All data seem to be consistent without any
gaps or crashes.
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Figure 4-43: Screenshot from the automatic generated plots at the receiver

The OEM files are automatically fetched every week, downloaded locally and after running the
necessary calculations for NTUA Campus, the results are stored in a MySQL database. A scheduler
is responsible for fetching the elevation values and launching an instance of the tracking class shall
it be required.
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T

| T

Figure 4-44: Screenshot from the Munin monitoring software
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All measurement data (beacon signal, noise, elevation angle and meteorological data) are stored
in a MySQL database; for purposes of extra redundancy, a MySQL replication has been set-up at a
slave MySQL server.

The receiver computer does not directly access internet; instead it is located behind a firewall and
NAT to protect it from malicious attacks. Access to it is possible through SSH connection.

To assist in the monitoring of system status, the system is monitored using the Munin software;
also, real-time data from the receiver are plotted and uploaded to a web-server for internal access.
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Chapter 5

First-Order Statistics

In the following, the results for the four years of the propagation measurement campaign
conducted at the two NTUA locations in the region of Attica, Greece are presented. The chapter
begins with the evaluation of the rainfall rate statistics obtained throughout the entire duration of
the experimental campaign; it continues with the presentation of the attenuation first-order
statistics (overall, seasonal, monthly and diurnal) for the two locations at all measured frequency
bands.

5.1 Evaluation parameters

The first-order statistics for both rain and attenuation have been evaluated.
5.1.1 Rainfall Rate Statistics

For the case of rainfall rate statistics, the rainfall data collected from the rain gauges [1] have been
converted to rainfall rate timeseries with one-minute integration window according to [2], [3].

The rainfall rate exceedance probability (CCDF) is calculated as:
P[R(2) > 7] [5-1]
where R(?) the obtained rainfall rate in mm/h at time instant 7.

The time resolution for the rainfall rate is 1 minute (1-minute integration time is used to convert
rainfall height in mm to rainfall rate in mm/h).

5.1.2 Attenuation Statistics
The signal attenuation exceedance probability (CCDF) is calculated as:
P[A(t) > a] [5-2]
where A(?) the obtained attenuation in dB time instant ¢.
Regarding the attenuation statistics, these can be distinguished in two categories:

5.1.2.1 Excess Attenuation Statistics
In absence of a radiometer, the received beacon power is preprocessed as already explained in

Chapters 3 and 4 in order to yield the clear-sky level, after which the excess attenuation is
extracted.
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5.1.2.2 Gaseous Attenuation Statistics

In order to enhance the provided measurement results the methodology included in the Annex 2
of the ITU-R Rec. P. 676 [4] is used to derive an approximate estimation of the gaseous attenuation
(due to oxygen & water vapor) from meteorological data. The meteorological data required i.e.,
mean ground temperature (°C), atmospheric pressure (hPa) integrated water vapour content
(kg/m?) have been obtained from the ERA5-Copernicus product “ERA5 monthly averaged data on
single levels from 1979 to present” [5] for the campaign locations and duration and were used as
input to emulate gaseous attenuation timeseries for the campaign observation period. Data only
from ERAS have been chosen over the local data for extra consistency; more particularly, the
variables derived were {2m_temperature, surface_pressure, total_column_water_vapour}.

5.1.3 Structure of the presented results
The following statistics for the rainfall rate and the excess attenuation are provided:

e Long-term (overall) CCDF:
o using the whole valid dataset
o period duration is considered the whole duration of the experiment where
samples are valid
e Yearly CCDF
o only full calendar years are considered
o thevalid dataset is grouped per year (from July to June of the next calendar year)
o period duration equals the total duration of samples grouped in each year
e Seasonal CCDF
o the valid dataset is grouped per season (four seasons per year, each season
represented n times, where n the number of full calendar years)
o period duration equals the total duration of samples grouped in each season,
i.e. n (single season duration), considering a 100% data availability case
e Monthly CCDF
o thevalid dataset is grouped per calendar month (12 months per year, each month
represented n times, where n the number of full calendar years)
o period duration equals the total duration of samples grouped in each month,
i.e. n (single month duration), considering a 100% data availability case
e Diurnal CCDF
o thevalid dataset is grouped in 4-hour intervals (six 4-hour intervals per day)
o period duration equals the total duration of samples grouped in each 4-hour
interval, i.e. (overall duration)/4, considering a 100% data availability case

The following table summarizes the measurement results period for each receiver:

Table 5-1: Summary of the measurement periods for which results are presented

Receiver: Start Date End Date Total Duration
Campus & LTCP

ALPHASAT Ka-band July 2016 June 2020 4 years
Campus & LTCP

ALPHASAT Q-band July 2017 June 2019 2 years
Campus BADR5 Ku-band July 2017 June 2020 3 years
Campus KaSAT Ka-Band July 2018 June 2020 2 years
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5.2 Rainfall Rate Statistics

5.2.4 Overall rainfall rate
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Figure 5-1: Long-term (4-year) rainfall rate exceedance probability (CCDF) for Campus (left) and LTCP (right)

5.2.5 Yearly rainfall rate
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Figure 5-2: Yearly rainfall rate exceedance probability (CCDF) for Campus (left) and LTCP (right)

5.2.6 Seasonal rainfall rate
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Figure 5-3: Seasonal rainfall rate exceedance probability (CCDF) for Campus (left) and LTCP (right),
4-year average
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5.2.7 Monthly rainfall rate
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Figure 5-4: Monthly rainfall rate exceedance probability (CCDF) for Campus (left) and LTCP (right)
4-year average

5.2.8 Diurnal rainfall rate
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Figure 5-5: Diurnal rainfall rate exceedance probability (CCDF) for Campus (left) and LTCP (right)
4-year average
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5.3 Attenuation statistics

5.3.9 Overall Attenuation

5.3.9.1 Campus Ka-band ALPHASAT
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Figure 5-6: Long-term (4-year) attenuation probability (CCDF) for Campus Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-7: Long-term (4-year) attenuation probability (CCDF) for LTCP Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.9.3 Campus Q-band ALPHASAT
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Figure 5-8: Long-term (2-year) attenuation probability (CCDF) for Campus Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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5.3.9.4 LTCP Q-band ALPHASAT
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Figure 5-9: Long-term (2-year) attenuation probability (CCDF) for LTCP Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.9.5 Campus Ku-band BADR5

Excess Attenuation [dB]

45 T T T 1.0 T
NTUA Campus Ku-band __.__ .. 3-yearsaverage, | NTUA Campus Ku-band —-—-- Total Gaseous Attenuation
40 {BADRS Data avail.; 36.49% || BADRS, 3-years average - Oxygen Attenuation
Concurrent with Rain, | ]
......... Data avail. 86.44 % | 08 Water Vapar Attenuation
35 ~ =& [TU-RP.618-13 1l
30 =y
. 206
254 5
=1
20 3
g 04
15 <
10 02
5 4
0 e ]
10-% 10-? 101 10° 107 102
Exceedance Probability [%] Exceedance Probability [%]

Figure 5-10: Long-term (3-year) attenuation probability (CCDF) for Campus Ku-band BADR5,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.9.6 Campus Ka-band KaSAT*
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Figure 5-11: Long-term (2-year) attenuation probability (CCDF) for Campus Ka-band KaSAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

1 The dynamic range of the Campus Ka-band KaSAT receiver is about 16 dB.
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5.3.10 Yearly Attenuation
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Figure 5-12: Yearly attenuation probability (CCDF) for Campus Ka-band ALPHASAT,

Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.10.2 LTCP Ka-band ALPHASAT

Excess Attenuation [dB]

45 T T 1.0 T
NTUA LTCP Ka-band 4-years average, NTUA LTCP Ka-band ALPHASAT — 4-years average
40 ALRHASAT Data avail.: 96.39% | - - Year: 1
—-—-- Year: 1, Data avail.: 93.75% | - Year: 2
- Year: - Year: 3
35 T o Year X I by Year: 4
Year: 4, Data avail: 97.07% || 2
30 i1 <
g 0.6
25 e
o
g
20 <
w 0.4
15 A
W
5
10 0.2
) T T 0.0
1077 1072 1077 10¢ 10’ 10? 1073 1072 1077 107 10! 102

Exceedance Probability [%]

Exceedance Probability [%]

Figure 5-13: Yearly attenuation probability (CCDF) for LTCP Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.10.3 Campus Q-band ALPHASAT
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Figure 5-14: Yearly attenuation probability (CCDF) for Campus Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

4 1.
3 Tnroa Campus Qrband " -years average, O TNm Campus Qlband ALPHASAT 2ryears average
40 ALPHASAT Data avail : 95.33% ] - Year: 1
—-—- Year: 1, Data avail.: 96.54% | T P e R R B e IS - Year: 2
35 + Year. 2, Data avall.: 94.12% | 0.8 i S
— |z i
g =
= 30 g
2 & 06
5 25 2
[=4
£ 5 2
<
4
2 B 0.4
815 H
b+ ]
= [}
w L]
10 0.2
0 r 0.0
10-* 1072 107! 10° 10 10? 10-? 1072 107! 10° 10 10?

97



A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment
for Next-Generation Satellite Networks”

5.3.10.4 LTCP Q-band ALPHASAT
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Figure 5-15: Yearly attenuation probability (CCDF) for LTCP Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-16: Yearly attenuation probability (CCDF) for Campus Ku-band BADRS5,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-17: Yearly attenuation probability (CCDF) for Campus Ka-band KaSAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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5

5.

.3.11 Seasonal Attenuation
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Figure 5-18: Seasonal attenuation probability (CCDF) for Campus Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-19: Seasonal attenuation probability (CCDF) for LTCP Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.11.3 Campus Q-band ALPHASAT
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Figure 5-20: Seasonal attenuation probability (CCDF) for Campus Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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5.3.11.4 LTCP Q-band ALPHASAT
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Figure 5-21: Seasonal attenuation probability (CCDF) for LTCP Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.11.5 Campus Ku-band BADR5

45 T 1.0 T
NTUA Campus Ku-band Winter Season, NTUA Campus Ku-band — = Winter Season
40 BADR5S, 3-years average g::‘an;\.u;lasogs 73% BADRS, 3-years average - Spring Season
" Data avail. 97.17% | 08 | ?:‘TS";:ZS:MD”
35 Summer Season, | &
S R e Data avail- 94.0% ||
=30 Fall Seasan, 4z
S - Data avail.: 99. 05% o
2 T 06
® 25 2
=
£ 20 £
<

<
2 ©w 0.4
815 ]
k- w0
] ©
w v}

10 0.2

51 S e == == == ==r==31 = R T e .

0 - T 0.0

101 100 10 10? 103 1072 10 109 10! 10?

Exceedance Probabllity [%]

Exceedance Probability [%]

Figure 5-22: Seasonal attenuation probability (CCDF) for Campus Ku-band BADRS5,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-23: Seasonal attenuation probability (CCDF) for Campus Ka-band KaSAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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5.3.12 Monthly Attenuation

5.3.12.1 Campus Ka-band ALPHASAT
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Figure 5-24: Monthly attenuation probability (CCDF) for Campus Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-25: Monthly attenuation probability (CCDF) for LTCP Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.12.3 Campus Q-band ALPHASAT
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Figure 5-26: Monthly attenuation probability (CCDF) for Campus Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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5.3.12.4 LTCP Q-band ALPHASAT
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Figure 5-27: Monthly attenuation probability (CCDF) for LTCP Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
5.3.12.5 Campus Ku-band BADR5
45 T T 1.0 T T
NTUA Campus Ku-Band - - January, Data avail.: 95.6% | NTUA Campus Ku-band ) - January July
40 BADR5S, 3-years we‘rage —.. February, Data avail.: 99.51% || BADRS, 3-years average August
==+ March, Data avail.: 92.04% | September
35 L] = - April, Data avail.: 93.97% - 0.8 October
= " — -+ May, Data avai @ - November
o ' 0
= 30 == June, Data avail. - - December
S - y —-* July, Data avail.: 87.34% I °
% 25 | ——— Y August, Data avail: 97.13% || ® 06
g s ——- September, Data avail.: 99.13% | E'
8.0 t —— October, Data avail.: 99.57% &
< \ R - - MNovember, Data avail: 99.17% | T 0.4
a2 \ L —--— December, Data avail.: 97.16% | 2 .
g 15 Y T —e- [TU Worst Month 1 e
] ©
w U]
0.2
-t re ' 0.0
10 10? 103 1072 10 109 10! 10?

Exceedance Probabllity [%]

Exceedance Probability [%]

Figure 5-28: Monthly attenuation probability (CCDF) for Campus Ku-band BADRS5,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-29: Monthly attenuation probability (CCDF) for Campus Ka-band KaSAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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5.3.13 Diurnal Attenuation
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Figure 5-30: Diurnal attenuation probability (CCDF) for Campus Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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Figure 5-31: Diurnal attenuation probability (CCDF) for LTCP Ka-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation

5.3.13.3 Campus Q-band ALPHASAT
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Figure 5-32: Diurnal attenuation probability (CCDF) for Campus Q-band ALPHASAT,
Left: Excess Attenuation, Right: Gaseous Attenuation
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5.3.13.4 LTCP Q-band ALPHASAT
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Figure 5-33 Diurnal attenuation probability (CCDF) for LTCP Q-band ALPHASAT,

5.3.13.5 Campus Ku-band BADR5
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Figure 5-34: Diurnal attenuation probability (CCDF) for Campus Ku-band BADRS5,

5.3.13.6 Campus Ka-band KaSAT
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Figure 5-35: Diurnal attenuation probability (CCDF) for Campus Ka-band KaSAT,
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5.4 Discussion

Examining the rainfall rate statistics, it is evident that the Attica region exhibits a typical South-
Mediterranean climate; there is a significant rainfall rate discrepancy between the four seasons,
with Fall consistently being the season with the most rain events. The rainfall rate for this season
ranges from a few mm/h up to more than 125 mm across both campaign locations. It can therefore
be deduced that during this season, both convective- and stratiform-type rain occurs; the month
with the highest rainfall rate is November, reaching values in excess of 100 m/h and 80 mm/h for
up to 0.01 % of the season’s time for Campus and LTCP respectively.

During Winter and Spring more stratiform-type events tend to dominate yielding rain events of
much lower intensity, while in Summer, although it being almost dry for up to 99.97% of the
season’s duration (0.03% exceedance probability), some extreme rainfall events have been
recorded reaching rates higher than 100 mm/h for up to 0.01% of the season’s duration. Such
events can be attributed almost exclusively to convective rain cells, they are sparse and with very
limited duration (typically in the order of a few minutes). It should be noted that the seasonal
differences are more exaggerated at the Campus location than the LTCP one; the Ymmitos
mountain range as well as other tall mountain ranges surrounding the Campus site definitely play
a key role in this behavior, contrary to the Lavrion site which is by the sea in absence of any tall
nearby mountains. In any case, each site’s 4-year average rainfall rate seems to very tightly follow
the yearly averages for up to 0.1% exceedance probability while still maintaining good accordance
for even lower exceedance probabilities. It should be stressed that the latter is the very reason for
conducting long-term measurements, as only then any temporal biases can be minimized.

Finally, comparing the two location’s statistics, both on a yearly basis as well as overall, it seems
that there is no significant discrepancy as the exceedance probabilities almost coincide for values
higher than 0.001% of the total time; this result is expected because of their close proximity (about
36.5 km).

Carefully evaluating the attenuation statistics for different frequency bands, remarkable results
are obtained regarding the potential system availability of Ka and Q band systems.

For the Ka-band case, a 5 dB total attenuation level is exceeded for up to 0.1% and 0.07% of the
total time for Campus and LTCP respectively, while a 15 dB level for up to 0.015% and 0.01% of the
time respectively; in practical terms, for a typical satellite link requiring availability at least 99.999%
(i.e., approx. 5.26 min of yearly outage allowed) more than 38 dB of fade margin would be
required.

Regarding Q-band, the exceedance probability lines appear to be shifted to the right compared to
the Ka-band ones, meaning that the same total attenuation thresholds are exceeded for far greater
time than at Ka-band. The 5 dB total attenuation level is exceeded for up to 0.9% and 0.6% for
Campus and LTCP, while the 15 dB level for up to almost 0.1% of the time for Campus and 0.07 %
for LTCP. To meet a 99.9% availability requirement (8.76 hours of outage allowed), more than
about 17 and 13 dB of margin are required for Campus and LTCP respectively; the margin required
to reach 99.999% availability cannot even be estimated since it is higher than the dynamic range
of the receivers (greater than 33-34 dB).

Even in the case of Ku-band, in order to meet a 99.999% availability more than 25 dB of margin
have to be considered; for this frequency band, however, a conventional link-budget fade margin
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combined with power control techniques should be capable of sustaining a relatively high
availability target (a 10 dB effective margin could compensate for up to 99.993% of the time,
resulting in approx. 39.42 minutes of yearly outage).

In practical terms, employing not only a conventional fade margin alone, but even combined with
uplink/downlink power control will probably not have the capacity to compensate for the induced
signal attenuation. It is therefore apparent that other, more sophisticated fading mitigation
techniques are essential to maintain the high Quality of Service (QoS) as prescribed in the
operator’s SLAs. In the following table, a quick comparison between the fade margins required to
meet various availability targets based on the obtained measurements can be found:

Table 5-2: Fade margins required to meet availability target based on measurement data (approximate values)

Availability Target Yearly Outage Approximate margin Required [dB]
[%] Duration Ku-band Ka-band Q-band
99 87.6 hours 0.5 2 4.5
99.9 8.76 hours 2 5 13-17.5
99.99 52.56 minutes 8.5 16-21 34
99.999 5.256 minutes 25 33-39 >35 (out of DR)

Another interesting observation is the massive diurnal variability of the excess attenuation across
all frequency bands; the period from 04:00-08:00 h (UTC) consistently appears to exhibit much
lower attenuation values, in some cases up to e.g. 40 dB lower than for the 08:00-12:00 h interval
at 0.01% of time at Campus Ka-band; massive differences can be seen for all frequency bands
though. The interval with the highest excess attenuation is 08:00-16:00 h, i.e., during daytime.
Such a finding further suggests that statically allocating transmission power is totally inefficient, as
not only seasonal variations exist but also diurnal ones, e.g. during most of the night-time (when
usually less system utilization occurs anyway) much of the transmitted energy would be wasted.

Comparing the obtained results with the ITU-R Rec. P.618-13 [6] prediction (derived using the
locally measured rain rate at 0.01% exceedance probability):

e  For Ku-band, the ITU model is in good accordance with the measurement results for
exceedance probabilities up to about 0.04% while under-estimating excess attenuation
for lower probabilities.

e For Ka-band the ITU model seems to greatly over-estimate excess attenuation for
exceedance probabilities between 0.01% to 1% of the time, while for lower probabilities
it either considerably under-estimates it (Campus Ka-band) or mildly over-estimate it
(LTCP Ka-band).

e For Q-band the ITU model seriously over-estimates excess attenuation across all
exceedance probabilities, reaching errors in the order of 10 dB for probabilities around
0.1%.

The ITU worst month estimation according to ITU-R Rec. P. 841-6 [7] obtained using the values for
“Europe/Mediterannean” region for excess attenuation and “Tropical, subtropical and temperate
climate regions with frequent rain” for the rain rate:

=  Seems to be in good accordance for the rain rate for exceedance probabilities higher than
0.1% while significantly over-estimating rain rate for lower probabilities
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= Appears to over-estimate excess attenuation for all frequency bands and campaign
locations for exceedance probabilities lower than 1-2%.
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Chapter 6

Second Order Statistics

6.1 Evaluation parameters

The first order statistics analysis presented in the previous chapter provides useful insight
regarding the long-term system performance; nevertheless, for more accurate system design and
channel modeling the second order statistics are often essential, especially for the development
and testing of efficient FMTs.

= Fade Interfade Fade
E‘ episoc_ifs mterval duration
..g '\‘ '\-\._\_\_‘ ———
(]
[=
[\ m /\ o
slope
| \\‘.—/ r Fade threshold
—— Time
Precipitation
Precipitation event Inter-event interval event

Figure 6-1: Graphical Representation of fade dynamics [1]

In this chapter, the following statistics have been evaluated and are presented:

6.1.1 Fade slope statistics

In order to evaluate the excess attenuation fade slope statistics:

The data have been harmonized to 1 sec time resolution

They have been low-pass filtered with a Butterworth filter of 10t order with a cut-off
frequency of 0.02 Hz as per [1] to remove rapid fluctuations of the signal due to
scintillation.

The fade slope calculation interval At is 60 sec using the definition [1]:

A+ A - A= L an
2 [6-1]

c()= ~
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The following fade slope analysis is performed:

6.1.1.1 Calculation of the PDF of fade slope
The normalized probability density function Pla <Z <b| A > a] in percent (%), where Z the

fade slope values (or equivalently the number of occurrences) for fade events with excess
attenuation 4 > a . The fade slope values are classified into bins of 0.05 [dB/sec]:

<-0.5, [-0.5,-0.45], [-0.45,-0.40],..., [-0.05,0],[0,0.05], [0.05,0.1],..., [0.45,0.50], >0.50.

6.1.1.2 Calculation of the CCDF of absolute fade slope
The normalized probability of occurrence P[|Z| >z | A>a] in percent (%), where |Z| is the

absolute value of the fade slope for fade events with excess attenuation 4 > a. The values of
absolute fade slope x considered for the calculation are 0.001, 0.002, 0.003, 0.005, 0.01, 0.02,
0.03, 0.05,0.1,0.2,0.3,0.5, 1, 2, 3 and 5 |dB/sec| and the attenuation levels a : 1,3, 5, 10,15, 20
and 25dB.

6.1.1.3 Calculation of the CCDF of absolute fade slope at given attenuation exceedance
probabilities

The normalized probability of occurrence P[|Z| >z | A>a] in percent (%), where |Z| is the

absolute value of the fade slope for fade events with excess attenuation A4 > a . The attenuation
threshold @ is defined by the long-term exceedance probability P[4 > a]= p . The values of
absolute fade slope x considered for the calculation are 0.001, 0.002, 0.003, 0.005, 0.01, 0.02,
0.03, 0.05, 0.1,0.2,0.3, 0.5, 1, 2, 3 and 5 |dB/sec| and the attenuation levels a corresponding to
excess attenuation exceedance probability values 13 (%): 0.001, 0.002, 0.003, 0.005, 0.01, 0.02,
0.03, 0.05, 0.1,0.2,0.3, 0.5, 1.

6.1.2 Fade duration statistics

In order to evaluate the excess attenuation fade duration statistics, the data have been
harmonized to 1 sec time resolution

The following fade duration analysis is performed:

6.1.2.1 Calculation of the CCDF of fade duration
The normalized probability of occurrence P[D > d | A > a] in percent (%) of fade events with

duration D > d and excess attenuation 4 > a . The values of fade duration d considered for the
calculation are 1,10, 30, 60, 120, 180, 300, 600, 900, 1200, 1500, 1800, 2400, 3600 sec and the
attenuation levels a : 1,3, 5, 10,15, 20 and 25dB.

6.1.2.2 Calculation of the CCDF of fade duration at given attenuation exceedance probabilities
The normalized probability of occurrence P[D > d | A > a] in percent (%) of fade events with

duration D > d and excess attenuation 4 > a. The attenuation threshold a is defined by the
long-term exceedance probability P[4 > a]= p . The values of fade duration d considered for
the calculation are 1,10, 30, 60, 120, 180, 300, 600, 900, 1200, 1500, 1800, 2400, 3600 sec and the
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attenuation levels a corresponding to excess attenuation exceedance probability values p (%):
0.001, 0.002, 0.003, 0.005, 0.01, 0.02, 0.03, 0.05, 0.1,0.2,0.3, 0.5 and 1.

6.1.2.3 Calculation of the CCDF of accumulate fade duration

The normalized cumulative exceedance probability F[D >d|A>a] in percent (%), or
equivalently the fraction of total fade time due to fades of with duration d longer than D,
corresponding to fade events with excess attenuation 4 > a . The values of fade duration d
considered for the calculation are 1,10, 30, 60, 120, 180, 300, 600, 900, 1200, 1500, 1800, 2400,
3600 sec and the attenuation levels a : 1,3, 5, 10,15, 20 and 25dB.

6.1.2.4 Calculation of the CCDF of accumulate fade duration at given attenuation exceedance
probabilities

The normalized cumulative exceedance probability F[D >d | A>a] in percent (%), or
equivalently the fraction of total fade time due to fades with duration d longer than D ,
corresponding to fade events with excess attenuation 4 > a . The values of fade duration d

considered for the calculation are 1,10, 30, 60, 120, 180, 300, 600, 900, 1200, 1500, 1800, 2400,
3600 sec and the attenuation levels a corresponding to excess attenuation exceedance
probability values p (%): 0.001, 0.002, 0.003, 0.005, 0.01, 0.02, 0.03, 0.05, 0.1,0.2,0.3, 0.5 and 1.

6.1.3 Inter-fade duration statistics

In order to evaluate the excess attenuation inter-fade duration statistics, the data have been
harmonized to 1 sec time resolution

The following inter-fade duration analysis is performed:

6.1.3.1 Calculation of the CCDF of inter-fade duration

The normalized probability of occurrence P[D > d | A < a] in percent (%) of inter-fade intervals
with duration D > d and excess attenuation 4 <a . The values of inter- fade duration d
considered for the calculation are 1, 2, 3, 5, 10, 20, 30, 50, 100, 200, 300, 500, 1000, 2000, 3000,
5000, 104, 2*104, 3*10% 5*10%, 10°, 2*10°, 3*10°, 5*10°, 10°, 2*10°, 3*10°, 5*108, 107 sec and the
attenuation levels a : 1,3, 5, 10,15, 20 and 25dB.

6.1.3.2 Calculation of the CCDF of inter-fade duration at given attenuation exceedance
probabilities

The normalized probability of occurrence P[D > d | A > a] in percent (%) of inter-fade intervals
with duration D > d and excess attenuation 4 < a . The attenuation threshold a is defined by
the long-term exceedance probability P[4 > a]= p . The values of fade duration d considered
for the calculation are 1, 2, 3, 5, 10, 20, 30, 50, 100, 200, 300, 500, 1000, 2000, 3000, 5000, 104,
2*10% 3*10% 5*10% 10°, 2*10°, 3*10° 5*10%, 106, 2*10°, 3*10°, 5*10°, 107 sec and the attenuation
levels a corresponding to excess attenuation exceedance probability values p (%): 0.001, 0.002,
0.003, 0.005, 0.01, 0.02, 0.03, 0.05, 0.1,0.2,0.3, 0.5 and 1.
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6.2 Results

6.2.4 Fade Slope Results

6.2.4.1 Campus Ka-band ALPHASAT fade slope analysis
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Figure 6-2: Fade slope statistics, Campus Ka-band ALPHASAT (4-year average)
Top: Fade slope normalized probability of occurrence
Middle: Number of events whose absolute fade slopes exceed abscissa
Bottom: Normalized fraction of events whose absolute fade slopes exceed abscissa
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6.2.4.2 LTCP Ka-band ALPHASAT fade slope analysis
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Figure 6-3: Fade slope statistics, LTCP Ka-band ALPHASAT (4-year average)
Top: Fade slope normalized probability of occurrence
Middle: Number of events whose absolute fade slopes exceed abscissa
Bottom: Normalized fraction of events whose absolute fade slopes exceed abscissa
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6.2.4.3 Campus Q-band ALPHASAT fade slope analysis
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Figure 6-4: Fade slope statistics, Campus Q-band ALPHASAT (2-year average)

Top: Fade slope normalized probability of occurrence
Middle: Number of events whose absolute fade slopes exceed abscissa

Bottom: Normalized fraction of events whose absolute fade slopes exceed abscissa



Chapter 6 — Second Order Statistics

6.2.4.4 LTCP Q-band ALPHASAT fade slope analysis
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Figure 6-5: Fade slope statistics, LTCP Q-band ALPHASAT (2-year average)
Top: Fade slope normalized probability of occurrence
Middle: Number of events whose absolute fade slopes exceed abscissa
Bottom: Normalized fraction of events whose absolute fade slopes exceed abscissa
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6.2.4.5 Campus Ku-band BADRS5 fade slope analysis
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6.2.4.6 Campus Ka-band KaSAT fade slope analysis
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Figure 6-7: Fade slope statistics, Campus Ka-band KaSAT (2-year average)
Top: Fade slope normalized probability of occurrence
Middle: Number of events whose absolute fade slopes exceed abscissa

Bottom: Normalized fraction of events whose absolute fade slopes exceed abscissa
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6.2.5 Fade Duration Results

6.2.5.1 Yearly Event Statistics

6.2.5.1.1 Campus Ka-band ALPHASAT yearly event counts & duration per dB
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Figure 6-8: NTUA Campus Ka-band ALPHASAT
left: total number of fade events exceeding attenuation threshold
right: total event duration exceeding attenuation threshold

6.2.5.1.2 LTCP Ka-band ALPHASAT yearly event counts & duration per dB
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Figure 6-9: NTUA LTCP Ka-band ALPHASAT
left: total number of fade events exceeding attenuation threshold
right: total event duration exceeding attenuation threshold

6.2.5.1.3 Campus Q-band ALPHASAT yearly event counts & duration per dB
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Figure 6-10: NTUA Campus Q-band ALPHASAT
left: total number of fade events exceeding attenuation threshold
right: total event duration exceeding attenuation threshold
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6.2.5.1.4 LTCP Q-band ALPHASAT yearly event counts & duration per dB
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Figure 6-11: NTUA LTCP Q-band ALPHASAT
left: total number of fade events exceeding attenuation threshold
right: total event duration exceeding attenuation threshold

6.2.5.1.5 Campus Ku-band BADRS yearly event counts & duration per dB
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Figure 6-12: NTUA Campus Ku-band BADR5
left: total number of fade events exceeding attenuation threshold
right: total event duration exceeding attenuation threshold

6.2.5.1.6 Campus Ka-band KaSAT yearly event counts & duration per dB
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Figure 6-13: NTUA Campus Ka-band KaSAT
left: total number of fade events exceeding attenuation threshold
right: total event duration exceeding attenuation threshold
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6.2.5.2 Mean & Median Event Duration Statistics

6.2.5.2.1 Campus Ka-band ALPHASAT mean & media event duration per dB
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left: mean duration of fade events exceeding attenuation threshold
right: mean & median event duration exceeding attenuation threshold averaged over 4-years
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Figure 6-16: NTUA Campus Q-band ALPHASAT
left: mean duration of fade events exceeding attenuation threshold
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6.2.5.2.4 LTCP Q-band ALPHASAT mean & media event duration per dB
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Figure 6-17: NTUA LTCP Q-band ALPHASAT
left: mean duration of fade events exceeding attenuation threshold
right: mean & median event duration exceeding attenuation threshold averaged over 2-years
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left: mean duration of fade events exceeding attenuation threshold
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Figure 6-19: NTUA Campus Ka-band KaSAT
left: mean duration of fade events exceeding attenuation threshold
right: mean & median event duration exceeding attenuation threshold averaged over 2-years
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6.2.5.3 Fade Duration CCDF

6.2.5.3.1 Campus Ka-band ALPHASAT fade duration CCDF
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Figure 6-20: Fade duration statistics, Campus Ka-band ALPHASAT (4-year average)
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Top: Total number of occurrences per fade duration
Middle: Normalized fraction of events whose fade duration exceed abscissa
Bottom: Number of events whose fade duration exceed abscissa
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6.2.5.3.2 LTCP Ka-band ALPHASAT fade duration CCDF
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Figure 6-21: Fade duration statistics, LTCP Ka-band ALPHASAT (4-year average)

Top: Total number of occurrences per fade duration

Middle: Normalized fraction of events whose fade duration exceed abscissa
Bottom: Number of events whose fade duration exceed abscissa
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6.2.5.3.3 Campus Q-band ALPHASAT fade duration CCDF
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Figure 6-22: Fade duration statistics, Campus Q-band ALPHASAT (2-year average)
Top: Total number of occurrences per fade duration
Middle: Normalized fraction of events whose fade duration exceed abscissa
Bottom: Number of events whose fade duration exceed abscissa
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6.2.5.3.4 LTCP Q-band ALPHASAT fade duration CCDF
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Figure 6-23: Fade duration statistics, LTCP Q-band ALPHASAT (2-year average)
Top: Total number of occurrences per fade duration
Middle: Normalized fraction of events whose fade duration exceed abscissa
Bottom: Number of events whose fade duration exceed abscissa
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6.2.5

.3.5 Campus Ku-band BADR5 fade duration CCDF
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Figure 6-24: Fade duration statistics, Campus Ku-band BADR5 (3-year average)
Top: Total number of occurrences per fade duration
Middle: Normalized fraction of events whose fade duration exceed abscissa
Bottom: Number of events whose fade duration exceed abscissa
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6.2.5.3.6 Campus Ka-band KaSAT fade duration CCDF
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Figure 6-25: Fade duration statistics, Campus Ka-band KaSAT (2-year average)
Top: Total number of occurrences per fade duration
Middle: Normalized fraction of events whose fade duration exceed abscissa
Bottom: Number of events whose fade duration exceed abscissa
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6.2.5.4 Fade Duration Box-plots
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Figure 6-26: Fade Durations Box-plot analysis

First Row: ALPHASAT Ka-band Campus (left) & LTCP (right)
Second Row: ALPHASAT Q-band Campus (left) & LTCP (right)
Third Row: BADR5 Ku-band Campus (left) & KaSAT Ka-band Campus (right)
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6.2.5.5 Accumulate Fade Duration CCDF

6.2.5.5.1 Campus Ka-band ALPHASAT accumulate fade duration analysis
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6.2.5.5.2 LTCP Ka-band ALPHASAT accumulate fade duration analysis
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Figure 6-28: Accumulate fade duration statistics, LTCP Ka-band ALPHASAT (4-year average)
Top: Total (accumulate) fading time of events whose duration exceed abscissa
Middle: Normalized fraction of total fading time of events whose duration exceed abscissa
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6.2.5.5.4 LTCP Q-band ALPHASAT accumulate fade duration analysis
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Figure 6-30: Accumulate fade duration statistics, LTCP Q-band ALPHASAT (2-year average)
Top: Total (accumulate) fading time of events whose duration exceed abscissa
Middle: Normalized fraction of total fading time of events whose duration exceed abscissa
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6.2.5.5.5 Campus Ku-band BADRS accumulate fade duration analysis
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6.2.5.5.6 Campus Ka-band KaSAT accumulate fade duration analysis
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Figure 6-32: Accumulate fade duration statistics, Campus Ka-band KaSAT (2-year average)
Top: Total (accumulate) fading time of events whose duration exceed abscissa
Middle: Normalized fraction of total fading time of events whose duration exceed abscissa
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6.2.6 Inter-fade Duration Results

6.2.6.1 Campus Ka-band ALPHASAT inter-fade duration analysis
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Figure 6-33: Inter-fade duration statistics, Campus Ka-band ALPHASAT (4-year average)

Top: Total number of occurrences per inter-fade duration

Middle: Normalized fraction of events whose inter-fade duration exceed abscissa
Bottom: Number of events whose inter-fade duration exceed abscissa
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6.2.6.2 LTCP Ka-band ALPHASAT inter-fade duration analysis
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Figure 6-34: Inter-fade duration statistics, LTCP Ka-band ALPHASAT (4-year average)
Top: Total number of occurrences per inter-fade duration
Middle: Normalized fraction of events whose inter-fade duration exceed abscissa
Bottom: Number of events whose inter-fade duration exceed abscissa
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6.2.6.3 Campus Q-band ALPHASAT inter-fade duration analysis
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Figure 6-35: Inter-fade duration statistics, Campus Q-band ALPHASAT (2-year average)
Top: Total number of occurrences per inter-fade duration

Middle: Normalized fraction of events whose inter-fade duration exceed abscissa
Bottom: Number of events whose inter-fade duration exceed abscissa
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6.2.6.4 LTCP Q-band ALPHASAT inter-fade duration analysis
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Figure 6-36: Inter-fade duration statistics, LTCP Q-band ALPHASAT (2-year average)
Top: Total number of occurrences per inter-fade duration

Middle: Normalized fraction of events whose inter-fade duration exceed abscissa
Bottom: Number of events whose inter-fade duration exceed abscissa
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6.2.6.5 Campus Ku-band BADRS inter-fade duration analysis
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6-37: Inter-fade duration statistics, Campus Ku-band BADRS5 (3-year average)
Top: Total number of occurrences per inter-fade duration

Middle: Normalized fraction of events whose inter-fade duration exceed abscissa

Bottom: Number of events whose inter-fade duration exceed abscissa
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6.2.6.6 Campus Ka-band KaSAT inter-fade duration analysis

= = =
=3 =3 o
T T ™

"
[=]
2

Number of inter-fade occurrences per duration

TUA Campus Ka-band KaSAT 2-years a
avail.: 96.15%

erage,

- A>5dB |

© A=>10dB
- - A=>150B

= A > 320 dB
- - - A>325dB |

0 -
10 I B RS S LN
10" 10t 10% 104 108 10° 107
Inter-Fade Duration [sec]
102 NTUA Campus Ka-band KaSAT 2-years average.
2 Data avail.: 96.15%
Lo 10t
&5
53
£y 100
w ——
:
o
2 E 1014
2%
cg
T x
2¥ 024
=
E
E
5 po———
Z 1074 - .. - A>25¢8
10° 10t 10? 10° 10% 10°

= = = = =
=) =) =] Q =)
= o T = el

Number of inter-fade events exceeding abscissa
[
=)
El

140

Inter-Fade Duration [sec]

NTUA Ca[ﬂpus Ka-ba

nd KaSAT 2-years average,

Data avail.: 96.15%

100

10" 102

10° 10% 10° 107
Inter-Fade Duration [sec]

Figure 6-38: Inter-fade duration statistics, Campus Ka-band KaSAT (2-year average)
Top: Total number of occurrences per inter-fade duration

Middle: Normalized fraction of events whose inter-fade duration exceed abscissa
Bottom: Number of events whose inter-fade duration exceed abscissa
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6.3 Discussion

In this chapter the second order statistics have been presented; such results can usually be utilized
in the framework of an FMT to adjust the sampling rate of the monitoring algorithm, hysteresis
thresholds or Automatic Gain Control (AGC) loops.

Examining the fade slope statistics, it appears that their PDF is almost symmetrical around 0
dB/sec, closely resembling a gaussian-type distribution. As was anticipated, for higher attenuation
thresholds higher absolute fade slope values are obtained more frequently. Interestingly enough,
lower attenuation events at Ka-band seem to reach higher absolute fade slope values, an effect
not present at Ku- or Q-band. It should be noted that for LTCP Ka-band some artifacts appear after
+0.55 dB/sec probably due to spurious filtering effects.

From the yearly statistics of the fade duration results, it appears that on average, both the number
of event occurrences as well as the total event duration tend to follow an almost loglinear
relationship with excess attenuation threshold levels. This appears to hold true for all frequency
bands; any peaks at the tail of the distributions should be ignored as they are a result of the finite
dynamic range available for the measurements.

According to the normalized fade duration exceedance probabilities it is evident that the number
of fades with duration longer than 1000 sec drastically decrease as the attenuation threshold
increases; this effect is more pronounced at Ku- and Ka-band. For Q-band, this phenomenon occurs
at one order of magnitude higher fade duration, i.e., after 10* sec.

From the accumulate fade duration statistics it is suggested that:

e for Ku- and Ka-band 80% of the total fading time corresponding to each attenuation
threshold comprises of event lasting up to circa 80-100 seconds

e for Q-band almost 80 % of the total fading time comprises of events with up to 300
seconds duration (5 minutes) time

Additionally, from the mean and median event duration statistics one can deduce that although
the mean event duration can significantly deviate for different values of excess attenuation, the
median event duration is relatively constant, ranging from 2 to 6 seconds for all frequency bands;
from the box-plot analysis it appears that the 3™ quartiles of fade durations are almost normally
distributed. The mean duration appears to rapidly increase after 3-4 dB reaching a plateau at about
20-25 dB for Ka-band gradually decreasing after that; for Q-band a slow increase appears after 2-
3 dB reaching a plateau again around 20-25 accompanied by a drastic drop after about 27 dB.
Finally, at Ku-band the fade duration mean value appears to be stable after about 2 up to 26 dB
where a sudden decrease occurs.

Regarding inter-fade events, the larger the attenuation threshold, the lower the number of inter-
fade events as expected; this is also reflected in the normalized probability of inter-fade events
exceeding a particular duration, with higher attenuation events involving much higher inter-fade
durations (i.e. they are less frequent). It is interesting though, that above 15 dB, the normalized
inter-fade event durations occurrence curves seem to flatten and coincide with one another
around 10% exceedance probability; this implies that given an attenuation threshold above 15 dB,
their temporal distribution is equiproportional. One exception is Ku-band where this phenomenon
is not so pronounced.
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6.4 Chapter References
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International Telecommunication Union, Tech. Rep, Geneva, 2003.
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Chapter 7
Site Diversity Evaluation

7.1 Evaluation parameters

As already explained in the introduction of this thesis, in order to meet the required performance
in terms of availability and QoS special techniques have to be employed to compensate for the
high magnitude of attenuation induced in the signals. Such techniques are commonly referred to
as Fading Mitigation Techniques (FMTs), with site diversity being the most prominent one.

The site diversity statistics for two sites s, s, are derived from the measured excess attenuation

timeseries based on the following definition:

PS_S2 [Asl (t)>a, As2 (t) > a] [7-1]
where P[.]is the joint (bi-variate) probability (CCDF) that attenuation values AS1 and AS2 at the
time instant t exceed the attenuation threshold a .

The ideal minimum attenuation experienced at time instant t would be:

Ay, (1) = min{A, (), 4, (1)} 7-2]

In Figure 7-1 two example realizations of the site-diversity technique are presented using the NTUA
ALPHASAT Ka-band and Q-band timeseries across Campus and LTCP locations as obtained on the
16" of November 2017.
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Figure 7-1: Example of the idealized site diversity technique for Ka- and Q-band
across the NTUA campaign locations on a rainy day
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The joint independent CCDF would be:

P

Join,ind

= P[4, (t) > a]- P[4, (t) > a]

where P[4 (¢) > a] and P[A (¢) > a] the single exceedance probabilities

The instantaneous site diversity gain in dB referred to site s, is therefore expressed as:

GSD, ()= Asl - ASD (®)
or equivalently, if referred to s,:

GSD2 )= AS2 (1) —Ag, (1)
Another metric of interest is the equiprobable site diversity gain, i.e:

GSD (p%) = AS (p%) - ASD (p%)

where p% the probability of the respective exceedance probability distributions.

(7-3]

[7-4]

[7-5]

[7-6]

The site diversity statistics presented below are obtained after harmonizing all the data to 1 sec

time resolution, including only data concurrent at both campaign locations (hence the lower data
availability when compared to the single site statistics of Chapter 4). In the following figures the
concurrent single site attenuation CCDF and the resulting joint attenuation complementary
cumulative distribution function (CCDF) are presented, along with the joint independent CCDF and

the site diversity gain referred to each location.

7.2 Results

7.2.1 Ka-band ALPHASAT Site Diversity
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Chapter 7 — Site Diversity Evaluation

7.2.2 Q-band ALPHASAT Site Diversity
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Figure 7-3: Site diversity evaluation for Q-band ALPHASAT across the NTUA campaign locations

7.3 Discussion

The evaluation of the Site Diversity technique has proven that even for small distances such as the
one between Campus and Lavrion (approx. 36.5 km), significant gain can be obtained both at Ka-
band and Q-band.

For Ka-band, using a hypothetical Selection Combining scheme, i.e., selecting the samples from
the receiver with the higher C/N at each time instant, gain in excess of 31 dB can be obtained at
0.001% of the time, resulting in an approx. 6.7 dB extra fade margin required to fully compensate
for excess attenuation and maintain 99.999% availability. The gain (in dB) follows an almost linear
relationship with exceedance probabilities for values from 0.003% up to 0.02%, reaching a plateau
below 0.003%

For the Q-band case, due to the lower dynamic range offered by the receivers combined with the
higher attenuation rain magnitude, an evaluation below 0.03% of the total time is not possible.
However, at this exceedance probability a gain of nearly 23 dB can be accomplished, considerably
relaxing the extra margin required to maintain 99.97% availability to about 8.5 dB.

Comparing the joint balanced (bi-variate) curves with the joint independent ones as defined in the
introduction of this chapter, it is obvious that they exhibit very high discrepancy across all
exceedance probabilities. Should the single CCDFs be independent from one another, according to
probability theory their joint independent distribution should be the same as their joint bi-variate
which is clearly not the case meaning that they are clearly not independent.

7.4 Site Diversity Scenarios

It is evident from the above that should the system be able to use the two receivers
interchangeably (at each frequency band), being able to instantaneously switch from one station
to another would yield a massive performance gain. Such a scenario is ideal and hence not
practically realizable; three more cases are examined in the following, namely switching with an
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attenuation threshold, switching with an attenuation threshold and spatial hysteresis and
switching with an attenuation threshold with both spatial and temporal hysteresis as explained in
the following subsections. For this study the measurements from the first two years of the
experiment at Ka-band are used.

The impact of the various switching schemes has also been investigated in [1]. In all scenarios it is
assumed that the receivers are interconnected, fully synchronized and constantly measure
attenuation levels from effects occurring in their slant path. It should be noted that data loss during
ground stations’ hand-over can be prevented using an appropriate higher-level protocol (e.g.
UDP/TCP, or even DVB frame retransmission) depending on the application of interest (i.e.
real/non-real time) and its specific requirements.

7.4.3 Switching with threshold

In this scenario, NTUA Campus is considered the master receiver serving the system under normal
conditions (active selection); upon exceedance of an attenuation threshold the system’s switching
broker selects the NTUA LTCP receiver (slave, otherwise inactive), provided that the latter
experiences less attenuation. When the master receiver’s attenuation falls below the threshold,
the system switches back to it.

7.4.4 Switching with threshold and spatial hysteresis

The difference between this and the first scenario is that upon switching to the second receiver,
the system does not revert back to the original/master one up until the slave’s attenuation exceeds
the threshold and the first one experiences less attenuation. Such a scheme could be considered
as a dual-master with spatial hysteresis and can significantly reduce the total number of switches
by more than an order of 10.

7.4.5 Switching with threshold, spatial and temporal hysteresis

This is an extension to the second scenario, adding time hysteresis to the play; more particularly,
after registering a threshold exceedance, the broker waits for x seconds (10 sec in this study)
before switching to the next one. If and only if during this sliding window the attenuation continues
to fall above the threshold then the broker selects the other receiver. As expected, this results into
even less switches as shown in Table 7-1, making such a system configuration less complex and
hence realizable.
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Figure 7-4: Switching techniques performance comparison
with 7.0 dB threshold using 2 years of Ka-band ALPHASAT attenuation data

All the above scenarios have been compared against each other in terms of attenuation
performance and number of switches required; there is a clear trade-off between these two
factors that the designer has to consider when setting the corresponding thresholds.

Table 7-1: Ground Station Switches Required for different Attenuation Thresholds with Hysteresis
(2-year Ka-band ALPHASAT attenuation data used)

Switching Number of switches
Threshold Threshold with Threshold with spatial
[dB] ey spatial hysteresis and time hysteresis
(ideal s?/;/(i)tching) 13463613
1.0 44964 3936 686
2.5 10294 764 318
4.0 3820 330 244
55 1742 258 216
7.0 878 226 178

7.5 Chapter References

[1] M. Rytir, M. Cheffena, P. A. Grotthing, L. E. Braten and T. Tjelta, “Three-Site Diversity at Ka-
Band Satellite Links in Norway: Gain, Fade Duration, and the Impact of Switching Schemes,” in
IEEE Transactions on Antennas and Propagation, vol. 65, no. 11, Nov. 2017, pp. 5992-6001.
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Chapter 8
Time Diversity Evaluation

8.1 Evaluation parameters

Another proposed FMT is the time diversity technique: a link affected by a propagation impairment
leading to outage merely retransmits the signal after a scheduled time delay; this technique is
therefore suitable for time-delay tolerant applications and services (i.e., non-real-time) such as
data transfer. A noteworthy advantage of time diversity over other FMTs is that it makes use of
only one single link, i.e., the very same propagation channel but delayed in time [1]-[3].

The time diversity statistics for a time delay 7D are derived from the measured excess attenuation
timeseries based on the following definition:

P[A(t)>a,A(t+TD) > a] [8-1]

where P[.] is the joint (bi-variate) probability (CCDF) that both attenuation values A(z) and
A(t+TD) at the instant ¢ and ¢ + TD accordingly exceed the attenuation threshold a .

The attenuation experienced at time instant t would be:

A, () = min{A(r), A(t + TD)} [8-2]

In Figure 8-1 example realizations of the time-diversity technique are presented using the NTUA
Campus Ka-band and Q-band timeseries obtained on the 14" of November 2017.
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Figure 8-1: Example of the idealized time diversity technique for Ka- and Q-band
at the NTUA Campus location on a rainy day using a 10-min delay
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The instantaneous time diversity gain in dB is therefore expressed as:

G, ()= A(t)— A, (f)

Another metric of interest is the equiprobable time diversity gain, i.e:

GTD (p%) = A(p%) - ATD (p%)

where p% the probability of the respective exceedance probability distributions.

(8-3]

[8-4]

The time diversity statistics presented below are obtained after harmonizing all the data to 1 sec
time resolution. The time delay TD values used are: 1s,5s, 10 s, 1 min, 3 min, 5 min, 10 min, 30

min,1h,3 h,6h,12hand 18 h.

In the following figures the resulting joint attenuation complementary cumulative distribution
function (CCDF) is provided for all frequency bands at both campaign locations, along with the
equiprobable time diversity gain at 1%, 0.1%, 0.01% and 0.001% of the overall time.

8.2 Results
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Figure 8-2: Time diversity evaluation for Ku-band BADR5 at NTUA Campus for different time delays
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8.2.2 Campus Ka-band ALPHASAT Time Diversity
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Figure 8-3: Time diversity evaluation for Ka-band ALPHASAT at NTUA Campus for different time delays

8.2.3 LTCP Ka-band ALPHASAT Time Diversity
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Figure 8-4: Time diversity evaluation for Ka-band ALPHASAT at NTUA LTCP for different time delays
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8.2.4 Campus Q-band ALPHASAT Time Diversity
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Figure 8-5: Time diversity evaluation for Q-band ALPHASAT at NTUA Campus for different time delays

8.2.5 LTCP Q-band ALPHASAT Time Diversity
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Figure 8-6: Time diversity evaluation for Q-band ALPHASAT at NTUA LTCP for different time delays
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8.2.6 Campus Ka-band KaSAT Time Diversity
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Figure 8-7: Time diversity evaluation for Ka-band KaSAT at NTUA Campus for different time delays

8.3 Discussion

In this chapter the results derived after applying this idealized time diversity technique are
presented for each frequency band available at each site. It is obvious from the analysis that a
relatively short time delay (i.e., in the order of a few seconds) offers minimal gain in the long-run
irrespective of operating frequency band; nevertheless, the application of a time delay in the order
of a few minutes (reasonable for some types of non-real time applications and services) could yield
considerable improvement.

As an example, the use of a 5 min delay can reduce the obtained long-term excess attenuation
value from 20 dB to about 12.5 dB for 0.01% of the total time for Ka-band Campus and 9.5 dB for
LTCP. The gain appears to be vast also at Q-band, where at 0.03% of the total time, the attenuation
can be minimized from over 30 dB to just about 16 dB using a 5 min delay.

The use of longer time delays naturally leads to a higher performance gain, however, a long delay
would most probably appear similar to an outage from an end-user’s point of view, since it would
also be resulting in (temporal) service disruption.

The relation of the performance of time and site diversity has been studied in [4]-[5].
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Chapter 9
Orbital Diversity Evaluation

9.1 Evaluation parameters

Besides the techniques presented in the previous chapters, another promising FMT involves the
communication of a single-site receiver with multiple satellites, each orbiting the earth at different
orbital positions. This technique utilizes the fact that the signal propagating from/and to the
satellite follows a different slant path, experiencing uncorrelated (or low-correlated) atmospheric
impairments. It is therefore to be expected that the greater the separation angle across the
satellites, the greater the gain would be.

The orbital diversity statistics for satellites at two orbital locations o,, 0, are derived from the

measured excess attenuation timeseries based on the following definition:

P, [4,(t)>a, A4, (t)>a] [9-1]
where P[.]is the joint (bi-variate) probability (CCDF) that attenuation values AUl and Ao2 at the
time instant t exceed the attenuation threshold a .

The ideal minimum attenuation experienced at time instant t would be:
App () =min{4, (), 4, ()} [9-2]

In Figure 9-1 example realizations of the orbital-diversity technique are presented using the NTUA
Campus Ka-band ALPHASAT and KaSAT timeseries obtained on the 31%t July 2018 and 28 August
2018 respectively.

6 —— ALPHASAT Ka-band 20 4 —— ALPHASAT Ka-band
KASAT Ka-band KASAT Ka-band

o
w

wn

1

In-Excess Attenuation [dB]
In-Excess Attenuation [dB]
=
o

L Ml' ] LJ’.IL“‘“'

Bl
0 b e

. P Hl
e W - ‘." [N o lL""__: IR n f;"fuwwr "R
e e ¥ e
-1 | ]
00:00 03:00 06:00 09:00 12:00 15:00 1800 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
31-ul 28-Aug
Time, GPS locked (UTC) Time, GPS locked (UTC)

Figure 9-1: Example of the potential idealized orbital diversity technique for Ka-band
at the NTUA Campus location during two rainy days
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The joint independent CCDF would be:

P

Jjoin,ind

= P[4, (t)>a]-P[4, (t) > a] [9-3]
where: P[4, (t) > a] and P[A, (¢) > a] the single exceedance probabilities

The instantaneous orbital diversity gain in dB referred to satellite in orbit o, is therefore expressed

as:
G()D1 ()= A()l (1) —App () [9-4]

or equivalently, if referred to orbit o, :

GOD2 (r)= Ao2 ®)—A4,,() [9-5]
Another metric of interest is the equiprobable orbital diversity gain, i.e:

GOD (p%) = Ao (p%) - AOD (p%) [9-6]
where p% the probability of the respective exceedance probability distributions.

The orbital diversity statistics presented below are obtained after harmonizing all the data to 1 sec
time resolution, including only Ka-band attenuation data concurrent for both ALPHASAT at 25°E
and KaSAT at 9°E measured at the Campus location (hence the lower data availability when
compared to the single frequency/satellite statistics of Chapter 5). It should be noted again that
there is a slight frequency discrepancy between the two transmitted beacons, namely ALPHASAT
transmits at 19.701 GHz vertical polarization, while KaSAT at 19.680 GHz horizontal polarization.
Nevertheless, one can still obtain a good indication of the performance gain using orbital diversity
as a possible FMT.

In the following figures the concurrent single-orbit attenuation CCDF and the resulting joint
attenuation complementary cumulative distribution function (CCDF) are presented, along with the
joint independent CCDF and the orbital diversity gain referred to each satellite.

9.2 Results
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Figure 9-2: Orbital diversity evaluation for Ka-band at NTUA Campus
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9.3 Discussion

The results of the orbital diversity evaluation at Ka-band indicate that there is an appreciable gain
in the order of 6 dB at 0.01% of the time, lowering the required margin from about 22 to 16 dB.
Nevertheless, for higher exceedance probabilities (i.e., greater than 0.1%) the gain is minimal at
this separation angle, namely 16°.

Another set of measurements at a greater separation angle would probably provide a better
insight on the effectiveness of this technique as suggested by [1]. Also, the fact that the KaSAT Ka-
band receiver provides a lower measurement dynamic range limits the extent of this evaluation to
exceedance probabilities only higher than 0.01%, while it is expected that at lower probabilities
the gain could be significantly higher.

9.4 Chapter References

[1] E. Matricciani and M. Mauri, “Italsat-Olympus 20-GHz orbital diversity experiment at Spino
d'Adda” in IEEE Transactions on Antennas and Propagation, vol. 43, no. 1, Jan. 1995, pp. 105-
108.

157






Chapter 10
Frequency Scaling Evaluation

10.1 Evaluation parameters

Frequency scaling of excess attenuation involves the prediction of attenuation at a desired
frequency based on attenuation values obtained at another frequency. Such a prediction is
particularly valuable in the design of new systems as well as regarding the use of FMTs. An example
realization of frequency scaling is depicted in Figure 10-1.

—— Campus Q-band
301 T Campus Ka-band

== Campus Ku-band

]

In-Excess Attenuation [dB

15:00 15:30 16:00 16:30 17:00
Time, GPS locked (UTC)

Figure 10-1: Example of frequency scaling for Ku, Ka and Q bands at NTUA Campus for a rain event

After time aligning the attenuation data for each of the frequency pairs (only concurrent data are
used), the scintillation effects are removed using a low-pass Butterworth filter of 10" order with a
cut-off frequency of 0.02 Hz (similarly to the one to calculate fade slopes in Chapter 6).

In this chapter, according to a methodology similar to [1], the following statistics are evaluated:

10.1.1 Excess attenuation at frequency 1 vs Excess attenuation at frequency 2 at
different occurrence levels (percentiles)

e After binning the excess attenuation at base frequency f, in 0.2 dB increments, the

corresponding values of excess attenuation at frequency f, are identified for each bin.

e For each bin corresponding to an attenuation level at frequency 1: the mean and the
standard deviation of the excess attenuation values at frequency 2 are calculated, along
with the excess attenuation values occurring at the 1%, 10t, 20, 30, 40, 50 (median
value), 60t, 70th, 80th, 90t" and 99" percentile.
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10.1.2 Instantaneous Frequency Scaling Factor (IFSF) for a pair of frequencies at
different occurrence levels (percentiles)

e After binning the excess attenuation at frequency f, in 0.2 dB increments, for each bin

the binned Instantaneous Frequency Scaling Factor (IFSF) ratios are calculated as:

A, (t,bin)

IFSF (bin) = :
A, (¢,bin)

[10-1]
where A4, (¢,bin) and A, (t,bin) the corresponding excess attenuation values in dB for

frequency 1 and frequency 2 at time instant ¢ corresponding to the same bin.
e For each bin corresponding to an attenuation level at frequency f,: the mean and the

standard deviation of the IFSF are calculated, along with the IFSF values occurring at the
1st, 10t, 20t, 30, 40, 50t (median value), 60t, 70t, 80th, 90t and 99" percentile.

10.1.3 IFSF Exceedance Probability (CCDF) for a pair of frequencies

This time, without binning the attenuation values, the IFSF is calculated for the entire available
dataset as:

(1)

_ Afz
IFSF(1) =~ [10-2]

Yl
The probability of exceedance (CCDF) P[IFSF(¢) > k], i.e., the fraction of total time that
IFSF(t) > k is obtained.

10.1.4 Equiprobable (Statistical) Frequency Scaling Factor (EFSF) for a pair of
frequencies

Using the attenuation exceedance probabilities (%) for each frequency, the Equiprobable
Frequency Scaling Factor (EFSF) can be obtained as:

A, (py,)

EFSF(p,,) =
YA, (py)

[10-3]

where 4, (p.,) and A, (p.,) are the excess attenuation probabilities for the two frequencies at

the same exceedance probability p,, .

10.1.5 Linear Regression Fitting of excess attenuation for a pair of frequencies

e After binning the excess attenuation at frequency f, in 0.2 dB increments, the
corresponding values of excess attenuation at frequency f, are identified for each bin.
o The whole set of values 4, (¢,bin) and A, (¢,bin) are used to perform linear

regression fitting.
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o The values Af1 (t,bin,SO”’p) and Afz(t,bin,SOth) are used to perform

another linear regression, this time using only the values at 50t percentile for
each bin.

Based on the data available, all the possible combinations have been considered for the evaluation
of the frequency scaling statistics. More particularly, the statistics shown below correspond to the
following pairs:

e Campus ALPHASAT Ka-band vs ALPHASAT Q-band
e LTCP ALPHASAT Ka-band vs ALPHASAT Q-band

e Campus BADRS5 Ku-band vs ALPHASAT Ka-band

e Campus BADRS5 Ku-band vs ALPHASAT Q-band

It should be noted that in order to produce the above results the base attenuation for the
frequency was considered greater than 1.0 dB; this is to done in order to remove any odd ratios
that would arise due to dividing numbers less than 1.0. When using Ku-band (BADRS5) as the base
frequency, since the satellite’s slant path is slightly different than the one for the Ka and Q bands
(ALPHASAT), namely 1° difference in orbital position, in order to make sure the events are truly
concurrent another constraint is imposed, namely that attenuation at Ku-band (base frequency) is
also lower than its counterpart frequency (Ka- or Q-band).

10.2 Results

10.2.6 Campus Ka-band ALPHASAT vs Campus Q-band ALPHASAT frequency scaling
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Figure 10-2: Campus Ka-band ALPHASAT vs Q-band ALPHASAT excess attenuation
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Figure 10-6: Scatter plot Excess Attenuation Campus Ka-band ALPHASAT vs Q-band ALPHASAT with linear regression fitting
(left: all data, right: data at 50t percentile)

10.2.7 LTCP Ka-band ALPHASAT vs LTCP Q-band ALPHASAT frequency scaling
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10.2.8 Campus Ku-band BADR5 vs Campus Ka-band ALPHASAT frequency scaling
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10.2.9 Campus Ku-band BADR5 vs Campus Q-band ALPHASAT frequency scaling
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Figure 10-17: Campus Ku-band BADRS5 vs Q-band ALPHASAT excess attenuation
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10.3 Discussion

The results obtained suggest the following values for the Instantaneous Frequency Scaling Factor
at the 50t percentile (IFSFso%) for the frequency groups:

e |FSF Ka vs Q-band:
o around 2.5 to 3 (slight deviations) estimated using Campus data
o around 3.5 (very stable) estimated using LTCP data
e |FSF Ku vs Ka:
o Around 2.0 to 3 (linearly decreasing with higher attenuation values) estimated
using Campus data
e |FSFKuvsQ:

o 11to 7 (exponentially decreasing with higher attenuation values) estimated using
Campus data

An interesting observation is that the EFSF, IFSFso% and mean IFSF (per attenuation bin) values are
in very good accordance for attenuation values higher than 5 dB for the Ka-Q case, 10 dB for the
Ku-Ka case; for the Ku-Q case there is no appreciable correspondence.

Trying a plain linear regression fit on the attenuation values at the 50* percentile of each bin, great
results were obtained for the Ka-Q bands case resulting in an RMS error of 0.71 and 0.99 dB for
LTCP and Campus respectively. For the Ku-Ka bands couple, the resulting regression line still
provides a good fit with an RMS error of 1.63 dB, while for the Ku-Q bands case, the error grows
significantly to 2.94 dB. When fitting the whole dataset, again acceptable results are obtained for
the Ka-Q bands case with an RMS error of 3.08 dB for Campus and 2.98 dB for LTCP; for the Ku-Ka
case the rms error is 3.18 while for Ku-Q it is 8.89 dB. The simple regression formulas obtained
from this evaluation could therefore be employed in the context of frequency scaling predictions
with substantial ease and without any major errors (except for the Ku-Q case).
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10.4 Chapter References
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Chapter 11

Scintillation Analysis

In this chapter the effects of scintillation, i.e., the rapid fluctuation of the received signal level due
to changes in the refractive index of the atmosphere are investigated based on the collected
measurements. The analysis is performed similar to [1], [2] while the relevant mathematical
background can be found in [3].

In the following figures, two examples of scintillation effects encountered at the Campus location
are shown for a dry day during the summer (04/08/2017) and a rainy day during the spring season
(05/05/2018); both figures have been obtained after high-pass filtering the obtained attenuation
timeseries using a Butterworth filter of 5% order at a 3-dB cut-off frequency of 0.025 Hz [3].
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Figure 11-1: Example of scintillation effects at the Campus site for a dry summer day
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Figure 11-2: Example of scintillation effects at the Campus site for a rainy day during the spring
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11.1 Evaluation parameters

For this study, the data collected at the full available sampling rate (10 Hz) are used to allow for
better insight of the underlying phenomena. The following parameters are evaluated for all
frequency bands at both campaign locations:

= Signal spectral analysis
o overall, wet
o yearly, monthly, daily

In order to calculate the signal power spectrum, the power spectral density (PSD,
units dB? /Hz), of each signal was computed on blocks of 18000 samples accounting
for 30 minutes of duration per block (zero-padded if required). Each block has been
split into half-overlapping chunks of 6000 samples upon which Fast Fourier Transform
is performed, after having removed the mean from each chunk and multiplied it by a

wn

2
Hanning window w(n)=0.5-0.5 cos( 1),0 <n<M-1, where M the

number of points (6000 in this case) and finally averaging the resulting periodograms
(essentially the geometric mean is obtained). The resulting PSD is further smoothed
using 3™ order median filtering.

The identification of rain events (for wet scintillation spectral analysis) is performed
using the rainfall data obtained using the collocated tipping bucket rain gauges at
each site. To ensure the rain events are fully captured, each event is considered to
begin 30 minutes before the first tip and to complete 15 minutes after the last tip, the
minimum interval before a new event can be considered is set to 10 minutes.

= Scintillation amplitude analysis
o Overall, yearly, seasonal
=  Diurnal scintillation analysis (1-min intervals)
o Mean diurnal scintillation intensities,
o Mean diurnal peak-to-peak scintillation amplitude
o Scintillation intensities normality test
=  Wet scintillation analysis (1-min intervals)
Mean scintillation intensity vs mean excess attenuation
Mean scintillation intensity vs mean rain rate
Mean scintillation intensity vs mean peak-to-peak scintillation amplitude
Mean peak-to-peak scintillation amplitude exceedance probability

O O O O

Mean scintillation amplitude exceedance probability

In order to obtain scintillation amplitude timeseries, the 10 Hz attenuation timeseries are high-
pass filtered using a Butterworth filter of 5t order at a 3-dB cutoff frequency of 0.025 Hz. These
values are compliant with [3] and have been selected upon further own experimentation.
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11.2 Results

11.2.1 Scintillation Spectral Analysis

In order to maintain a reasonable thesis length only the yearly spectra are provided, both
considering all the data (dry & wet) as well as considering only wet conditions (rain events) during
each year.

11.2.1.1 July 2016-June 2017
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Figure 11-4: Yearly spectra for LTCP Ka-band ALPHASAT, 2016-2017

11.2.1.2 July 2017-June 2018
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Figure 11-5: Yearly spectra for Campus Ku-band BADRS5, 2017-2018
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Figure 11-9: Yearly spectra for LTCP Q-band ALPHASAT, 2017-2018
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11.2.1.3 July 2018-June 2019
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Figure 11-13: Yearly spectra for LTCP Ka-band ALPHASAT, 2018-2019
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Figure 11-14: Yearly spectra for Campus Q-band ALPHASAT, 2018-2019
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Figure 11-16: Yearly spectra for Campus Ku-band BADR5, 2019-2020
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Figure 11-19: Yearly spectra for LTCP Ka-band ALPHASAT, 2019-2020

11.2.2 Scintillation Amplitude

Evaluation

To attain a reasonable thesis length, only the overall/yearly, seasonal and diurnal results are

presented.

11.2.2.1 Overall/Yearly results
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Figure 11-20: Overall and yearly scintillation amplitude fade & enhancement for Campus Ku-band BADR5
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Figure 11-22: Overall and yearly scintillation amplitude fade & enhancement for Campus Ka-band ALPHASAT
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Figure 11-25: Overall and yearly scintillation amplitude fade & enhancement for LTCP Q-band ALPHASAT

11.2.2.2 Seasonal results
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Figure 11-26: Seasonal scintillation amplitude fade & enhancement for Campus Ku-band BADR5
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Figure 11-31: Seasonal scintillation amplitude fade & enhancement for LTCP Q-band ALPHASAT
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11.2.2.3 Diurnal Scintillation intensities, diurnal peak-to-peak scintillation amplitude analysis,
scintillation intensities normality test

11.2.2.3.1 Campus Ku-band BADR5
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11.2.2.3.2 Campus Ka-band KASAT
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11.2.2.3.3 Campus Ka-band ALPHASAT
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Figure 11-34: Diurnal scintillation analysis Campus Ka-band ALPHASAT
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11.2.2.3.4 LTCP Ka-band ALPHASAT
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11.2.2.3.5 Campus Q-band ALPHASAT
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Figure 11-36: Diurnal scintillation analysis Campus Q-band ALPHASAT

186



Chapter 11 — Scintillation Analysis
11.2.2.3.6 LTCP Q-band ALPHASAT
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11.2.3 Wet scintillation analysis (1-min intervals)

11.2.3.1 Campus Ku-band BADR5
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Figure 11-38: Wet scintillation analysis for Campus Ku-band BADR5
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11.2.3.3 Campus Ka-band ALPHASAT
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Figure 11-41: Wet scintillation analysis for LTCP Ka-band ALPHASAT
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11.2.3.5 Campus Q-band ALPHASAT
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Figure 11-42: Wet scintillation analysis for Campus Q-band ALPHASAT
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11.3 Discussion

Scintillation is an effect that can play an important role in the performance of an earth-space link
as not all signal fluctuations can be compensated for using an Automatic Gain Control (AGC) loop
on the receiving end of a link; more particularly, systems operating at Q-band can show significant
power excursions around the median signal value. In any case, as shown in the above analysis, due
to the relatively high elevation angles used throughout these measurements, scintillation does not
appear to be a major bottleneck, especially during dry conditions.

Regarding the spectral analysis, the derived results seem to be in good accordance to the
theoretical ones. It is difficult to fully isolate scintillation from other effects, especially using an
outdoor experimental setup since wind gusts can affect the pointing accuracy of the antennas and
induce signal fluctuations. Also, when averaging multiple spectra (as is the case in the yearly
spectra presented), high noise levels that could have randomly occurred for a short period of time
can negatively influence the results. In any case, using the above methodology as well as thanks
to the wind-loading countermeasures taken at the antenna mounts and tracking systems, such
effects have hopefully been minimized. An exception might be the results obtained for the Ka-
band using KASAT, where the presence of noise is quite evident in the calculated spectra, probably
disqualifying them from further practical consideration.

For approximately equal elevation angles, it has been shown that although a difference in
scintillation amplitude exists across Ku and Ka band, it is not substantial; on the contrary, Q-band
seems to exhibit almost double scintillation amplitude values, especially during rainy conditions.
Itis worth noting that the “total rain time” mentioned in the wet scintillation analysis figures refers
to the total duration of events the way they processed (as explained in the introduction of this
chapter) and not to the actual accumulate rainfall time.

Regarding the seasonality of the scintillation effects, it seems that the summer season seems to
be associated with higher scintillation for high exceedance probabilities (namely higher than 0.05%
of the time) while fall is linked with higher scintillation amplitudes for lower exceedance
probabilities. It is also worth pointing out that according to the diurnal analysis, the interval
between 6:00 am to 16:00 pm (UTC) consistently seems to yield higher values of scintillation
intensity (in dB), which can be attributed to the higher gaseous concentration in the atmosphere,
higher probability of rain, as well as in higher wind speeds occurring during daytime.
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Chapter 12

Large Scale Site Diversity: Greece — UK

The research novelty presented in this chapter is that it evaluates and compares the statistical
performance of the site diversity technique based on 2-year measurements at two vastly different
climatic regions within Europe: Greece (Southern Mediterranean climate) and Southern England
(North Atlantic climate).

Greece is well-known for its Mediterranean climate with irregular whilst intense rainfalls
(convective precipitation) as well as for its long and hot summers; in particular Greece has been
known to suffer from heavy storms and rain commonly originating from the west because of its
unique location and terrain morphology.

On the other hand, the United Kingdom is characterized by frequent showers throughout the
entire year (stratiform precipitation) with small temperature fluctuations between different
seasons. For both regions the measurement data were acquired using the Alphasat SCIEX Ka-band
beacon signal in the framework of the European Space Agency (ESA) ASALASCA propagation
experiment [1]. RAL Space, who led the ASALASCA consortium, is responsible for the site diversity
experiment in England while the Radio and Satellite Communications Group at the National
Technical University of Athens (NTUA), also member of the ASALASCA consortium, is responsible
for the experimental campaign in Greece.

&

Figure 12-1: View of the experimental locations in Greece and the UK
along with the traces of the slant paths to Alphasat
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Table 12-1: Experimental Campaign Receivers’ Sites

. Longitude, Altitude Azimuth Elev.
Locations )

Latitude a.m.s.|.* Angle Angle

Greece, Athens 37.98° N
0.21 km 178.03° 45.97°

NTUA Campus 23.79°E

Greece, Lavrion 37.72°N
0.02 km 178.44° 46.26°

NTUA LTCP 24.05°E

UKk, 51.15°N
) 0.1 km 147.45° 26.40°

Chilbolton 1.43° W

UKk, 51.57°N
) 0,1 km 147.77° 26.07°

Chilton 1.29° W

*above mean sea level

12.1 Receivers’ Details

The ongoing experimental campaign described in this paper takes place at four sites in total, two
in Greece (Athens and Lavrion, about 36.5 km apart) and two in the UK (Chilbolton and Chilton,
47.8 km apart); such a configuration enables the study of site diversity schemes in small- and large-
scale distances. The Ka-band beacon signal transmitted by ALPHASAT is a constant power
Continuous Wave (CW) (unmodulated signal) at 19.701 GHz. The ground terminals receive and
measure the beacon power to extract the signal attenuation induced by its propagation through
the atmosphere.

12.1.1 Receivers in Greece
More details on the Greek receivers can be found in Chapter 4 of this thesis.
12.1.2 Receivers in the UK

RAL Space has installed four receivers targeting both Ka- and Q- bands; the receivers are located
at Chilbolton and Chilton (47.8 km apart) and have been successfully used again in past
propagation measurement campaigns.

They use 50 cm lens horn antennas and 50 cm Cassegrain-type antennas for the Ka- and Q-band
receivers respectively; they employ a single down-conversion scheme to a 70 MHz IF and are based
on conventional techniques, i.e., Phase Locked Loop (PLL) envelope detection using a Novella
SatComs B150 70 MHz PLL tracking receiver. The latter is configured with a noise bandwidth of
300 Hz and a tracking range of 100 kHz. Its output is fed to an Analog to Digital Converter (ADC)
backend, responsible for feeding the digitized signals to the processing computers. The local
oscillators are DROs phase locked to an internal crystal reference and the LO frequency is
multiplied by 3 to drive the mixer. The dynamic range for the receivers is 19 dB for the Ka- and 22
for the Q-band ones, both at 10 Hz sampling rate (all measuring only the co-polar component).

An antenna tracking system has been procured to obtain the highest link budget available. The
receivers (and the antennas) are located inside a specially adapted Portakabin (similarly to that
used in the ITALSAT campaign) and point towards the satellite through radomes of woven PTFE
windows.
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Figure 12-2: Overview of the receivers’ configuration at Chilton, UK
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Figure 12-3: Simplified block diagram for the ALPHASAT beacon receivers in the UK

12.1.3 Ancillary Equipment

Since the beginning of the campaign, collocated ancillary equipment has been deployed at all
campaign locations allowing for in-situ meteorological measurements. All measurements are
synchronized to the receivers and archived with the necessary meta-tags for later processing. The
use of collocated meteorological instrumentation should allow for further study of the correlation
between the fading statistics and the observed meteorological events.

12.1.3.1 Ancillary Equipment installed at NTUA locations in Greece
The ancillary equipment installed at the two NTUA campaign locations in Attica, Greece is
described in detail in Chapter 4 of this thesis.

12.1.3.2 Ancillary Equipment installed at RAL Space locations in the UK
To measure rainfall, high resolution drop-counting, tipping bucket rain gauges and impact

disdrometers are used; the drop-counting gauges have a 10-sec integration time at 0.0033mm
resolution. Other measurements include air temperature, humidity, air pressure, wind speed and
direction. Available are also an operational radiosonde, approximately 28 km from Chilbolton, a
radiometer (channels in the 20-30GHz interval for water vapor), a GPS receiver and Ceilometer
Zenith-pointing cloud radars (35GHz and 94GHz) providing continuous cloud profiles over
Chilbolton. Should it be required, a 3GHz rain radar is available for event-based studies (i.e., not in
continuous operation) as well as access to data from Met Office C-band radar network.
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12.1.4 Data Processing

NTUA and RAL Space monitor the data collection and visually inspect the obtained time series on
a daily basis to ensure data consistency and integrity. Additionally, data preprocessing is
performed using the well-established RAL method based on Fourier Series [2]. Data preprocessing
is critical in any propagation experiment campaign and involves the following tasks:

=  Removal of the effect the ground equipment has on the received signal
= |dentification of valid data

=  Data merge from beacon receivers and ancillary instruments

= Raw and processed measurements archiving

All measurements have timestamps synchronized to GPS time and are stored using a common
format (netCDF) for further processing and evaluation. Apart from the actual propagation
measurements, ancillary data are recorded to support the experiment with essential metadata
(e.g. meteorological events).
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Figure 12-4: Example time series for one day in 2016
in Greece at Ka-band (upper figure) and the UK at Q-band (lower figure)

12.2 Experimental Results

In the following, the results obtained from the first two years of the campaign are analyzed and
presented. The processed beacon data availability for the Greek campaign has been 96.11% for
Athens and 95.99% for Lavrion; for the UK campaign the processed data availability has been
98.33% for Chilton and 97.82% for Chilbolton. Regarding the processed rainfall data, NTUA has
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100.00% availability for both locations while RAL Space has 98.93% availability for Chilton and
98.81% availability for Chilbolton.

12.2.5 Single Site Statistics

Table 12-2 summarizes the annual measured rain characteristics across the four locations in
Greece and the UK. Rainfall data in mm have been converted to rainfall rate in mm/h using a 60
sec integration window according to the methodology in [3]. The annual probability of (detectable)
rain, i.e. the probability that the rain rate is greater than 0.25 mm/h, is higher in England than in
Greece. As an example, there is detectable rain in Attica, Greece for about 365x24x0.01=87.6
hours/year in average whereas in the UK 365x24x0.04=350.4 hours/year. However, the rain rate
used in the ITU-R Predictions Model (ITU-R Rec. P.618-13) [4] - i.e. at 0.01% of the year or 52.56
minutes/year- is much higher in Greece. This is reflected into the attenuation statistics depicted in
Figure 12-5 and Figure 12-6.

Table 12-2: Rainfall Rate Data

Exceedance time (%) Rain Rate at 0.01%

MR of 0.25 mm/hr (mm/hr)
Athens, GR 1.23 64.98
Lavrion, GR 1.06 70.27
Chilton, UK 3.99 19.67

Chilbolton, UK 4.70 20.82

The attenuation exceedance probabilities suggest that systems operating at Ka-band require a
larger fade margin in Greece than in Southern England for a given availability. As an example, for
an annual availability of (100-0.01) % = 99.99 % the required fade margin in Attica, Greece must
attain at least 18 dB whereas in Southern England 12 dB; the fade margin values merely serve as a
baseline as they refer to the received ALPHASAT unmodulated CW signals. In addition, the
exceeded attenuation levels at the lower exceedance probability values experience a significant
annual variability in both countries.
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Figure 12-5: Measured annual complementary cumulative distribution
of excess attenuation in Greece
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Figure 12-6: Measured annual complementary cumulative distribution
of excess attenuation in the UK

Figure 12-7 and Figure 12-8 show the comparison of the average annual statistics with the ITU-R
P.618-13 [4] model in the two regions, i.e. in Greece and the UK respectively. As can be seen in
Figure 12-7 and Figure 12-8, the ITU-R Model [4] for the prediction of the excess attenuation, i.e.
the combination of all the propagation impairments except for the gaseous attenuation,
overestimates the actually measured values. This is more evident at the English sites where the
elevation angles are lower compared to the Greek sites and therefore the former experience more
cloud attenuation. In Figure 12-7 and Figure 12-8 a modified methodology proposed in [1] for the
calculation of in-excess attenuation using the ITU-R model is also shown. As can be observed it
yields better results for all the campaign locations.
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Figure 12-7: Average annual complementary cumulative distribution of excess attenuation
in Greece in comparison with the ITU-R P.618-13 predictions
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Figure 12-8: Average annual complementary cumulative distribution of excess attenuation
in the UK in comparison with the ITU-R P.618-13 predictions

12.2.6 Joint Site Diversity Statistics

In Figure 12-9 and Figure 12-10, the performance of the site diversity FMT [5], [6] in Greece and
the UK is evaluated against the ITU-R P.618-13 [4] predictions. The attenuation statistics are the
average annual over the observation period of two years. A very significant observation not yet
mentioned anywhere in the literature is that for an annual availability of (100-0.01) % = 99.99 %
the required Fade Margin using Site Diversity, despite the different radio propagation
characteristics in England and Greece, for both countries is very similar and around 2.8 dB as
shown in Figure 12-9, Figure 12-10 and Figure 12-11. This suggests that the diversity gain in Greece

is much higher since the corresponding single link excess attenuation experienced at 0.01% of the
time is also much greater than in the UK.
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Figure 12-9: Average annual complementary cumulative distribution of excess attenuation
in Greece in comparison with the ITU-R predictions
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Figure 12-10: Average annual complementary cumulative distribution of excess attenuation
in the UK in comparison with the ITU-R predictions

The independent joint attenuation cumulative attenuation statistics [7], i.e. the product of the
single attenuation statistics, clearly shows that even for site separations of 36.5 km and 48 km —
as is the case for the campaigns in Greece and the UK respectively, there is a significant

dependence between the propagation effects at the two sites (Chilton-Chilbolton and Athens-
Lavrion).
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Figure 12-11: Measured annual joint complementary distribution
of excess attenuation for Greece and the UK

A significant observation can be made in Figure 12-11; it is apparent that the measured annual
joint complementary distribution of excess attenuation for both experiments in Greece and the
UK share a very similar behavior and their lines almost overlap; this is an outstanding result that -
despite potentially being a random effect, has to be noted. Finally, in Figure 12-12 the results for
the measured annual joint complementary distribution of excess attenuation between Greece and
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UK are presented; these results are presented considering the application of the smart gateway
diversity concept in feeder links [8].
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Figure 12-12: Measured annual joint complementary distribution of excess attenuation
between Greece and the UK in comparison with the independent joint distributions

There is a notable discrepancy in elevation angles across the two regions potentially influencing
the derived results to some extent; the UK receivers operate at an elevation angle of
approximately 262 while the Greek ones around 462. However, precisely quantifying the impact
such a difference has is a non-trivial task, especially considering the substantially dissimilar
meteorological conditions between Greece (more convective rain) and the UK (more stratiform
rain). More details regarding the impact of the stratiform and convective type of precipitation on
the site diversity gain can be found in [9] - [11].

In order to better explain the impact that the elevation angle has on the site diversity gain
considering also the type of precipitation more experimental data in various climatic regions and
in different separation distances are required [5], [12]- [14]. In [15] an investigation of the factors
that affect the site diversity gain has been conducted and it has shown that the dependence of the
elevation angle on the diversity gain should in any case not be particularly pronounced.

As can be observed in Figure 12-7 to Figure 12-12, the effectiveness and practical value of a site
diversity scheme becomes apparent at time exceedance probabilities less than <0.1%; above that
value a dual antenna scheme could provide a solid 3 dB gain as mentioned in [10].

12.3 Discussion

In this chapter the results from the first two years of the ALPHASAT Ka-band site-diversity
experiment in Greece and the UK are presented side-to-side yielding interesting observations
regarding both the small and the large-scale site diversity scenarios (as can be seen in Figure
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12-12). The deployment of receivers at two sites per region enables the study and development
of new site diversity techniques, based on the temporal and the spatial distribution of statistics.
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Chapter 13

Thesis Summary & Future Work

In this thesis, the design, deployment and operation of satellite beacon receivers is presented
along with a broad statistical analysis of the observed phenomena. To the best of the author’s
knowledge, this work constitutes the most comprehensive work regarding actual satellite
propagation measurements in the Southern Mediterranean area available to date.

The design of the receivers was based on mostly Common, Off-The-Shelf (COTS) parts, keeping the
budget to reasonable levels, while at the same time ensuring that the quality of the data is not
compromised. The availability of the parts makes the receivers easier to replicate in order to
conduct further measurements at other locations of interest, while also making maintenance fairly
straightforward. The main challenges involved in the receivers’ design and operation as well as on
the statistical analysis of the obtained data are summarized in the following section.

13.1 Challenges

13.1.1 Equipment/Hardware related challenges

The main challenges involved in such a campaign from a receiver’s perspective as well as the
proposed solutions are the following:

e Outdoor receivers are vulnerable to all kinds of meteorological phenomena and subsequent
effects such as:
o Antenna wind loading
= Dangerous for the installation
= Unless carefully addressed it can lead to inconsistent measurements
o Water precipitation/Humidity
= Antenna wetting effects, particularly pronounced for prime focus antennas
without radomes (not the case in this thesis).
=  Water ingress across all junction boxes, equipment cases, connections. All
equipment and accessories should either be IP6X rated, or be placed inside
sealed enclosures.
=  Metal parts either have to be hot-dip galvanized, be painted using high-build
epoxy primer or at the very least be covered using a thin oil film to minimize
rust.
= Moving parts and joints should employ high quality bushings/bearings and
be lubed on a regular basis using water-resistant grease based on lithium,
PTFE, graphite or a combination of the above.
o Solar/heat contamination
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o

= The excessive heat radiated by the sun can cause diurnal variation of the
active components’ temperature, consequently altering their gain values;
especially affected are the LNAs which are placed directly under sun-light.
This phenomenon although more pronounced during spring, is largely
present throughout the year.

= Usually inclinometer/position sensors based on MEMS are also sensitive to
temperature changes, requiring some form of internal temperature
compensation circuitry to maintain accurate readings across a wide
operational temperature range.

= Frequency sources/crystal oscillators have to be GPS locked and/or OCXOs in
order to provide a reliable, stable frequency reference with minimum drift
and phase noise.

= UV protection must be applied to sensitive plastics and rubber parts to avoid
cracking; cables must be rated for outdoor application and bear a UV
protective layer.

Lightning protection

= The equipment and/or the facility where it is placed must incorporate

lightning protection and proper grounding.

e Outdoor receivers are also vulnerable in terms of physical security and nearby effects:

o

o

Their location must not be publicly accessible while at the same time be spacious,
have unobstructed line of site to the satellite(s), have access to stable electricity and
offer high speed internet; generally, it is rather difficult to simultaneously meet all
these criteria.

The receivers have to be resilient to interference that can occur from nearby works.
Even birds or other animals or rodents can play a significant role and have to be kept
far from the installation to avoid equipment or measurement degradation.

For all the above reasons, it is strongly advisable to use indoor receivers where possible.

It should also be noted, that upon installation of the receiver, despite any prior lab testing, close
monitoring is always required. It is not uncommon for equipment to fail partially or completely

upon installation or to operate drifting outside of its nominal values. Usually any bugs, defects or

even design mistakes can be found within the first 1-2 months of full operation.

13.1.2 Software related challenges

= Regarding the actual software operation, the following measures have to be taken:

O
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The software should be able to either run an equipment self-test at scheduled
intervals or (preferably) to monitor the health of the equipment in real-time.

The system has to sustain random crashes or power outages. It should be able to
notify of the erroneous condition and unless fully automated recovery is possible, at
least maintain data integrity by means of redundancy/back-up solutions.

The system should ideally be isolated from the outside internet to avoid any form of
malicious attack that could compromise it or exhaust resources thereby stopping the
measurements. At the same time, remote management is required especially for
remotely located campaign sites.
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o The receivers must maintain a stable time reference using GPS time utilizing pulse per
second (PPS) output combined with NTP to ensure correct data time-stamping.

o As the equipment ages (regarding both the ground stations and the satellite),
operational parameters (such as thresholds, bandwidths, sampling rates etc.) might
need to be adjusted to account for any discrepancies.

The above are considered the bare minimum required to maintain stable receiver operation in

terms of software.

13.1.3 Data preprocessing challenges

Another very significant challenge is the preprocessing of the raw data. The measurements, at

their initial form might include:

spikes or artifacts as a result of software glitches, nearby interference, local maintenance
works etc.

gaps due to permanent or intermittent equipment hardware failure, power outage or
maintenance

intervals without functional antenna tracking or erroneous antenna pointing (e.g., due to
unavailable OEM file, equipment failure), resulting in significant loss of power which should
either be accounted for or else such data be discarded

intervals where diurnal temperature variations cause variation of the received power

solar eclipse outage intervals, when the satellite and the sun are aligned; this phenomenon
happens twice a year during fall and spring for a few days and lasts for a few minutes per day,
causing significant signal degradation; such events have to be removed or else they would
appear as outage due to propagation

satellite out-of-orbit situations or on-board malfunctions, causing problems on the actual
satellite; such cases are not rare and the corresponding intervals have to be discarded

The Fourier series method chosen is based on a solid mathematical background and if applied
correctly can lead to very accurate measurements. It can be automated to some extent,
however, in order for the data to be qualified for further use, manual visual inspection (and in
most cases intervention) is required. This process is tremendously time consuming and
requires extreme dedication especially when processing of data from many receivers is
involved.

13.1.4 Statistical analysis challenges

The statistical analysis also posed quite a few challenges, a few of which are:

The analysis is conducted on a massive dataset (in the order of hundreds of GBs of data per
receiver’s frequency band). In order to analyze all this data, big data practices have to be
employed in order to maintain an efficient resource management. Also, despite the efforts to
use the optimal practices in terms of algorithm design e.g., using as much vectorized
operations as possible, the resources required are still massive especially in cases where very
high sampling rate must be maintained (e.g. for scintillation analysis where 10 Hz sampling
rate is used- for this particular analysis, the instantaneous RAM required reached values in
excess of 145 GB!)
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= Any software bug, logical error or change of parameters requires the re-execution of the
analysis on this massive dataset, requiring very significant processing time (in the order of a
few hours at the very least)

13.2 Observations

The frequency bands under, examination, namely the Ku-band, Ka-band and Q-band provide
significant evidence that different strategies should be employed in order to meet the required
availabilities.

From the statistical analysis conducted on the gathered data, the following conclusions can be
drawn:

Regarding the Ka-band, significantly high levels of atmospheric attenuation can be observed in
comparison to e.g. Ku-band. The methods and techniques commonly used to compensate for
fades in Ku-band seem to be insufficient for the most part. However, FMTs such as site diversity
(and to lesser extent orbital and time diversity) can almost completely compensate for such
effects, at the expense of more complex, less cost-effective system implementations.

Regarding the Q-band case, the atmospheric attenuation experienced is so significant that unless
arather large network of gateways/feeder-links configured in a site diversity scheme is considered,
the resulting availability and therefore QoS to the end-users can reach intolerable values. The
system design should therefore be done very carefully, selecting teleport sites that are expected
to face the least rainfall rates possible and also reside at locations as spatially uncorrelated as
possible. The target availabilities could be reached only by means of a very effective combination
of almost all FMTs available, possibly combined with advanced weather prediction/nowcasting
techniques.

A strong seasonal as well as diurnal dependence has been measured across all frequency bands;
Fall consistently appeared to be the season most affected by atmospheric attenuation, closely
followed by the summer where sparse yet very intense convective rainfall events take place. Also,
the time window from 08:00 to 16:00 (UTC) exhibited significantly higher attenuation levels for a
large fraction of the total time, proving that the use of a single static fade margin not only is
insufficient for a great part of the time, but also could lead to system over-dimensioning or waste
of energy.

The second order statistics/fade dynamic analysis presented can be useful in the parametrization
of the various FMT schemes, and more particularly regarding the measurement sampling rates,
the closed-loop gains and the switching hysteresis intervals. It has been shown, that despite the
large deviation of fade durations, they tend to exhibit a stable median value and a gaussian-like
distributed 3" quartile.

Site diversity techniques have shown their strength, providing significant gains even when
relatively small separation distances are considered. They are undoubtedly expensive solutions
but seem to effectively cancel out the limiting effects of propagation at higher frequency bands.
Other forms of site diversity which involve more efficient traffic routing and switching, also termed
as smart gateway diversity are expected to provide even better results.
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Orbital diversity surely offers a considerable gain as proven using KaSAT and ALPHASAT at Ka-
band, however, very large satellite separation angles seem to be required in order to obtain a very
significant gain; in this context, it should also be considered that this might not be an option when
a particular coverage area is required.

Time diversity has shown its strength when high delays are used (i.e., greater than 5 min),
however, its applicability is questioned as it targets only delay-tolerant, non-real-time applications,
it would require massive buffers and from a user’s point of view would appear similar to a system
outage (despite the fact that eventually the data will be successfully transmitted, yet after a
particular delay).

It has been shown, that given the attenuation values at Ka-band, one can obtain the corresponding
value at Q-band through frequency scaling factors. It was concluded, that even a plain linear
regression can give surprisingly accurate results at 50% of the time and also good approximations
for 100% of the time.

Scintillation does not appear to be significantly strong at these elevation angles; it surely is
considerable especially during the Summer and the Fall, however, apart from proper AGC/power
control parameter setting it should not be a limiting factor even at Q-band.

13.3 Universality of the results

It could be questioned whether the obtained measurement results are to some extent bound to
the region as well as the timeframe they were conducted; while inarguably the short-term effects
can exhibit a considerably varying spatial distribution, in the long-run they generally tend to
converge to stable average values as indicated by the two measurement sets at Campus and
Lavrion. In order to remove any temporal or spatial biases the conduction of multi-site, long-term
(multi-year) propagation campaigns is required; the obtained results can then be generalized for
the climatic region of interest under the assumption that no extreme regional peculiarities could
lead to false conclusions.

The campaign locations offer a rather representative Southern Mediterranean climate with long
lasting summers reaching extremely high temperatures (>40°C), often greatly varying throughout
the day; infrequent, very intensive rainfall events lasting a few minutes are typical during the
summer months. Winter is relatively dry and mild (temperatures rarely drop below 5-10°C), while
Fall is usually characterized by the higher accumulated rainfall, a combination of both stratiform-
as well as convective-type rain cells. Attica is in the middle between the northern continental part
(whose climate shares a lot of similarities with central European countries) and the southern
islandic part (whose climate shares a lot of similarities with the subtropical countries of northern
Africa [1].

In any case it is the very first time a campaign of such a magnitude is conducted, especially at so
high frequency bands such as Ka- and Q-band; up to now, any estimation regarding the
propagation phenomena in the surrounding region relied almost exclusively on statistical/physical-
mathematical models or time series synthesizers based on inference and extrapolation from
measurements performed in other regions. It is now possible to test systems, techniques and
models using actual measurement data.
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13.4 Future Work

Due to the finite timeframe within which a doctoral dissertation should be completed, the present
work includes the design and deployment of the beacon receivers, the acquisition and
preprocessing of the measurement data as well a first statistical analysis and the investigation of
some FMT techniques.

Having this work as a base, a broad horizon of future work opens, such as:

= The validation and improvement of the existing physical-mathematical propagation
models using real data

= The development of new, very accurate long-term propagation models and new time
series synthesizers

=  The development of simplified models based on the correlation between long-term
distributions and rainfall rates, also expandable for use within the framework of MEO or
LEO satellites, or even cubesats/nano-satellites and UAV links

= The parametrization and testing of existing and new FMTs e.g., the conceptual validation
and derivation of new performance models for Smart Gateway Diversity High Throughput
Satellite Systems [2]-[4], possibly incorporating the measured data with meteorological
predictions (nowcasting) and or Machine Learning (ML) techniques [5]

= The development and the performance evaluation of hybrid RF/FSO (Free Space Optics)
satellite feeder links potentially exploiting diversity techniques

=  The performance evaluation of Cognitive Hybrid Satellite Systems operating above 10GHz

=  The proposition of new synergies/integration/coexistence possibilities within the scope
of the 5G and 6G mobile network systems exploiting the advantages of satellite
communications [6]

=  The further evolution and standardization of the receivers to a final product, available to
easily conduct measurements around the world either for the propagation community or
the satellite operators

The aforementioned list is by no means exhaustive, as there are countless areas where either the
receivers themselves or the measurements could play a significant role in the advance of the
scientific knowledge.
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Appendix

Statistics in tabular format

In the following, the results graphically presented throughout this thesis are appended in tabular
format. The format of the tables is in accordance to the one specified by the ITU-R SG3 regarding
the submission of experimental data.

The tables included in this appendix are organized as per the following structure:
a. Data Availability Matrix

b. First-Order Statistics

c. Second-Order Statistics

d. Site Diversity Statistics

e. Time Diversity Statistics

f. Orbital Diversity Statistics

g. Frequency Scaling Statistics
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Appendix - 1
Data Availability Matrix
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Overall Data Availability per site and frequency:

NTUA Campus NTUA LTCP
Ka-band Q-band Ku-band Ka-band Ka-band Q-band
ALPHASAT ALPHASAT BADR5 KASAT ALPHASAT ALPHASAT
Data Availability [%]
Total 95.70 95.33 96.49 96.15 96.39 93.38
Duration (4 years) (2 years) (3 years) (2 years) (4 years) (2 years)
Yearly Data Availability per site and frequency:
NTUA Campus NTUA LTCP
Ka-band Q-band Ku-band Ka-band Ka-band Q-band
ALPHASAT ALPHASAT BADR5 KASAT ALPHASAT ALPHASAT
Year Data Availability [%]
07/2016
- 93.97 - - - 93.75 -
06/2017
07/2017
- 98.22 96.54 97.38 - 98.25 93.95
06/2018
07/2018
- 94.65 94.12 94.16 94.09 96.51 92.81
06/2019
07/2019
- 95.96 - 97.92 98.20 97.07 -
06/2020
Monthly Data Availability per site and frequency
NTUA Campus NTUA LTCP
Ka-band Q-band Ku-band Ka-band Ka-band Q-band
ALPHASAT ALPHASAT BADR5 KASAT ALPHASAT ALPHASAT
Month Data Availability [%]
Jul-16 95.95 - - - 100.00 -
Aug-16 98.28 - - - 100.00 -
Sep-16 98.87 - - - 84.57 -
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Oct-16 88.96 - - - 98.10 -

Nov-16 99.18 - - - 99.21 -

Dec-16 90.80 - - - 99.98 -

Jan-17 80.46 - - - 82.24 -

Feb-17 96.30 - - - 88.23 -

Mar-17 87.75 - - - 72.45 -

Apr-17 99.34 - - - 99.94 -

May-17 100.00 - - - 100.00 -

Jun-17 92.40 - - - 100.00 -

Jul-17 86.85 70.08 71.70 - 89.56 44.49
Aug-17 99.84 99.84 98.52 - 100.00 100.00
Sep-17 99.95 99.75 99.95 - 100.00 100.00
Oct-17 99.56 99.60 99.53 - 99.71 100.00
Nov-17 98.72 99.91 99.90 - 99.24 99.81
Dec-17 99.86 94.64 100.00 - 92.93 91.39
Jan-18 98.17 100.00 99.84 - 98.83 96.61
Feb-18 99.28 99.13 100.00 - 99.85 100.00
Mar-18 98.43 96.87 99.75 - 99.18 97.25
Apr-18 99.17 100.00 100.00 - 100.00 100.00
May-18 99.75 99.78 99.96 - 100.00 99.63
Jun-18 99.37 99.52 99.99 - 100.00 99.52
Jul-18 75.31 76.90 98.29 57.90 77.68 77.34
Aug-18 92.67 92.84 92.88 92.63 100.00 100.00
Sep-18 99.84 100.00 100.00 99.95 96.40 100.00
Oct-18 99.04 99.61 99.53 99.69 99.77 98.74
Nov-18 99.26 99.75 99.97 98.67 97.63 98.17
Dec-18 95.23 95.86 95.32 95.80 100.00 93.52
Jan-19 93.92 75.97 91.50 99.99 100.00 90.85
Feb-19 98.37 98.85 99.66 95.84 91.96 92.15
Mar-19 97.62 97.73 77.95 95.31 94.52 93.73
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Apr-19 98.31 99.30 81.92 98.86 100.00 90.46
May-19 99.84 98.43 98.35 100.00 100.00 85.09
Jun-19 86.92 95.19 95.03 95.14 100.00 93.97
Jul-19 89.69 - 92.05 90.08 100.00 -
Aug-19 99.83 - 100.00 100.00 100.00 -
Sep-19 99.65 - 97.46 99.31 100.00 -
Oct-19 89.88 - 99.65 99.84 99.52 -
Nov-19 86.26 - 97.64 97.62 100.00 -
Dec-19 96.67 - 96.16 97.08 100.00 -
Jan-20 93.52 - 95.45 97.26 96.77 -
Feb-20 99.55 - 98.88 100.00 99.81 -
Mar-20 98.02 - 98.42 98.22 71.60 -
Apr-20 100.00 - 100.00 100.00 97.63 -
May-20 98.78 - 99.74 100.00 100.00 -
Jun-20 100.00 - 99.78 99.25 100.00 -
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Appendix - 2
First-Order Statistics
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NTUA Campus ALPHASAT Ka-band 4-year average
Start Date 1°t July 2016
End Date 30" June 2020
Location NTUA Campus
Attenuation Data Availability [%] 95.70
Rain Data Availability [%] 92.33
Concurrent Attenuation & Rain Data Availability [%] 88.52
Exceedance Exc‘.ess Rain Rate [mm/h] Excess Attenuation Rain Rate [mm/h]
Probability [%] (EETERED EL (Full Dataset) 1] (Concurrent Dataset)
(Full Dataset) (Concurrent Dataset)
50 0.006 0.000 0.005 0.000
30 0.083 0.000 0.081 0.000
20 0.144 0.000 0.141 0.000
10 0.281 0.000 0.274 0.000
5 0.463 0.000 0.447 0.000
3 0.654 0.000 0.627 0.000
2 0.881 0.000 0.835 0.000
1 1.489 1.601 1.407 1.627
0.5 2.294 3.735 2.212 3.841
0.3 2.900 5.730 2.807 5.863
0.2 3.433 7.886 3.315 7.978
0.1 4.587 12.856 4.334 13.087
0.05 7.239 21.974 6.642 22.469
0.03 10.197 32.906 9.376 33.244
0.02 12.957 42.649 11.953 42.978
0.01 19.879 61.958 18.752 61.738
0.005 28.053 81.487 26.617 79.794
0.003 34.025 94.572 31.870 93.006
0.002 36.515 102.157 35.239 99.488
0.001 38.259 132.779 37.872 130.569
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NTUA LTCP ALPHASAT Ka-band 4-year average

Start Date 1°t July 2016
End Date 30" June 2020
Location NTUA LTCP
Attenuation Data Availability [%] 96.39
Rain Data Availability [%] 99.87
Concurrent Attenuation & Rain Data Availability [%] 96.27

Exceedance
Probability [%]

Excess
Attenuation [dB]
(Full Dataset)

Rain Rate [mm/h]
(Full Dataset)

Excess Attenuation

[dB]

(Concurrent Dataset)

Rain Rate [mm/h]
(Concurrent Dataset)

50 0.005 0.000 0.005 0.000
30 0.063 0.000 0.063 0.000
20 0.103 0.000 0.103 0.000
10 0.191 0.000 0.191 0.000
5 0.321 0.000 0.321 0.000
3 0.435 0.000 0.435 0.000
2 0.537 0.000 0.537 0.000
1 0.785 0.691 0.784 0.624
0.5 1.252 2.818 1.252 2.729
0.3 1.739 4.937 1.739 4.863
0.2 2.238 7.065 2.240 6.978
0.1 3.370 11.648 3.373 11.605
0.05 5.341 21.590 5.346 21.205
0.03 8.078 30.241 8.085 29.772
0.02 10.382 42.320 10.389 41.923
0.01 14.934 60.944 14.944 61.323
0.005 20.517 76.169 20.525 76.337
0.003 23.419 90.748 23.430 92.012
0.002 27.179 106.898 27.190 108.575
0.001 32.310 125.140 32.321 125.147
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NTUA Campus ALPHASAT Q-band 2-year average
Start Date 1%t July 2017
End Date 30" June 2019
Location NTUA Campus
Attenuation Data Availability [%] 95.33
Rain Data Availability [%] 91.1
Concurrent Attenuation & Rain Data Availability [%] 86.72
Exceedance Exc‘.ess Rain Rate [mm/h] Excess Attenuation Rain Rate [mm/h]
Probability [%] (EETERED EL (Full Dataset) 1] (Concurrent Dataset)
(Full Dataset) (Concurrent Dataset)
50 0.016 0.000 0.016 0.000
30 0.093 0.000 0.091 0.000
20 0.151 0.000 0.147 0.000
10 0.278 0.000 0.264 0.000
5 0.537 0.000 0.488 0.000
3 1.091 0.000 0.954 0.000
2 1.960 0.000 1.732 0.000
1 3.965 1.667 3.627 1.757
0.5 6.408 3.979 5.835 4.113
0.3 8.678 5.847 7.993 5.991
0.2 10.844 8.135 10.003 8.344
0.1 16.409 13.806 15.343 14.074
0.05 25.565 23.344 24.255 24.240
0.03 30.606 34.786 30.484 35.950
0.02 31.807 44.648 31.799 46.084
0.01 32.569 62.462 32.578 63.984
0.005 33.010 84.706 33.023 85.242
0.003 33.257 96.127 33.271 98.433
0.002 33.423 102.885 33.438 104.277
0.001 33.669 130.521 33.684 130.544
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NTUA LTCP ALPHASAT Q-band 2-year average
Start Date 1%t July 2017
End Date 30" June 2019
Location NTUA LTCP
Attenuation Data Availability [%] 93.38
Rain Data Availability [%] 99.75
Concurrent Attenuation & Rain Data Availability [%] 93.13
Exceedance Exc‘.ess Rain Rate [mm/h] Excess Attenuation Rain Rate [mm/h]
Probability [%] (EETERED EL (Full Dataset) 1] (Concurrent Dataset)
(Full Dataset) (Concurrent Dataset)
50 0.014 0.000 0.014 0.000
30 0.085 0.000 0.084 0.000
20 0.136 0.000 0.136 0.000
10 0.239 0.000 0.239 0.000
5 0.415 0.000 0.414 0.000
3 0.727 0.000 0.725 0.000
2 1.264 0.000 1.261 0.000
1 2.851 0.443 2.853 0.564
0.5 4910 2.534 4918 2.700
0.3 6.709 4.984 6.719 5.263
0.2 8.096 6.981 8.106 7.175
0.1 11.996 11.344 12.018 11.662
0.05 19.554 19.545 19.586 20.075
0.03 27.134 28.842 27.183 29.515
0.02 30.792 40.528 30.802 41.907
0.01 32.296 61.007 32.299 61.805
0.005 33.075 77.128 33.077 78.026
0.003 33.492 87.027 33.494 87.231
0.002 33.764 92.303 33.765 94.042
0.001 34.156 104.351 34.157 108.510
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NTUA Campus BADR5 Ku-band 3-year average

Start Date 1%t July 2017
End Date 30" June 2020
Location NTUA Campus
Attenuation Data Availability [%] 96.49
Rain Data Availability [%] 89.78
Concurrent Attenuation & Rain Data Availability [%] 86.44

Exceedance
Probability [%]

Excess
Attenuation [dB]
(Full Dataset)

Rain Rate [mm/h]
(Full Dataset)

Excess Attenuation
[dB]
(Concurrent Dataset)

Rain Rate [mm/h]
(Concurrent Dataset)

50 0.002 0.000 0.002 0.000

30 0.047 0.000 0.046 0.000

20 0.080 0.000 0.080 0.000

10 0.131 0.000 0.130 0.000

5 0.187 0.000 0.184 0.000

3 0.235 0.000 0.229 0.000

2 0.280 0.000 0.270 0.000

1 0.382 1.710 0.355 1.638

0.5 0.555 3.809 0.482 3.766

0.3 0.795 5.643 0.628 5.742

0.2 1.079 7.605 0.801 7.808
0.1 1.798 12.422 1.279 12.687
0.05 3.370 21.126 2.024 21.898
0.03 5.006 31.438 3.203 32.188
0.02 6.158 39.180 4.458 39.986
0.01 8.349 57.865 6.927 58.292
0.005 12.246 75.972 10.607 76.090
0.003 15.463 88.725 13.812 89.104
0.002 18.522 100.433 15.817 100.486
0.001 25.172 118.642 20.349 118.668
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NTUA Campus KaSAT Ka-band 2-year average

Start Date 1%t July 2018
End Date 30" June 2020
Location NTUA Campus
Attenuation Data Availability [%] 96.15
Rain Data Availability [%] 84.68
Concurrent Attenuation & Rain Data Availability [%] 80.99

Exceedance
Probability [%]

Excess
Attenuation [dB]
(Full Dataset)

Rain Rate [mm/h]
(Full Dataset)

Excess Attenuation
[dB]
(Concurrent Dataset)

Rain Rate [mm/h]
(Concurrent Dataset)

50 0.000 0.000 -0.001 0.000
30 0.139 0.000 0.136 0.000
20 0.234 0.000 0.229 0.000
10 0.400 0.000 0.392 0.000
5 0.610 0.000 0.598 0.000
3 0.811 0.000 0.792 0.000
2 1.012 0.000 0.975 0.000
1 1.495 1.979 1.375 2.060
0.5 2.183 3.888 1.929 3.978
0.3 2.811 5.519 2.472 5.623
0.2 3.456 7.184 3.011 7.400
0.1 5.335 11.410 4.556 11.497
0.05 7.190 19.977 6.662 20.522
0.03 9.846 28.380 7.757 29.512
0.02 12.722 35.981 10.240 36.525
0.01 16.800 53.086 14.738 54.787
0.005 18.136 75.948 18.201 77.037
0.003 18.728 89.113 18.836 89.171
0.002 19.072 102.109 19.173 102.147
0.001 19.515 113.304 19.597 113.324
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Appendix - 3
Second-Order Statistics

229






Appendix — Statistics in tabular format

/TOESTT | 0000 | 0000 | 0000 | 0000 | ¥000 | SCO0 | €0T0 | 9850 | ¢ZeC | €06 | 0008 | OVE'ST | SSTLE | 6YS'ES | T9v'S9 | 68L°08 6T 1
095865 | 0000 | 0000 | 0000 | 0000 | L0O0 | 6v00 | €070 | 8YI'T | Lev'v | 8E0'6 | BOTWL | 9S/T | 6659v | OLZET9 | vZ91L | SO VS 62°¢C 50
6S6/SE | 0000 | 0000 | 0000 | 0000 | 2100 | 2800 | 6€€0 | 868T | BLIZ | 6S6'EL | 86T'TC | €6CLE | Tvv'9S | 61969 | ¥OTSL | 25088 06C €0
0/86EC | 0000 | 0000 | 0000 | 0000 | LI0O | €CT0 | 9050 | S6LT | 6VEOT | 88S6L | LOS'ST | ¥IL9V | 6659 | 6V6'SL | 96878 | €806 e 0
16G6TT | 0000 | 0000 | 0000 | 0000 | 6200 | SvZO | LOOT | SOV'S | 086'ST | 969°EE | 9Ev'9v | 86v'99 | ¥9L°08 | COVL8 | 8/T16 | 18CS6 6517 10
0vE09 0000 | 0000 | 0000 | 0000 | 8C00 | T9¥0 | T68T | OLEG | 88€6T | veTlv | 08Y'6S | €99 | VOE98 | €606 | €9E'€6 | 86796 vl 500
1619¢€ 0000 | 0000 | 0000 | 0000 | 0000 | 099°0 | T6/C | ELEEL | LSLVE | S6CCS | LSTV9 | T€6ZL | T8LS8 | 96968 | 56076 | T6EG6 0707 €00
90Tre 0000 | 0000 | 0000 | 0000 | 0000 | SSZO | LILE | 69v'9T | EIS6E | L8L'SS | 89599 | €L8LL | S8v'v8 | C80'88 | 96506 | CvEV6 96°CT 200
8T0CT 0000 | 0000 | 0000 | 0000 | SLTO | £LSOT | 690 | 99TZT | SI6ZE | TL9TS | TOE09 | 8CCOL | 61S9L | OL608 | SISV8 | €706 88°6T 100
7209 0000 | 0000 | 0000 | 0000 | 6620 | 9660 | /9T | 6SCTT | Ovv'ST | BEL6E | CI99v | TST'VS | 60TT9 | 88L°99 | 8Tvel | 8vies S0'8¢C 5000
059¢ 0000 | 0000 | 0000 | 0000 | v¥9T | v¥9T | vv9T | LEL'T | 8398 | LOSST | 000TT | ¥LTST | EECLE | 0009y | CE6¥S | 8S9°0L €0vE €000
vt 0000 | 0000 | 0000 | 0000 | 86vC | 86vC | 86vZ | OVSZ | SSv'v | €667 | 6LLVL | 6680C | OLESZ | E08SE | E9vvv | OESE9 15°9¢ 2000
87T 0000 | 0000 | 0000 | 0000 | 6TES | 6IES | 61€S | 61€S | TOSZ | SCSTL | 960WT | C6G6T | CSLVE | 6609 | 6TESS | OELL9 97'8¢ 1000

d [9%] @2uepaadxa jo Aujiqeqoad [ap] %]
adojs apey s € z _ 1 S0 _ €0 _ z0 _ T0 _ 00 7 £0°0 _ 200 7 100 _ 500°0 _ £00°0 _ z00°0 _ 1000 | VUuonenuspy | 3duepasoxe
40 JaquinN [29s/ap] ados ape4 aanjosqy ‘140D J0 ‘qo.d
¢L18 000°0 | 0000 | 0000 | 0000 | T9O'0 | ¥€EL0 | 890'C | OT6'CT | 98T'EE | LIL'SY | 908°€ES | T9C'C9 | €€8'89 | €C6'EL | OT9'8L | LOE98 14
968TT 000°0 | 0000 | 0000 | 0000 | £LT°0 | LIO'T | LZOV | 9TC'LT | CI6°LE | ¥O9S'TS | VTC'09 | €L6'69 | €EVT'9L | €L5°08 | €9T'¥8 | SSO06 (114
T€88T 000°0 | 000°0 | 0000 | 0000 | 0000 | ¥60'T | 666'€ | TS6'9T | OV8'8E | S€0'9S | T€C'99 | T60'LL | BTT'E | €19°98 | ¢9C'68 | SIV'E6 ST
8YCLE 000°0 | 0000 | 0000 | 0000 | 0000 | ¢¥9°0 | VIL'C | VOO'ET | STY'VE | 96T°CS | GLB'E9 | 990'8L | 9€T'98 | LEO'06 | V6E'C6 | T8S'S6 (1)
[4y430)4 0000 | 000°0 | 0000 | 0000 | C¢EO'0 | €8C°0 | €9T'T | 1619 | V9T'TC | 9€89€ | ¢TC'0S | 69469 | GLO'EB | 88688 | 9CC’'¢6 | LOB'S6 S
CEVTEE 000°0 | 0000 | 0000 | 0000 | €ETO0 | 680°0 | £9€°0 | PV¥O'C 90L°L TI6'V1 | ¥9V'CC | TC¢6'8E | 606°LS | VV9°0L | S98'8L | €SV'88 €
¢Svee6T | 000°0 | 0000 | 0000 | OOO'0 | ¢O0'0 | STOO | €900 | 09€0 6EV'T €80°€ ¢0C’s 8TT'ET | LS8'6C | V9€'9V | ¥CE'6S | 098°9L T
sajdwes [%] @2uepaadxa jo Aujigeqoid

adoys [ap] poysaayy
- s £ z T [ so | g0 | zo | 1o [ soo | €00 | zoo | 100 | 000 | €000 | z00'0 | TO00 | yopenusny
Jaquiny [23s/gp] ado|s ape4 ainjosqy

0c0g aunf ,0€ 7 2ieQ pu3j
9TOZ AINr 15T | a1eq uels

% 0L°S6 :Anjiqejieny eieq ‘@Sesane Jeadh-y pueq-e)y sndwe) yniIN

231



A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Ka-band 4-year average, Data Availability: 95.70 %

Start Date 1t July 2016
End Date 30* June 2020
Fade Slope [dB/sec]
. UMM_“_“_MJM“_ <0.5 | -0.5t0-0.45 | -0.45t0-0.4 | -0.4t0-0.35 | -0.35t0-0.3 | -0.3t0-0.25 | -0.25t0-0.2 | -0.2t0 -0.15 | -0.15t0-0.1 | -0.1 to -0.05 .o.m.w.o
Probability of exceedance [%]

1 0.002 0.001 0.001 0.002 0.002 0.006 0.021 0.032 0.094 0.555 50.842

3 0.010 0.008 0.005 0.012 0.011 0.038 0.120 0.185 0.536 2.910 46.758

5 0.024 0.033 0.015 0.038 0.037 0.120 0.383 0.547 1.659 7.586 40.412

10 0.000 0.043 0.027 0.180 0.105 0.247 0.870 1.334 3.286 10.830 34.415

15 0.000 0.000 0.090 0.175 0.356 0.420 1.136 1.662 4.243 11.423 31.459

20 0.000 0.000 0.000 0.126 0.555 0.277 1.253 1.782 4.447 10.466 32.070

25 0.000 0.306 0.061 0.000 0.000 0.098 0.612 1.750 3.781 9.765 35.095

Fade Slope [dB/sec]
Attenuation 0.0 to
threshold [dB] Fyn 0.05t00.1 | 0.1t00.15 | 0.15t00.2 | 0.2t00.25 | 0.25t00.3 | 0.3t00.35 | 0.35t00.4 | 0.4t00.45 | 0.45t00.5 >0.5
Probability of exceedance [%]

1 47.720 0.524 0.120 0.051 0.015 0.006 0.002 0.002 0.001 0.001 0.000

3 45.536 2.751 0.673 0.284 0.087 0.033 0.014 0.013 0.008 0.005 0.002

5 38.424 7.387 1.943 0.878 0.278 0.100 0.045 0.042 0.024 0.017 0.008

10 31.169 10.521 3.858 1.871 0.754 0.201 0.134 0.089 0.064 0.000 0.000

15 29.701 10.467 4.615 2.432 1.089 0.260 0.271 0.122 0.042 0.037 0.000

20 30.018 10.230 4.766 2.194 1.168 0.311 0.084 0.000 0.000 0.076 0.177

25 31.718 10.512 3.585 1.725 0.624 0.000 0.000 0.000 0.184 0.122 0.061
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Ka-band 4-year average, Data Availability: 95.70 %

Start Date 1 July 2016
End Date 30™ June 2020
Attenuation Total number of | Total number of Total fading time > | Total fading time > 10.0 sec | Mean Duration of Mean Duration of Unavailable to
threshold 1.0 sec (ITU Total (ITU Total unavailable fade events > 1.0 fade events > 10.0 Outage Time
[dB] R EEEDREess Outage time) time) sec sec Ratio[%]
1 52489 10097 1924928 1770111 36.673 175.311 91.957
3 6232 1761 328682 311492 52.741 176.884 94.770
5 1292 517 102766 99817 79.540 193.070 97.130
10 364 165 37118 36327 101.973 220.164 97.869
15 175 83 18721 18322 106.977 220.747 97.869
20 119 59 11894 11624 99.950 197.017 97.730
25 83 45 8120 7973 97.831 177.178 98.190
Probability Corresponding | Total number Total number Total fading time > | Total fading time >10.0 sec | Mean Duration Mean Duration Unavailable to
mxanhm:nm Attenuation A of fades >1.0 | of fades >10.0 1.0 sec (ITU Total (ITU Total unavailable of fade events > of fade events > Outage Time
1% [dB] sec sec Outage time) time) 1.0 sec 10.0 sec Ratio[%]
0.001 38.26 173 7 1020 456 5.896 65.143 44.706
0.002 36.51 86 9 2267 1978 26.360 219.778 87.252
0.003 34.03 41 19 3602 3524 87.854 185.474 97.835
0.005 28.05 69 36 6001 5866 86.971 162.944 97.750
0.01 19.88 128 60 12044 11747 94.094 195.783 97.534
0.02 12.96 263 122 24031 23534 91.373 192.902 97.932
0.03 10.2 351 168 36083 35349 102.801 210.411 97.966
0.05 7.24 605 284 60022 58816 99.210 207.099 97.991
0.1 4.59 1840 608 119018 114223 64.684 187.867 95.971
0.2 3.43 4527 1381 237342 225651 52.428 163.397 95.074
0.3 2.9 6758 1902 355072 336862 52.541 177.109 94.871
0.5 2.29 11696 2973 592793 559931 50.683 188.339 94.456
1 1.49 23074 5110 1172831 1106481 50.829 216.532 94.343
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Ka-band 4-year average, Data Availability: 95.70 %

Start Date 1t July 2016
End Date 30" June 2020
. Inter-Fade Duration [sec]
%MH“_”_.__MP 1 | 2 [ 3 [ s [ 10 | 20 [ 30 so | 100 | 200 | 300 | so0 | 1000 | 2000
Normalized Probability of exceedance [%]
1 100.000 64.515 48.517 33.873 21.676 14.890 12.488 10.440 7.543 5.645 4.807 3.856 2.879 2.171
3 100.000 63.463 48.173 34.617 22.990 16.376 13.912 11.345 8.675 6.867 6.118 5.237 4.310 3.551
5 100.000 66.016 51.880 39.695 30.271 24.084 21.942 19.752 16.611 13.993 12.565 11.042 9.710 8.377
10 100.000 70.599 57.713 44.828 35.209 30.309 27.586 24.319 21.960 19.419 18.693 17.241 15.426 13.067
15 100.000 72.481 62.791 51.163 43.411 34.496 31.395 29.457 26.357 22.481 20.930 19.380 18.605 16.279
20 100.000 73.780 62.195 52.439 43.293 35.366 32.317 28.659 26.220 21.951 20.732 20.732 19.512 17.683
25 100.000 68.750 50.893 40.179 32.143 25.000 25.000 20.536 20.536 18.750 18.750 17.857 17.857 16.964
Attenuation Inter-Fade Duration [sec]
threshold | 3000 | 5000 | 10000 | 20000 | 30000 | 50000 | 100000 | 200000 | 300000 | 500000 | 1000000 | 2000000 | 3000000 | 5000000 | 10000000
[dB] Normalized Probability of exceedance [%]
1 1.840 | 1.474 | 1.053 | 0.744 | 0.606 | 0.490 | 0.265 | 0.150 | 0.088 | 0.040 | 0.006 0.000 0.000 0.000 0.000
3 3129 | 2792 | 2.277 | 1.958 | 1789 | 1.621 | 1330 | 1.059 | 0.881 | 0.675 | 0.347 0.084 0.047 0.009 0.000
5 7.806 | 7.092 | 6.092 | 5616 | 5283 | 4950 | 4284 | 3.713 | 3.141 | 2.808 | 1.951 0.857 0.476 0.048 0.000
10 12.886 | 11.797 | 11.434 | 10.163 | 10.163 | 9.982 | 8.893 | 8348 | 7.260 | 6.897 | 5.626 3.630 2.359 1.089 0.000
15 16.279 | 14341 | 13.953 | 12.791 | 12.791 | 12.403 | 11.628 | 11.240 | 10078 | 9.302 | 8.140 5.039 2713 0.775 0.000
20 17.073 | 15.854 | 15.854 | 15.854 | 15.854 | 15.244 | 14.024 | 13.415 | 11.585 | 10.976 | 9.146 6.098 3.659 1.220 0.000
25 16.071 | 15.179 | 15.179 | 15.179 | 15.179 | 14.286 | 12.500 | 12.500 | 12.500 | 12.500 | 10.714 | 6.250 4.464 0.893 0.000
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Ka-band 4-year average,
Data Availability: 95.70 %

Start Date 15t July 2016
End Date 30™ June 2020
Attenuation threshold [dB] Total number of inter-fades Total duration of inter-fades [sec]

1 101365 118602335

3 10674 114752958

5 2101 112928723

10 551 103175856

15 258 101167512

20 164 99871138

25 112 99874860

Probability of exceedance [%] >~MM_.__.”._Mm%M_“=“’=me_ Uzl ::HNM“ Slinic Total duration of inter-fades [sec]

0.001 38.26 328 79538764
0.002 36.51 151 92429330
0.003 34.03 59 92428242
0.005 28.05 104 95254943
0.01 19.88 163 99870998
0.02 12.96 362 101162231
0.03 10.20 497 103176919
0.05 7.24 922 111333587
0.1 4.59 2909 114622928
0.2 3.43 7815 114845444
0.3 2.90 11631 114726137
0.5 2.29 20498 119435654
1 1.49 42130 119377398
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Ka-band 4-year average, Data Availability: 96.39 %

Start Date 1t July 2016
End Date 30* June 2020
Fade Slope [dB/sec]
. UMM_“_“_HW“_ <0.5 | -0.5t0-0.45 | -0.45t0-0.4 | -0.4t0-0.35 | -0.35t0-0.3 | -0.3t0-0.25 | -0.25t0-0.2 | -0.2t0 -0.15 | -0.15t0-0.1 | -0.1 to -0.05 .o.m.w.o
Probability of exceedance [%]

1 0.002 0.000 0.000 0.004 0.008 0.011 0.048 0.103 0.296 0.923 49.335

3 0.011 0.001 0.001 0.022 0.041 0.054 0.246 0.538 1.450 4.544 44.003

5 0.023 0.003 0.000 0.050 0.091 0.119 0.528 1.059 2.912 8.105 38.176

10 0.050 0.000 0.008 0.127 0.201 0.266 0.698 1.929 5.154 10.458 31.690

15 0.083 0.017 0.008 0.191 0.448 0.381 1.111 2.147 5.713 11.914 30.138

20 0.030 0.015 0.000 0.076 0.574 0.665 1.512 2.691 5.941 9.675 31.731

25 1.048 0.000 0.098 0.196 0.065 0.000 0.753 2.390 6.549 11.886 26.654

Fade Slope [dB/sec]
Attenuation 0.0 to
threshold [dB] Fyn 0.05t00.1 | 0.1t00.15 | 0.15t00.2 | 0.2t00.25 | 0.25t00.3 | 0.3t00.35 | 0.35t00.4 | 0.4t00.45 | 0.45t00.5 >0.5
Probability of exceedance [%]

1 47.873 0.936 0.293 0.086 0.042 0.016 0.009 0.009 0.003 0.000 0.002

3 42.119 4.580 1.501 0.460 0.223 0.078 0.049 0.048 0.018 0.001 0.011

5 35.877 8.096 3.071 1.033 0.399 0.175 0.110 0.107 0.041 0.003 0.023

10 31.532 9.470 4.895 1.759 0.675 0.424 0.262 0.251 0.093 0.008 0.050

15 26.971 10.919 4.842 2.181 0.887 0.813 0.945 0.182 0.008 0.017 0.083

20 28.103 7.967 5.125 2.237 1.421 1.421 0.302 0.030 0.000 0.106 0.378

25 30.714 9.136 5.534 2.096 1.604 0.065 0.131 0.000 0.000 0.033 1.048
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Ka-band 4-year average, Data Availa

y: 96.39 %

Start Date 1 July 2016
End Date 30™ June 2020
Attenuation Total number of | Total number of Total fading time > | Total fading time > 10.0 sec | Mean Duration of Mean Duration of Unavailable to
threshold 1.0 sec (ITU Total (ITU Total unavailable fade events > 1.0 fade events > 10.0 Outage Time
[dB] R EEEDREess Outage time) time) sec sec Ratio[%]
1 22229 4645 790724 727324 35.572 156.582 91.982
3 2323 776 146023 140243 62.860 180.726 96.042
5 625 275 65416 64031 104.666 232.840 97.883
10 305 154 25842 25226 84.728 163.805 97.616
15 140 78 11992 11682 85.657 149.769 97.415
20 91 57 6546 6404 71.934 112.351 97.831
25 39 21 3091 3015 79.256 143.571 97.541
Probability Corresponding | Total number Total number Total fading time > | Total fading time >10.0 sec | Mean Duration Mean Duration Unavailable to
mxanhm:nm Attenuation A of fades >1.0 | of fades >10.0 1.0 sec (ITU Total (ITU Total unavailable of fade events > of fade events > Outage Time
1% [dB] sec sec Outage time) time) 1.0 sec 10.0 sec Ratio[%]
0.001 32.31 22 11 1184 1138 53.818 103.455 96.115
0.002 27.18 54 24 2436 2329 45,111 97.042 95.608
0.003 23.42 55 25 3614 3499 65.709 139.960 96.818
0.005 20.52 100 53 6056 5857 60.560 110.509 96.714
0.01 14.93 151 83 12114 11811 80.225 142.301 97.499
0.02 10.38 271 145 24182 23715 89.232 163.552 98.069
0.03 8.08 339 188 36222 35605 106.850 189.388 98.297
0.05 5.34 573 254 60477 59264 105.545 233.323 97.994
0.1 3.37 1734 608 120236 116030 69.340 190.839 96.502
0.2 2.24 4325 1305 238973 227598 55.254 174.405 95.240
0.3 1.74 7121 1881 354794 335366 49.824 178.291 94.524
0.5 1.25 14152 3291 586316 546968 41.430 166.201 93.289
1 0.78 35308 6732 1075824 974155 30.470 144.705 90.550
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NTUA LTCP Ka-band 4-year average, Data Availability: 96.39 %

for Next-Generation Satellite Networks”

Start Date 1t July 2016
End Date 30" June 2020
. Inter-Fade Duration [sec]
%MH“_”_.__MP 1 | 2 [ 3 [ s [ 10 | 20 [ 30 so | 100 | 200 | 300 | so0 | 1000 | 2000
Normalized Probability of exceedance [%]

1 100.000 64.322 48.447 34.413 22.988 16.285 13.800 11.298 8.826 6.846 5.997 5.039 3.822 2.954

3 100.000 62.681 47.604 36.071 25.811 20.419 17.973 15.402 12.681 10.559 9.760 8.562 7.439 6.291

5 100.000 67.052 55.395 43.256 34.682 28.805 26.012 23.603 20.424 18.208 17.052 15.800 14.451 13.102

10 100.000 73.508 60.621 49.403 40.334 34.606 32.220 29.594 23.866 21.480 19.570 19.093 17.900 16.706

15 100.000 73.500 61.000 50.500 41.000 34.500 32.500 30.500 26.000 24.000 21.500 21.000 19.000 18.500

20 100.000 71.654 60.630 48.819 37.795 32.283 30.709 29.921 27.559 24.409 24.409 21.260 19.685 19.685

25 100.000 71.698 58.491 47.170 37.736 33.962 33.962 32.075 32.075 26.415 26.415 26.415 24.528 24.528

Attenuation Inter-Fade Duration [sec]
threshold | 3000 | 5000 | 10000 | 20000 | 30000 | 50000 | 100000 | 200000 | 300000 | 500000 | 1000000 | 2000000 | 3000000 | 5000000 | 10000000
[dB] Normalized Probability of exceedance [%]

1 2.483 | 2.031 | 1.611 | 1.228 | 1.051 | 0.887 | 0552 | 0339 | 0258 | 0.137 | 0.046 0.007 0.000 0.000 0.000

3 5941 | 5167 | 4468 | 3.769 | 3345 | 2.971 | 2446 | 2.022 | 1797 | 1398 | 0.799 0.300 0.125 0.050 0.000

5 12.717 | 11175 | 10212 | 9.249 | 8574 | 7.707 | 6.647 | 5395 | 5010 | 4.046 | 3.083 1.734 0.578 0.193 0.000
10 15.990 | 15.274 | 14.320 | 14.320 | 13.365 | 11.695 | 10.740 | 10.263 | 9.308 | 8115 | 6.683 3.341 1.909 0.955 0.000
15 18.000 | 17.000 | 16.000 | 16.000 | 16.000 | 15.000 | 13.500 | 13.000 | 11.500 | 10.500 | 9.000 6.500 4.500 1.500 0.000
20 19.685 | 19.685 | 18.898 | 18.898 | 18.898 | 18.898 | 16.535 | 16.535 | 14.961 | 14.173 | 12.598 | 9.449 6.299 2.362 0.000
25 24528 | 24.528 | 24.528 | 24.528 | 24.528 | 24.528 | 20.755 | 20.755 | 16.981 | 16.981 | 15.094 | 11.321 | 5.660 1.887 0.000

A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Ka-band 4-year average,
Data Availability: 96.39 %

Start Date 15t July 2016
End Date 30™ June 2020
Attenuation threshold [dB] Total number of inter-fades Total duration of inter-fades [sec]

1 43088 120044447

3 4006 115320470

5 1038 115401922

10 419 115440106

15 200 112844803

20 127 110650863

25 53 95548169

Probability of exceedance [%] >~MM_.__.”.M””,MMM_‘__ME Uzl ::HNM“ Slinic Total duration of inter-fades [sec]

0.001 32.31 32 95550020
0.002 27.18 65 95548808
0.003 23.42 64 96987093
0.005 20.52 142 110651344
0.01 14.93 199 112844693
0.02 10.38 405 115441743
0.03 8.08 547 115429805
0.05 5.34 889 115406952
0.1 3.37 2867 115346685
0.2 2.24 7593 115227008
0.3 1.74 12981 120414277
0.5 1.25 26837 120187441
1 0.78 71908 120196939
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Q-band 2-year average, Data Availability: 95.33 %

Start Date 1t July 2017
End Date 30* June 2019
Fade Slope [dB/sec]
. UMM_“_“_HW“_ <0.5 | -0.5t0-0.45 | -0.45t0-0.4 | -0.4t0-0.35 | -0.35t0-0.3 | -0.3t0-0.25 | -0.25t0-0.2 | -0.2t0 -0.15 | -0.15t0-0.1 | -0.1 to -0.05 .o.m.w.o
Probability of exceedance [%]

1 0.000 0.000 0.000 0.000 0.005 0.005 0.026 0.086 0.241 1.095 50.678

3 0.000 0.000 0.000 0.000 0.011 0.012 0.059 0.194 0.544 2.326 48.501

5 0.000 0.000 0.000 0.000 0.021 0.024 0.111 0.366 0.998 3.986 46.070

10 0.000 0.000 0.000 0.000 0.049 0.059 0.332 0.928 2.357 7.902 38.808

15 0.000 0.000 0.000 0.000 0.000 0.118 0.394 1.341 3.119 8.497 36.633

20 0.000 0.000 0.016 0.052 0.000 0.000 0.034 0.829 3.001 7.887 38.082

25 0.096 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.804 6.513 42.247

Fade Slope [dB/sec]
Attenuation 0.0 to
threshold [dB] Fyn 0.05t00.1 | 0.1t00.15 | 0.15t00.2 | 0.2t00.25 | 0.25t00.3 | 0.3t00.35 | 0.35t00.4 | 0.4t00.45 | 0.45t00.5 >0.5
Probability of exceedance [%]

1 46.306 1.115 0.291 0.105 0.032 0.007 0.006 0.002 0.001 0.000 0.000

3 45.055 2.311 0.644 0.236 0.071 0.015 0.014 0.005 0.002 0.000 0.000

5 42.805 3.836 1.156 0.424 0.134 0.029 0.026 0.010 0.004 0.000 0.000

10 38.207 7.214 2.609 1.014 0.372 0.101 0.044 0.002 0.000 0.000 0.000

15 36.546 8.041 3.341 1.335 0.547 0.046 0.000 0.006 0.036 0.001 0.000

20 38.340 7.487 3.127 1.006 0.072 0.000 0.000 0.000 0.018 0.049 0.000

25 43.022 6.312 0.912 0.000 0.000 0.000 0.000 0.000 0.000 0.096 0.000
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Q-band 2-year average, Data Availability: 95.33 %

Start Date 1 July 2017
End Date 30" June 2019
Attenuation Total number of | Total number of Total fading time > | Total fading time > 10.0 sec | Mean Duration of Mean Duration of Unavailable to
threshold 1.0 sec (ITU Total (ITU Total unavailable fade events > 1.0 fade events > 10.0 Outage Time
[dB] R EEEDREess Outage time) time) sec sec Ratio[%]
1 29686 5301 1855116 1768530 62.491 333.622 95.333
3 8215 1991 816880 794312 99.438 398.951 97.237
5 4054 1278 430104 419874 106.094 328.540 97.622
10 1329 550 139050 135995 104.628 247.264 97.803
15 685 280 69398 67792 101.311 242.114 97.686
20 367 167 44319 43536 120.760 260.695 98.233
25 232 114 31173 30727 134.366 269.535 98.569
Probability Corresponding | Total number Total number Total fading time > | Total fading time >10.0 sec | Mean Duration Mean Duration Unavailable to
mxanhm:nm Attenuation A of fades >1.0 | of fades >10.0 1.0 sec (ITU Total (ITU Total unavailable of fade events > of fade events > Outage Time
1% [dB] sec sec Outage time) time) 1.0 sec 10.0 sec Ratio[%]
0.001 33.67 0 0 0 0
0.002 33.42 0 0 0 0
0.003 33.26 3 0 6 0 2.000 0.000
0.005 33.01 30 0 84 0 2.800 0.000
0.01 32.57 535 14 1644 230 3.073 16.429 13.990
0.02 31.81 891 243 13799 11020 15.487 45.350 79.861
0.03 30.61 387 81 17910 16848 46.279 208.000 94.070
0.05 25.56 260 125 30181 29611 116.081 236.888 98.111
0.1 16.41 522 237 59711 58661 114.389 247.515 98.242
0.2 10.84 1174 485 119515 116842 101.802 240.911 97.763
0.3 8.68 1715 664 179082 175090 104.421 263.690 97.771
0.5 6.41 2681 972 298462 292128 111.325 300.543 97.878
1 3.97 5668 1622 594983 580185 104.972 357.697 97.513
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NTUA Campus Q-band 2-year average, Data Availability: 95.33 %

Start Date 1t July 2017
End Date 30" June 2019
. Inter-Fade Duration [sec]
%MH“_”_.__MP 1 | 2 [ 3 [ s [ 10 | 20 [ 30 so | 100 | 200 | 300 | so0 | 1000 | 2000
Normalized Probability of exceedance [%]
1 100.000 | 63.471 46.972 32.590 20.632 13.987 11.526 9.167 6.868 5.164 4339 3.552 2.698 2.066
3 100.000 | 60.719 44.839 30.733 19.677 13.575 11.391 9.234 7.157 5.578 4.899 4.032 3.206 2.554
5 100.000 | 62.160 46.976 34.125 23.746 18.299 15.784 13.312 10.812 8.521 7.347 6.160 4.735 3.799
10 100.000 | 64.758 51.525 40.122 31.065 24.073 21.445 18.583 14.969 12.670 10.840 9.526 8.071 6.945
15 100.000 | 66.349 54.814 44.423 34.795 27.836 24.595 21.068 17.255 14.395 13.155 11.821 10.391 9.247
20 100.000 | 63.525 49.738 38.569 31.937 26.527 23.735 20.942 19.197 16.230 14.660 13.438 12.216 11.169
25 100.000 | 65.922 53.352 41.899 34.358 29.888 27.374 24.860 22.067 20.112 18.436 15.922 13.687 12.849

A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

Attenuation Inter-Fade Duration [sec]

threshold | 3000 | 5000 | 10000 | 20000 | 30000 | 50000 | 100000 | 200000 | 300000 | 500000 | 1000000 | 2000000 | 3000000 | 5000000 | 10000000
[dB] Normalized Probability of exceedance [%]
1 1748 | 1.382 | 1.060 | 0.811 | 0.694 | 0542 | 0244 | 0112 | 0054 | 0010 | 0.002 0.000 0.000 0.000 0.000
3 2198 | 1.868 | 1.472 | 1.250 | 1.095 | 0995 | 0712 | 0.491 | 0403 | 0255 | 0.074 0.007 0.000 0.000 0.000
5 3.408 | 2.919 | 2.361 | 2.011 | 1.816 | 1.676 | 1.299 | 0936 | 0740 | 0531 | 0.223 0.028 0.014 0.000 0.000
10 6382 | 5631 | 4.693 | 3.989 | 3.566 | 3.191 | 2581 | 1.924 | 1.689 | 1.408 | 0.985 0.328 0.235 0.000 0.000
15 8675 | 8103 | 6578 | 6.006 | 5529 | 5148 | 4.194 | 3.146 | 2574 | 2097 | 1716 1.144 0.477 0.000 0.000
20 10.646 | 10.297 | 9.599 | 8.726 | 8377 | 7.504 | 6.806 | 5759 | 4363 | 4188 | 3.141 2.269 0.873 0.000 0.000
25 11.732 | 11.453 | 10.894 | 10.056 | 9.777 | 9.497 | 8101 | 6704 | 5587 | 5587 | 4.469 4.190 1.955 0.559 0.000
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Q-band 2-year average,
Data Availability: 95.33 %

Start Date 15t July 2017
End Date 30™ June 2019
Attenuation threshold [dB] Total number of inter-fades Total duration of inter-fades [sec]
1 59040 57944805
3 14880 57919070
5 7159 58309061
10 2131 58517196
15 1049 55521341
20 573 55465062
25 358 55478220
Probability of exceedance [%] >~MM_.__.”.M””,MMM_‘__ME Uzl ::HNM“ Slinic Total duration of inter-fades [sec]
0.001 33.67 0 0
0.002 33.42 9 293
0.003 33.26 27 21113043
0.005 33.01 174 47994012
0.01 32.57 1737 48292450
0.02 31.81 1255 55495192
0.03 30.61 723 55491147
0.05 25.56 400 55479196
0.1 16.41 848 55450670
0.2 10.84 1874 58536805
0.3 8.68 2788 58476935
0.5 6.41 4528 58356877
1 3.97 10154 58143067
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Q-band 2-year average, Data Availability: 93.38 %

Start Date 1t July 2017
End Date 30* June 2019
Fade Slope [dB/sec]
. UMM_“_“_HW“_ <0.5 | -0.5t0-0.45 | -0.45t0-0.4 | -0.4t0-0.35 | -0.35t0-0.3 | -0.3t0-0.25 | -0.25t0-0.2 | -0.2t0 -0.15 | -0.15t0-0.1 | -0.1 to -0.05 .o.m.w.o
Probability of exceedance [%]

1 0.000 0.001 0.001 0.002 0.008 0.018 0.034 0.078 0.225 1.133 50.426

3 0.000 0.000 0.003 0.005 0.020 0.044 0.084 0.191 0.540 2.636 48.157

5 0.000 0.000 0.001 0.013 0.041 0.086 0.156 0.369 1.015 4.494 45.226

10 0.000 0.000 0.000 0.025 0.102 0.295 0.525 1.070 2.730 10.091 36.525

15 0.000 0.000 0.000 0.000 0.009 0.256 0.668 1.529 3.453 9.905 36.282

20 0.000 0.000 0.000 0.039 0.067 0.000 0.014 1.755 3.017 8.453 39.485

25 0.000 0.050 0.100 0.000 0.000 0.000 0.000 0.000 1.197 7.040 44.082

Fade Slope [dB/sec]
Attenuation 0.0 to
threshold [dB] Fyn 0.05t00.1 | 0.1t00.15 | 0.15t00.2 | 0.2t00.25 | 0.25t00.3 | 0.3t00.35 | 0.35t00.4 | 0.4t00.45 | 0.45t00.5 >0.5
Probability of exceedance [%]

1 46.388 1.191 0.320 0.104 0.045 0.018 0.006 0.002 0.000 0.000 0.000

3 44.504 2.642 0.750 0.248 0.111 0.044 0.015 0.006 0.000 0.000 0.000

5 42.087 4.354 1.365 0.456 0.213 0.085 0.029 0.012 0.000 0.000 0.000

10 33.982 8.735 3.623 1.226 0.736 0.264 0.066 0.005 0.000 0.000 0.000

15 32.419 8.496 4.287 1.418 1.014 0.194 0.000 0.000 0.009 0.060 0.000

20 33.939 7.054 4.072 1.762 0.239 0.000 0.000 0.000 0.000 0.105 0.000

25 38.801 6.821 1.760 0.000 0.000 0.000 0.000 0.000 0.015 0.135 0.000
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Q-band 2-year average, Data Availability: 93.38 %

Start Date 1 July 2017
End Date 30" June 2019
Attenuation Total number of | Total number of Total fading time > | Total fading time > 10.0 sec | Mean Duration of Mean Duration of Unavailable to
threshold 1.0 sec (ITU Total (ITU Total unavailable fade events > 1.0 fade events > 10.0 Outage Time
[dB] R EEEDREess Outage time) time) sec sec Ratio[%]
1 20620 4730 1365203 1307552 66.208 276.438 95.777
3 4999 1574 554547 542025 110.932 344.361 97.742
5 2504 964 284536 278790 113.633 289.201 97.981
10 705 333 78577 77019 111.457 231.288 98.017
15 303 169 43170 42648 142.475 252.355 98.791
20 259 120 28266 27729 109.135 231.075 98.100
25 168 77 19936 19588 118.667 254.390 98.254
Probability Corresponding | Total number Total number Total fading time > | Total fading time >10.0 sec | Mean Duration Mean Duration Unavailable to
mxanhm:nm Attenuation A of fades >1.0 | of fades >10.0 1.0 sec (ITU Total (ITU Total unavailable of fade events > of fade events > Outage Time
1% [dB] sec sec Outage time) time) 1.0 sec 10.0 sec Ratio[%]
0.001 34.16 3 0 6 0 2.000 0.000
0.002 33.76 91 1 295 13 3.242 13.000 4.407
0.003 33.49 146 19 753 342 5.158 18.000 45.418
0.005 33.07 304 33 2094 1230 6.888 37.273 58.739
0.01 32.30 216 35 4520 4032 20.926 115.200 89.204
0.02 30.79 305 78 11816 11045 38.741 141.603 93.475
0.03 27.13 137 69 17661 17389 128.912 252.014 98.460
0.05 19.55 243 121 29386 28824 120.930 238.215 98.088
0.1 12.00 426 240 58615 57904 137.594 241.267 98.787
0.2 8.10 1217 530 116845 114126 96.011 215.332 97.673
0.3 6.71 1653 718 175547 171916 106.199 239.437 97.932
0.5 491 2593 999 292384 286383 112.759 286.670 97.948
1 2.85 5004 1635 585251 572791 116.957 350.331 97.871

258



Appendix — Statistics in tabular format

YoT'€C

€CS'LE

[34%A4

LLETS

1¢L°8S

(A yA]

or8vL S€8'€8 85.'88 687'16 vL6°€6 000°96 1/8°,6 | 000°00T 58T 1
SOEVT 6L78C SS6'S€ STO'TY S66'St LE0'SS vLS'S9 97S'6L 0TT'98 SST'68 6£9°€6 T¥8'S6 8v6'L6 | 000°00T 167 50
65C°C SY9YT vOT'€C Te9'LT 6L9°0€ SS9y YOE'LS 065¥L TIZ'€8 09v'L8 619'C6 88556 7€6'L6 | 000°00T 1.9 €0
T6T°E 8€0°CT 887'87 799'6C ov8'IE 33524 ¥50°SS 9TY'0L 1,608 T16'S8 YET'T6 76876 €/9°£6 | 000°00T 0T'8 0
0000 TLY'8 8YS'TE T26'9€ T26'9€ v8L'SY 00t°8S 6€TEL €66'T8 €56'88 LLO'Y6 62€'96 18486 | 000°00T 00°CT 10
0000 0000 €18'9 €18°9 8TL'8T €29°9€ 6T0°SS 6TT'SL (&% 87798 €91°26 vSv'96 880'86 | 000°00T GS'6T 50°0
0000 0000 LLS0T LLS0T LLS°0T ¥08'8T 198°6 797'9L 109°S8 7L0'68 869°€6 ¥8L°96 09v'86 | 000°00T €T°/T €00
0000 0000 T9r'ST T97'ST T9r'ST T9r'ST OrTvE 6L5%S 60L°0L 6£9'8L 16578 79€'68 SLY'€6 | 000°00T 6/°0€ 200
0000 0000 0000 0000 0000 0000 SY8'YT 8GE°6E 8YTYS 887°09 956'7L 085%8 ¥07'68 | 000°00T 0€°ZE 100
0000 0000 0000 0000 0000 0000 0000 0000 7101 S86'LT S86'LT ST6'9¢ 6€.'85 | 0007001 LO'EE 500°0
0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 8I¥'Sy | 000°00T 67 €€ €000
0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 LOv'Y 000°00T 9/°€€ 2000
0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 000°00T 9T '€ 100'0

_“.X”_ 9Jduepaadlxe jJo >u_ IqeqoJid pazijewioN _”m—uu_ _“gu_
009 | oovz | oost | oost | oozt | oo | o009 | ooe | ost | ozx | 09 | o | o1 T Vv uopenusiy | 3duepasdxa

[29s] awiy Suipe4 ajejnwinldy Suipuodsaiio) | jo Anjiqeqoid
0000 0000 0¢s’6 0¢s'6 0¢s’6 SCT'1E CE9'ES ¢09'68 8ET'E6 €0€'96 vSC°86 000°00T (14
0000 0000 S90°L S90°L L0L°6C GG8°LE 9EY' VS 085°S8 880°T6 0T6°S6 001°86 000°00T 174
0000 69G°S TLEOT £66°SC cLeee LET' LY S8C°09 0EY'68 LT8'E6 19896 T6L°86 000°00T ST
0000 6919 909'9¢ €98°0¢ 0€L'ce oviey ¢0€’es 96€°L8 €116 TvS'S6 L1086 000°00T 01
09 V1 126°8¢ T6L°9¢€ oEr' IV Y7874 CEV'SS €89°'99 LTT'68 889°€6 046°S6 186°L6 000°00T [
9€8'TC 9v8'9¢ ¢ST9Y 690°TS TOL™9S €99°99 veeve 6€0'T6 ¢S0'v6 706°S6 wLLe 000°00T €
789°8¢€ SeL8Y €T6'VS 9vS'6S ¢0L°€9 0v0°'69 0c6'vL 8€6'98 SSC°06 €8L°C6 LLLS6 000°00T T
[%] @ouepaadxa jo Ay

009€ (1]0) 74 0081 00ST 0oct _ 006 _ 009 _ 00€ 08T (114 09 T [ap] prousa.uy

[23s] awi) Suiped ajejnwindoy

uonienuany

6T0C {unr ,0€

?eq puj

LTOT AINT 4T

a1eQ Mels

% 8€°€6 :AMjigejieny eleq ‘@8eiane Jeah-z pued-D dd11 VNLIN

259



NTUA LTCP Q-band 2-year average, Data Availability: 93.38 %

A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

Start Date 1t July 2017
End Date 30" June 2019
. Inter-Fade Duration [sec]
%MH“_”_.__MP 1 | 2 [ 3 [ s [ 10 | 20 [ 30 so | 100 | 200 | 300 | so0 | 1000 | 2000
Normalized Probability of exceedance [%]
1 100.000 60.865 45.013 31.192 20.255 14.023 11.729 9.583 7.385 5.772 4.975 4.131 3.109 2.356
3 100.000 58.262 42.862 29.813 20.738 15.764 13.572 11.539 9.449 7.825 6.985 6.178 4,952 3.952
5 100.000 63.329 48.689 35.813 26.443 20.339 17.954 15.498 12.494 10.229 9.180 7.964 6.795 5.842
10 100.000 67.507 57.226 47.236 38.894 33.366 29.680 25.315 21.726 19.108 18.138 15.810 13.579 11.251
15 100.000 67.538 55.991 47.495 38.344 32.680 30.065 27.887 25.490 22.876 21.351 20.479 18.954 16.993
20 100.000 67.473 55.376 46.237 35.215 29.839 27.688 24.194 22.043 19.355 18.011 16.667 15.860 15.054
25 100.000 59.004 47.893 37.931 31.801 26.820 24.904 22.989 20.307 18.391 17.625 17.241 16.092 15.709
Attenuation Inter-Fade Duration [sec]
threshold | 3000 | 5000 | 10000 | 20000 | 30000 | 50000 | 100000 | 200000 | 300000 | 500000 | 1000000 | 2000000 | 3000000 | 5000000 | 10000000
[dB] Normalized Probability of exceedance [%]
1 2017 | 1.596 | 1.181 | 0.881 | 0.738 | 0574 | 0312 | 0183 | 0111 | 0052 | 0012 0.000 0.000 0.000 0.000
3 3509 | 2.839 | 2.362 | 1.908 | 1.670 | 1.420 | 1.056 | 0.738 | 0579 | 0352 | 0.170 0.034 0.000 0.000 0.000
5 5412 | 4506 | 3.600 | 2.957 | 2.670 | 2.241 | 1788 | 1.288 | 1.049 | 0763 | 0.358 0.095 0.000 0.000 0.000
10 10572 | 9.408 | 8.050 | 6.984 | 6.208 | 5529 | 4462 | 3.395 | 2.813 | 2231 | 1455 0.485 0.291 0.097 0.000
15 16.558 | 14.379 | 13.290 | 12.200 | 11.111 | 10.022 | 8.932 | 6.536 | 5.664 | 4575 | 3.268 1.525 0.654 0.218 0.000
20 14516 | 12.634 | 12.097 | 11.290 | 10.484 | 9.409 | 8.602 | 7.258 | 6.183 | 5108 | 4.032 1.882 0.806 0.269 0.000
25 15.326 | 13.793 | 13.027 | 12.261 | 11.494 | 10345 | 9.579 | 8.429 | 7.663 | 6513 | 4.981 2.299 1.149 0.383 0.000
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Appendix — Statistics in tabular format
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Q-band 2-year average,
Data Availability: 93.38 %

Start Date 15t July 2017
End Date 30™ June 2019
Attenuation threshold [dB] Total number of inter-fades Total duration of inter-fades [sec]

1 40404 56679302

3 8805 56593208

5 4194 51187122

10 1031 46701750

15 459 46607521

20 372 43860675

25 261 41747900

Probability of exceedance [%] >~MM_.__.”.M””,MMM_‘__ME Uzl ::HNM“ Slinic Total duration of inter-fades [sec]

0.001 34.16 46 19425728
0.002 33.76 220 19425686
0.003 33.49 362 27055858
0.005 33.07 611 27054438
0.01 32.30 678 37121126
0.02 30.79 567 38371710
0.03 27.13 228 41750121
0.05 19.55 346 43859568
0.1 12.00 637 46592082
0.2 8.10 1894 51350328
0.3 6.71 2673 51296383
0.5 4.91 4366 51179194
1 2.85 8821 56562512
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Appendix — Statistics in tabular format
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus BADRS5 Ku-band 3-year average, Data Availability: 96.49 %

Start Date 1t July 2017
End Date 30* June 2020
Fade Slope [dB/sec]
. UMM_“_“_HW“_ <0.5 | -0.5t0-0.45 | -0.45t0-0.4 | -0.4t0-0.35 | -0.35t0-0.3 | -0.3t0-0.25 | -0.25t0-0.2 | -0.2t0 -0.15 | -0.15t0-0.1 | -0.1 to -0.05 .o.m.w.o
Probability of exceedance [%]

1 0.000 0.000 0.000 0.000 0.000 0.000 0.034 0.089 0.330 1.958 46.866

3 0.000 0.000 0.000 0.000 0.000 0.000 0.124 0.272 0.995 5.163 41.486

5 0.000 0.000 0.000 0.000 0.000 0.000 0.235 0.448 1.585 6.665 40.474

10 0.000 0.000 0.000 0.000 0.000 0.000 0.698 1.679 2.778 11.676 34.641

15 0.000 0.000 0.000 0.000 0.000 1.040 0.866 2.114 3.049 11.781 30.561

20 0.000 1.975 0.000 0.000 0.000 0.000 0.000 0.066 4.806 7.966 33.772

25 0.000 3.198 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.320 46.375

Fade Slope [dB/sec]
Attenuation 0.0 to
threshold [dB] Fyn 0.05t00.1 | 0.1t00.15 | 0.15t00.2 | 0.2t00.25 | 0.25t00.3 | 0.3t00.35 | 0.35t00.4 | 0.4t00.45 | 0.45t00.5 >0.5
Probability of exceedance [%]

1 48.333 1.860 0.407 0.081 0.017 0.008 0.017 0.000 0.000 0.000 0.000

3 45.788 4.741 1.029 0.254 0.063 0.033 0.052 0.000 0.000 0.000 0.000

5 41.929 6.506 1.495 0.419 0.123 0.076 0.047 0.000 0.000 0.000 0.000

10 30.466 12.879 2.911 1.664 0.505 0.104 0.000 0.000 0.000 0.000 0.000

15 31.497 12.335 3.534 2.044 0.139 1.040 0.000 0.000 0.000 0.000 0.000

20 32.587 12.837 4.016 0.000 0.000 0.000 0.856 1.119 0.000 0.000 0.000

25 44.243 2.665 0.000 0.000 0.000 0.000 0.000 0.000 2.665 0.533 0.000
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus BADR5 Ku-band 3-year average, Data Availa

y: 96.49 %

Start Date 1 July 2017
End Date 30™ June 2020
Attenuation Total number of | Total number of Total fading time > | Total fading time > 10.0 sec | Mean Duration of Mean Duration of Unavailable to
threshold 1.0 sec (ITU Total (ITU Total unavailable fade events > 1.0 fade events > 10.0 Outage Time
[dB] R EEEDREess Outage time) time) sec sec Ratio[%]
1 5937 1035 189814 172303 31.971 166.476 90.775
3 795 268 51930 49799 65.321 185.817 95.896
5 560 167 27503 25956 49.113 155.425 94.375
10 93 50 6699 6533 72.032 130.660 97.522
15 44 19 2893 2789 65.750 146.789 96.405
20 31 10 1494 1424 48.194 142.400 95.315
25 15 4 932 890 62.133 222.500 95.494
Probability Corresponding | Total number Total number Total fading time > | Total fading time >10.0 sec | Mean Duration Mean Duration Unavailable to
mxanhm:nm Attenuation A of fades >1.0 | of fades >10.0 1.0 sec (ITU Total (ITU Total unavailable of fade events > of fade events > Outage Time
1% [dB] sec sec Outage time) time) 1.0 sec 10.0 sec Ratio[%]
0.001 25.17 15 4 921 883 61.400 220.750 95.874
0.002 18.52 32 10 1800 1709 56.250 170.900 94.944
0.003 15.46 42 14 2696 2578 64.190 184.143 95.623
0.005 12.25 73 27 4512 4345 61.808 160.926 96.299
0.01 8.35 140 62 9054 8762 64.671 141.323 96.775
0.02 6.16 332 128 18237 17402 54.931 135.953 95.421
0.03 5.01 572 164 27307 25768 47.740 157.122 94.364
0.05 3.37 600 252 45211 43901 75.352 174.210 97.102
0.1 1.80 1474 458 88974 85162 60.362 185.943 95.716
0.2 1.08 4964 881 172750 158419 34.801 179.817 91.704
0.3 0.80 9395 1707 253374 226205 26.969 132.516 89.277
0.5 0.55 20878 2558 395211 333114 18.930 130.224 84.288
1 0.38 59699 5046 674099 492881 11.292 97.678 73.117
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NTUA Campus BADR5 Ku-band 3-year average, Data Availability: 96.49 %

A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

Start Date 1t July 2017
End Date 30" June 2020
. Inter-Fade Duration [sec]
%MH“_”_.__MP 1 | 2 [ 3 [ s [ 10 | 20 [ 30 so | 100 | 200 | 300 | so0 | 1000 | 2000
Normalized Probability of exceedance [%]
1 100.000 70.515 56.232 42.996 31.701 24.266 21.402 18.398 14.797 11.734 10.249 8.407 6.506 5.012
3 100.000 | 66.242 | 53981 | 41.959 | 33201 | 27309 | 24.841 | 22611 | 19188 | 16322 | 14.889 | 13.854 | 12.500 | 10.908
5 100.000 58.323 45.749 36.048 29.581 24.311 21.198 19.042 17.605 16.048 14.611 13.533 12.455 11.497
10 100.000 75.168 64.430 55.705 41.611 34.899 30.201 28.188 26.174 24.832 23.490 22.148 22.148 21.477
15 100.000 74.286 62.857 54.286 44.286 32.857 28.571 25.714 22.857 20.000 20.000 20.000 20.000 20.000
20 100.000 64.583 47.917 37.500 22.917 16.667 16.667 14.583 14.583 14.583 12.500 12.500 12.500 12.500
25 100.000 47.368 21.053 15.789 10.526 10.526 10.526 10.526 10.526 5.263 5.263 5.263 5.263 5.263
Attenuation Inter-Fade Duration [sec]
threshold | 3000 | 5000 | 10000 | 20000 | 30000 | 50000 | 100000 | 200000 | 300000 | 500000 | 1000000 | 2000000 | 3000000 | 5000000 | 10000000
[dB] Normalized Probability of exceedance [%]
1 4373 | 3.660 | 3.062 | 2.498 | 2.299 | 2.108 | 1.560 | 1.062 | 0.755 | 0456 | 0.133 0.017 0.000 0.000 0.000
3 10.669 | 10.510 | 9.634 | 8.997 | 8758 | 8201 | 7.006 | 6.051 | 4.459 | 3.503 | 2.468 1.035 0.637 0.000 0.000
5 11.497 | 11.138 | 10.898 | 10.539 | 10.299 | 9.940 | 8383 | 7.545 | 5.629 | 4790 | 3.114 1.437 1.078 0.240 0.000
10 21.477 | 20.805 | 20.805 | 20.805 | 20.805 | 20.134 | 18.121 | 18.121 | 16.107 | 13.423 | 10.067 | 5.369 3.356 0.671 0.000
15 20.000 | 20.000 | 20.000 | 20.000 | 20.000 | 18.571 | 15.714 | 15.714 | 15714 | 14.286 | 11.429 | 5714 4.286 2.857 0.000
20 12.500 | 12.500 | 12.500 | 12.500 | 12.500 | 12.500 | 8.333 | 8.333 | 8333 | 8333 | 8333 4.167 4.167 4.167 0.000
25 5263 | 5263 | 5263 | 5263 | 5263 | 5263 | 5263 | 5263 | 5263 | 5.263 | 5.263 5.263 5.263 5.263 0.000
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus BADRS5 Ku-band 3-year average,
Data Availability: 96.49 %

Start Date 15t July 2017
End Date 30™ June 2020
Attenuation threshold [dB] Total number of inter-fades Total duration of inter-fades [sec]

1 12050 90584166

3 1256 88269033

5 835 80288027

10 149 71052540

15 70 61380209

20 48 57187551

25 19 35249201

Probability of exceedance [%] >~MM_.__.”.M””,MMM_‘__ME Uzl ::HNM“ Slinic Total duration of inter-fades [sec]

0.001 25.17 19 35249212
0.002 18.52 45 60593917
0.003 15.46 61 61380378
0.005 12.25 106 67631111
0.01 8.35 216 71050172
0.02 6.16 529 80297292
0.03 5.01 868 80288202
0.05 3.37 983 88275803
0.1 1.80 2636 89861794
0.2 1.08 9871 90602360
0.3 0.80 18748 91042105
0.5 0.55 46657 90892085
1 0.38 141220 90557713
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus KaSAT Ka-band 2-year average, Data Availability: 96.15 %

Start Date 1t July 2018
End Date 30* June 2020
Fade Slope [dB/sec]
. UMM_“_“_HW“_ <0.5 | -0.5t0-0.45 | -0.45t0-0.4 | -0.4t0-0.35 | -0.35t0-0.3 | -0.3t0-0.25 | -0.25t0-0.2 | -0.2t0 -0.15 | -0.15t0-0.1 | -0.1 to -0.05 .o.m.w.o
Probability of exceedance [%]
1 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.026 0.065 0.373 51.502
3 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.168 0.400 2.214 47.947
5 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.262 0.852 4.087 45.669
10 0.000 0.000 0.000 0.000 0.000 0.000 0.168 0.000 0.791 6.247 46.046
15 0.000 0.000 0.000 0.000 0.000 0.342 0.000 0.000 0.000 0.228 50.900
20 nan nan nan nan nan nan nan nan nan nan nan
25 nan nan nan nan nan nan nan nan nan nan nan
Fade Slope [dB/sec]
Attenuation 0.0 to
threshold [dB] Fyn 0.05t00.1 | 0.1t00.15 | 0.15t00.2 | 0.2t00.25 | 0.25t00.3 | 0.3t00.35 | 0.35t00.4 | 0.4t00.45 | 0.45t00.5 >0.5
Probability of exceedance [%]
1 47.548 0.377 0.089 0.015 0.001 0.000 0.000 0.000 0.000 0.000 0.000
3 46.433 2.177 0.542 0.099 0.008 0.000 0.000 0.000 0.000 0.000 0.000
5 44.012 3.723 1.149 0.215 0.018 0.000 0.000 0.000 0.000 0.000 0.000
10 39.457 6.219 0.903 0.000 0.067 0.101 0.000 0.000 0.000 0.000 0.000
15 48.087 0.103 0.000 0.000 0.000 0.137 0.205 0.000 0.000 0.000 0.000
20 nan nan nan nan nan nan nan nan nan nan nan
25 nan nan nan nan nan nan nan nan nan nan nan
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus KaSAT Ka-band 2-year average, Data Availability: 96.15 %

Start Date 1 July 2018
End Date 30™ June 2020
Attenuation Total number of | Total number of Total fading time > | Total fading time > 10.0 sec | Mean Duration of Mean Duration of Unavailable to
threshold 1.0 sec (ITU Total (ITU Total unavailable fade events > 1.0 fade events > 10.0 Outage Time
[dB] R EEEDREess Outage time) time) sec sec Ratio[%]
1 52016 8198 1027475 871127 19.753 106.261 84.783
3 4200 801 150787 138591 35.902 173.022 91.912
5 874 274 65573 63333 75.026 231.142 96.584
10 192 76 17648 17236 91.917 226.789 97.665
15 128 32 8732 8414 68.219 262.938 96.358
20 0 0 0 0 nan nan nan
25 0 0 0 0 nan nan nan
Probability Corresponding | Total number Total number Total fading time > | Total fading time >10.0 sec | Mean Duration Mean Duration Unavailable to
mxanhm:nm Attenuation A of fades >1.0 | of fades >10.0 1.0 sec (ITU Total (ITU Total unavailable of fade events > of fade events > Outage Time
1% [dB] sec sec Outage time) time) 1.0 sec 10.0 sec Ratio[%]
0.001 19.52 2 0 4 0 2.000 0.000
0.002 19.07 115 0 347 0 3.017 0.000
0.003 18.73 242 21 1291 528 5.335 25.143 40.899
0.005 18.14 196 28 2936 2301 14.980 82.179 78.372
0.01 16.80 268 50 5898 5084 22.007 101.680 86.199
0.02 12.72 243 60 11837 11149 48.712 185.817 94.188
0.03 9.85 215 72 17952 17463 83.498 242.542 97.276
0.05 7.19 486 143 28557 27274 58.759 190.727 95.507
0.1 5.33 954 279 60266 57801 63.172 207.172 95.910
0.2 3.46 2614 531 114824 107210 43.927 201.902 93.369
0.3 2.81 4895 1006 172259 158057 35.191 157.114 91.755
0.5 2.18 8935 1644 283737 257251 31.756 156.479 90.665
1 1.49 20141 3520 550249 490180 27.320 139.256 89.083
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus KaSAT Ka-band 2-year average, Data Availability: 96.15 %

Start Date 1t July 2018
End Date 30" June 2020
. Inter-Fade Duration [sec]
%MH“_”_.__MP 1 2 | s 5 | 10 [ 20 [ 30 so | 100 | 200 | 300 | so0 | 1000 | 2000
Normalized Probability of exceedance [%]
1 100.000 61.441 45.450 31.101 19.223 12.475 10.252 8.415 5.690 3.988 3.215 2.384 1.614 1.115
3 100.000 56.518 39.632 25.157 13.904 8.663 7.225 5.787 4.373 3.304 2.959 2.507 2.163 1.747
5 100.000 60.146 44.424 30.530 20.049 14.869 12.066 10.481 8.105 6.764 6.033 5.363 4.692 4.144
10 100.000 64.110 50.685 39.452 24.932 19.726 17.808 15.616 13.973 12.329 11.507 10.137 8.219 8.219
15 100.000 61.240 46.512 31.783 21.318 15.504 13.953 13.178 12.016 10.465 9.690 9.302 8.140 7.752
No nan nan nan nan nan nan nan nan nan nan nan nan nan nan
25 nan nan nan nan nan nan nan nan nan nan nan nan nan nan
Attenuation Inter-Fade Duration [sec]
threshold | 3000 | 5000 | 10000 | 20000 | 30000 | 50000 | 100000 | 200000 | 300000 | 500000 | 1000000 | 2000000 | 3000000 | 5000000 | 10000000
[dB] Normalized Probability of exceedance [%]
1 0905 | 0730 | 0538 | 0376 | 0272 | 0193 | 0.107 | 0054 | 0032 | 0017 | 0.004 0.001 0.000 0.000 0.000
3 1557 | 1.438 | 1.224 | 1.058 | 0986 | 0915 | 0772 | 0594 | 0523 | 0392 | 0.202 0.083 0.036 0.012 0.000
5 3778 | 3.534 | 3352 | 2.864 | 2742 | 2742 | 2255 | 2194 | 1.889 | 1.463 | 1.097 0.548 0.427 0.122 0.000
10 7.123 | 6575 | 6575 | 5753 | 5.479 | 5479 | 4932 | 4932 | 4658 | 3562 | 3.014 1.918 1.096 0.274 0.000
15 6977 | 6977 | 6589 | 6202 | 5.814 | 5814 | 5039 | 5039 | 5039 | 4264 | 3.876 2.326 1.938 1.163 0.000
20 nan nan nan nan nan nan nan nan nan nan nan nan nan nan nan
25 nan nan nan nan nan nan nan nan nan nan nan nan nan nan nan
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus KaSAT Ka-band 2-year average,
Data Availability: 96.15 %

Start Date 15t July 2018
End Date 30™ June 2020
Attenuation threshold [dB] Total number of inter-fades Total duration of inter-fades [sec]
1 112328 59564600
3 8415 58611174
5 1641 57065848
10 365 46856277
15 258 46864921
20 0 0
25 0 0
Probability of exceedance [%] >~MM_.__.”.M””,MMM_‘__ME Uzl ::HNM“ Slinic Total duration of inter-fades [sec]
0.001 19.52 40 1020
0.002 19.07 320 1931
0.003 18.73 474 26873134
0.005 18.14 370 27468745
0.01 16.80 536 40542851
0.02 12.72 439 46861823
0.03 9.85 391 46855982
0.05 7.19 1021 57102838
0.1 5.33 1691 57071151
0.2 3.46 5199 58648660
0.3 2.81 9453 58746968
0.5 2.18 18089 59080488
1 1.49 41355 60063482
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Appendix - 4
Site Diversity Statistics
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Ka-band 4-year average, Rain Concurrent Availability: 85.76 %

Start Date 1t July 2016
End Date 30t June 2020
Location Data Availability [%] P (A>0.1 dB) [%]

Campus 95.70 31.931

LTCP 96.39 29.701

Joint Balanced 85.76 14.620

Joint Independent - 14.053

P (Rain Rate > 0.25 mm/h) [%] 0.34
Attenuation Correlation Coefficient 0.1316
Rain Rate Correlation Coefficient 0.0886
. Site Diversit . . .
”Mmc”nhm“ Attenuation Attenuation Rain Rate Joint In n_mh_“””_msﬁ Gain [dB] Y m_wmmmc_.",ﬁwhi
%] Campus [dB] LTCP [dB] [mm/h] Balanced [dB] [dB] Master: Master: LTCP
Campus

50 0.007 0.011 0.000 -0.073 -0.074 0.080 0.084
30 0.110 0.099 0.000 -0.009 -0.009 0.118 0.107
20 0.160 0.142 0.000 0.058 0.055 0.102 0.084
10 0.257 0.184 0.000 0.136 0.131 0.121 0.048
5 0.398 0.261 0.000 0.174 0.168 0.224 0.087
3 0.583 0.356 0.000 0.190 0.183 0.394 0.167
2 0.788 0.415 0.000 0.197 0.191 0.591 0.218
1 1.359 0.703 0.000 0.331 0.198 1.028 0.372
0.5 2.154 1.198 0.000 0.530 0.278 1.624 0.668
0.3 2.752 1.698 0.646 0.791 0.340 1.960 0.907
0.2 3.280 2.196 1.382 1.046 0.370 2.234 1.150
0.1 4.348 3.351 2.771 1.506 0.405 2.842 1.845
0.05 6.743 5.378 4.236 1.986 0.552 4.757 3.392
0.03 9.506 8.181 5.236 2.341 0.637 7.165 5.840
0.02 12.120 10.572 6.216 2.600 0.756 9.519 7.971
0.01 19.015 15.293 7.985 3.087 0.980 15.928 12.206
0.005 26.940 20.967 10.672 3.763 1.282 23.177 17.204
0.003 32.203 23.937 13.194 4351 1.540 27.852 19.586
0.002 35.370 27.788 15.395 5.035 1.760 30.336 22.754
0.001 38.112 33.071 22.296 6.914 2.175 31.198 26.157
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Q-band 2-year average, Rain Concurrent Availability: 83.07 %

Start Date 1t July 2017
End Date 30t June 2019
Location Data Availability [%] P (A>0.1 dB) [%]
Campus 95.33 33.367
LTCP 93.38 32.493
Joint Balanced 83.07 17.316
Joint Independent - 15.965
P (Rain Rate > 0.25 mm/h) [%] 0.348
Attenuation Correlation Coefficient 0.2418
Rain Rate Correlation Coefficient 0.1012
. Site Diversit . . .
”Mmc”nhm“ Attenuation Attenuation Rain Rate Joint In n_mh_“””_msﬁ Gain [dB] ! m_wmmmc_.",ﬁwhz
%] Campus [dB] LTCP [dB] [mm/h] Balanced [dB] [dB] Master: Master: LTCP
Campus
50 0.024 0.023 0.000 -0.059 -0.061 0.084 0.083
30 0.115 0.111 0.000 0.010 0.004 0.106 0.101
20 0.160 0.154 0.000 0.081 0.073 0.079 0.073
10 0.234 0.196 0.000 0.151 0.140 0.082 0.045
5 0.455 0.372 0.000 0.186 0.173 0.269 0.186
3 0.953 0.639 0.000 0.200 0.187 0.753 0.439
2 1.772 1.145 0.000 0.351 0.193 1.420 0.794
1 3.681 2.639 0.000 0.909 0.200 2.773 1.730
0.5 5.926 4.645 0.000 1.953 0.331 3.973 2.692
0.3 8.113 6.423 0.674 2.837 0.383 5.276 3.586
0.2 10.168 7.854 1.423 3.571 0.460 6.598 4.284
0.1 15.681 12.042 2.792 5.057 0.723 10.624 6.984
0.05 24.668 20.177 4,504 6.687 1.200 17.981 13.490
0.03 30.655 28.387 5.417 7.868 1.712 22.787 20.519
0.02 32.034 31.202 6.428 9.059 2.196 22.975 22.143
0.01 32.394 32.244 8.123 11.216 3.153 21.178 21.028
0.005 32.586 33.018 12.225 14.732 4.154 17.854 18.286
0.003 32.711 33.294 14.652 23.831 4,947 8.880 9.463
0.002 32.778 33.467 17.767 29.506 5.647 3.272 3.961
0.001 32.912 33.710 26.351 31.727 6.985 1.185 1.983
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Appendix — Statistics in tabular format

Appendix - 5
Time Diversity Statistics
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Ka-band 4-year average, Concurrent Availability: 95.70 %

Start Date 15t July 2016
End Date 30% June 2020
Exceedance Time Diversity Gain [dB] at time delay

Probability [%] 1s 5s 10s 1m 3m 5m 10 m 30m 1h 3h 6h 12h 18h

100 nan nan nan nan nan nan nan nan nan nan nan nan nan
99 0.028 0.033 0.036 0.045 0.048 0.049 0.051 0.055 0.057 0.058 0.058 0.058 0.058
95 0.035 0.043 0.046 0.056 0.060 0.060 0.062 0.065 0.067 0.068 0.068 0.069 0.069
920 0.042 0.056 0.061 0.081 0.087 0.088 0.092 0.097 0.100 0.101 0.102 0.103 0.104
80 0.020 0.025 0.027 0.033 0.036 0.037 0.038 0.040 0.041 0.042 0.042 0.042 0.042
70 0.028 0.034 0.036 0.045 0.049 0.049 0.051 0.055 0.057 0.057 0.057 0.058 0.058
60 0.035 0.042 0.045 0.056 0.061 0.062 0.065 0.070 0.072 0.071 0.072 0.073 0.072
50 0.043 0.051 0.054 0.067 0.074 0.075 0.078 0.084 0.087 0.086 0.087 0.088 0.088
30 0.036 0.047 0.051 0.075 0.090 0.093 0.102 0.116 0.119 0.118 0.119 0.120 0.120
20 0.024 0.032 0.036 0.053 0.064 0.066 0.073 0.088 0.095 0.095 0.096 0.099 0.099
10 0.072 0.076 0.079 0.090 0.097 0.099 0.104 0.113 0.118 0.121 0.123 0.126 0.127
5 0.045 0.056 0.062 0.106 0.137 0.148 0.177 0.231 0.235 0.239 0.242 0.244 0.245

3 0.042 0.055 0.063 0.125 0.177 0.200 0.234 0.281 0.315 0.357 0.381 0.404 0.423
2 0.052 0.069 0.077 0.136 0.195 0.231 0.287 0.400 0.472 0.512 0.533 0.552 0.568
1 0.044 0.061 0.073 0.139 0.227 0.292 0.395 0.621 0.771 0.950 1.022 1.079 1.094
0.5 0.043 0.063 0.079 0.165 0.281 0.355 0.496 0.799 1.048 1.469 1.620 1.707 1.746
0.3 0.044 0.069 0.088 0.198 0.346 0.442 0.611 0.925 1.151 1.723 2.002 2.133 2.217
0.2 0.046 0.072 0.093 0.245 0.437 0.555 0.754 1.126 1.353 1.917 2.299 2.484 2.612
0.1 0.055 0.104 0.153 0.419 0.737 0.936 1.245 1.726 2.010 2.525 2.979 3.259 3.416
0.05 0.081 0.174 0.266 0.909 1.804 2.304 3.012 3.838 4.204 4.754 5.123 5.457 5.652
0.03 0.096 0.222 0.339 1.241 2.540 3.444 4.672 6.257 6.827 7.426 7.699 8.069 8.271
0.02 0.113 0.267 0.439 1.596 3.146 4.397 6.066 8.285 9.246 9.952 10.194 10.597 10.828
0.01 0.147 0.401 0.688 2.243 5.579 7.247 10.045 13.064 15.453 16.552 16.658 17.171 17.479
0.005 0.203 0.449 0.716 2.386 5.872 8.756 14.576 18.801 22.317 24.449 24.322 25.050 25.364
0.003 0.251 0.461 0.704 3.071 7.606 9.719 16.727 22.706 27.355 30.095 29.788 30.749 31.091
0.002 0.155 0.196 0.241 0.917 5.563 9.844 14.530 23.575 29.053 31.885 31.513 32.807 33.251
0.001 0.141 0.154 0.164 0.243 0.619 5.486 12.863 22.996 29.703 32.491 31.940 34.023 34.483
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Appendix — Statistics in tabular format
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Ka-band 4-year average, Data Availability: 96.39 %

Start Date 15t July 2016
End Date 30% June 2020
Exceedance Time Diversity Gain [dB] at time delay

Probability [%] 1s 5s 10s 1m 3m 5m 10 m 30m 1h 3h 6h 12h 18h

100 nan nan nan nan nan nan nan nan nan nan nan nan nan
99 0.030 0.033 0.034 0.036 0.038 0.038 0.038 0.039 0.040 0.041 0.041 0.042 0.041
95 0.008 0.008 0.008 0.009 0.010 0.010 0.010 0.010 0.010 0.016 0.017 0.019 0.017
920 0.012 0.014 0.014 0.015 0.016 0.016 0.017 0.017 0.018 0.019 0.018 0.019 0.019
80 0.022 0.024 0.025 0.027 0.028 0.029 0.029 0.031 0.033 0.034 0.033 0.034 0.033
70 0.031 0.034 0.035 0.038 0.040 0.041 0.042 0.045 0.047 0.048 0.048 0.048 0.048
60 0.040 0.045 0.045 0.049 0.052 0.053 0.055 0.058 0.061 0.063 0.062 0.063 0.062
50 0.049 0.055 0.056 0.060 0.064 0.065 0.067 0.072 0.075 0.077 0.076 0.077 0.077
30 0.045 0.055 0.057 0.066 0.075 0.078 0.084 0.098 0.103 0.106 0.105 0.106 0.105
20 0.031 0.037 0.039 0.045 0.052 0.054 0.058 0.068 0.077 0.084 0.081 0.084 0.083
10 0.017 0.020 0.021 0.025 0.030 0.031 0.034 0.040 0.045 0.050 0.050 0.052 0.051
5 0.070 0.072 0.073 0.076 0.079 0.080 0.082 0.086 0.089 0.094 0.095 0.096 0.096
3 0.060 0.076 0.083 0.120 0.161 0.162 0.164 0.167 0.170 0.175 0.176 0.177 0.177
2 0.059 0.067 0.071 0.093 0.119 0.131 0.155 0.212 0.241 0.245 0.247 0.248 0.248
1 0.048 0.064 0.074 0.140 0.188 0.220 0.281 0.362 0.396 0.483 0.530 0.540 0.540
0.5 0.046 0.060 0.072 0.150 0.258 0.316 0.427 0.614 0.729 0.874 0.908 0.927 0.942
0.3 0.040 0.061 0.080 0.190 0.338 0.427 0.580 0.837 1.016 1.271 1.354 1.368 1.382
0.2 0.043 0.065 0.087 0.244 0.456 0.587 0.779 1.100 1.312 1.648 1.788 1.842 1.856
0.1 0.048 0.085 0.127 0.386 0.727 0.967 1.283 1.805 2.052 2.486 2.704 2.799 2.895
0.05 0.066 0.135 0.207 0.709 1.395 1.849 2.426 3.239 3.642 4.147 4.378 4.502 4.742
0.03 0.087 0.185 0.297 1.118 2.301 3.201 4.284 5.528 6.019 6.632 6.871 6.924 7.315
0.02 0.095 0.239 0.396 1.366 2.768 3.860 5.630 7.448 8.013 8.760 8.963 8.962 9.490
0.01 0.117 0.291 0.488 2.050 4.004 5.542 7.846 11.317 12.002 12.937 13.190 13.117 13.767
0.005 0.156 0.385 0.597 2.610 5.878 7.750 11.062 16.029 16.996 18.076 18.436 18.290 18.970
0.003 0.202 0.488 0.724 2.219 5.867 8.292 11.636 17.723 19.290 20.328 20.985 20.754 21.383
0.002 0.224 0.493 0.803 3.866 7.708 10.303 13.528 20.035 22.601 23.612 24.623 24.296 25.013
0.001 0.311 0.654 1.007 3.964 9.004 12.144 15.122 23.568 25.485 27.566 29.105 28.850 29.488
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Appendix — Statistics in tabular format
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Q-band 2-year average, Data Availability: 95.33 %

Start Date 15t July 2017
End Date 30% June 2019
Exceedance Time Diversity Gain [dB] at time delay

Probability [%] 1s 5s 10s 1m 3m 5m 10 m 30m 1h 3h 6h 12h 18h

100 nan nan nan nan nan nan nan nan nan nan nan nan nan
99 0.017 0.019 0.019 0.022 0.025 0.026 0.027 0.036 0.042 0.044 0.046 0.045 0.048
95 0.024 0.032 0.034 0.047 0.058 0.061 0.066 0.076 0.079 0.080 0.081 0.081 0.082
90 0.013 0.014 0.014 0.016 0.018 0.019 0.020 0.021 0.022 0.022 0.022 0.022 0.022
80 0.023 0.025 0.025 0.029 0.032 0.033 0.034 0.037 0.038 0.038 0.039 0.039 0.039
70 0.032 0.036 0.036 0.041 0.045 0.046 0.049 0.053 0.054 0.054 0.055 0.055 0.055
60 0.042 0.046 0.047 0.053 0.059 0.060 0.063 0.069 0.070 0.070 0.070 0.071 0.071
50 0.051 0.056 0.057 0.064 0.071 0.073 0.076 0.083 0.085 0.084 0.085 0.086 0.086
30 0.039 0.046 0.047 0.058 0.072 0.076 0.084 0.103 0.108 0.106 0.110 0.112 0.111
20 0.025 0.030 0.031 0.039 0.049 0.052 0.058 0.073 0.078 0.079 0.083 0.086 0.085
10 0.063 0.066 0.067 0.071 0.077 0.079 0.084 0.095 0.100 0.104 0.108 0.111 0.111
5 0.064 0.081 0.090 0.126 0.151 0.167 0.202 0.315 0.321 0.327 0.331 0.334 0.335

3 0.057 0.073 0.083 0.141 0.232 0.294 0.391 0.633 0.730 0.819 0.882 0.884 0.885
2 0.052 0.069 0.082 0.181 0.325 0.422 0.611 1.051 1.343 1.573 1.642 1.686 1.704

1 0.054 0.079 0.104 0.282 0.537 0.724 1.043 1.714 2.225 2.982 3.391 3.507 3.572
0.5 0.062 0.105 0.150 0.461 0.912 1.219 1.698 2.654 3.262 4.329 5.084 5.488 5.670
0.3 0.073 0.134 0.196 0.610 1.224 1.616 2.313 3.634 4.370 5.676 6.507 7.098 7.453
0.2 0.088 0.175 0.263 0.841 1.652 2.186 3.010 4.457 5.469 7.051 7.873 8.615 9.126
0.1 0.146 0.294 0.450 1.564 2.847 3.815 5.496 7.664 8.872 11.168 11.979 12.960 13.590
0.05 0.204 0.407 0.663 2.357 5.304 6.806 9.623 13.424 15.695 18.908 19.450 20.720 21.997
0.03 0.209 0.271 0.375 1.543 3.309 5.544 9.927 15.009 18.476 22.965 22.594 24.313 26.444
0.02 0.136 0.142 0.151 0.277 1.122 2.861 6.226 13.180 17.968 23.773 21.895 24.597 27.405
0.01 0.149 0.153 0.153 0.180 0.246 0.318 0.645 6.208 15.586 23.264 18.795 22.702 26.773
0.005 0.167 0.169 0.172 0.183 0.216 0.254 0.339 0.880 11.297 22.446 14.782 20.905 26.135
0.003 0.172 0.171 0.174 0.187 0.222 0.265 0.320 0.652 7.789 21.731 9.857 19.924 25.724
0.002 0.188 0.185 0.187 0.198 0.223 0.254 0.305 0.580 5.716 20.311 7.001 19.154 25.509
0.001 0.196 0.190 0.195 0.211 0.259 0.298 0.324 0.539 4.608 17.605 3.597 18.241 24.777
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Appendix — Statistics in tabular format
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA LTCP Q-band 2-year average, Data Availability: 93.38 %

Start Date 15t July 2017
End Date 30% June 2019
Exceedance Time Diversity Gain [dB] at time delay

Probability [%] 1s 5s 10s 1m 3m 5m 10 m 30m 1h 3h 6h 12h 18h

100 nan nan nan nan nan nan nan nan nan nan nan nan nan
99 0.017 0.018 0.019 0.023 0.027 0.030 0.031 0.040 0.044 0.055 0.061 0.059 0.061
95 0.007 0.007 0.007 0.014 0.032 0.041 0.046 0.054 0.057 0.062 0.066 0.068 0.066
90 0.012 0.013 0.013 0.015 0.017 0.018 0.019 0.020 0.021 0.021 0.022 0.022 0.022
80 0.023 0.025 0.025 0.028 0.031 0.032 0.034 0.036 0.038 0.038 0.038 0.039 0.038
70 0.033 0.036 0.037 0.040 0.045 0.046 0.048 0.052 0.055 0.054 0.054 0.055 0.054
60 0.044 0.048 0.048 0.053 0.058 0.060 0.063 0.068 0.071 0.069 0.070 0.072 0.070
50 0.052 0.057 0.058 0.063 0.070 0.072 0.075 0.082 0.086 0.083 0.084 0.086 0.084
30 0.040 0.047 0.048 0.057 0.068 0.073 0.081 0.098 0.111 0.103 0.104 0.111 0.106
20 0.026 0.031 0.032 0.038 0.046 0.050 0.056 0.069 0.079 0.076 0.078 0.083 0.080
10 0.013 0.015 0.016 0.020 0.025 0.028 0.032 0.042 0.048 0.050 0.052 0.056 0.055
5 0.036 0.045 0.049 0.078 0.119 0.147 0.185 0.193 0.198 0.202 0.205 0.208 0.208
3 0.051 0.066 0.077 0.135 0.196 0.243 0.320 0.410 0.501 0.517 0.520 0.523 0.524

2 0.047 0.062 0.073 0.156 0.273 0.346 0.487 0.756 0.891 0.990 1.059 1.061 1.062
1 0.044 0.065 0.087 0.261 0.497 0.669 0.968 1.527 1.889 2.332 2.467 2.522 2.559
0.5 0.049 0.085 0.122 0.381 0.769 1.035 1.464 2.398 2.988 3.796 4.141 4.357 4.493
0.3 0.053 0.104 0.154 0.501 0.989 1.361 1.933 3.143 3.963 5.022 5.535 5.849 6.056
0.2 0.063 0.129 0.198 0.620 1.142 1.542 2.138 3.553 4.632 5.860 6.566 6.925 7.158
0.1 0.088 0.209 0.335 1.235 2.501 3.339 4.338 5.715 7.142 8.701 9.643 10.189 10.311
0.05 0.145 0.339 0.535 2.186 4.501 6.325 9.221 12.076 13.288 15.365 16.214 16.722 16.507
0.03 0.266 0.518 0.785 2.804 5.937 8.356 12.606 18.744 20.082 22.241 23.102 23.495 23.273
0.02 0.173 0.221 0.295 0.937 3.638 6.977 12.531 21.067 23.131 25.299 26.110 26.588 26.159
0.01 0.171 0.188 0.195 0.339 0.667 1.208 7.560 19.810 22.874 25.609 26.375 26.584 | 26.190
0.005 0.132 0.147 0.166 0.324 0.652 0.910 1.808 17.617 21.662 25.414 25.950 25.115 25.808
0.003 0.152 0.160 0.170 0.262 0.379 0.484 1.434 15.132 20.404 24.830 25.070 23.411 25.375
0.002 0.154 0.161 0.173 0.252 0.354 0.398 1.347 13.398 18.988 23.330 24.078 21.845 25.009
0.001 0.159 0.162 0.165 0.246 0.340 0.350 0.799 9.893 16.006 17.899 23.209 17.949 24.154
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Appendix — Statistics in tabular format
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus BADR5 Ku-band 3-year average, Data Availability: 96.49 %

Start Date 15t July 2017
End Date 30% June 2020
Exceedance Time Diversity Gain [dB] at time delay

Probability [%] 1s 5s 10s 1m 3m 5m 10 m 30m 1h 3h 6h 12h 18h

100 nan nan nan nan nan nan nan nan nan nan nan nan nan
99 0.033 0.038 0.039 0.041 0.042 0.044 0.046 0.052 0.056 0.060 0.061 0.062 0.062
95 0.005 0.006 0.006 0.006 0.006 0.007 0.007 0.008 0.009 0.009 0.010 0.010 0.010
920 0.009 0.010 0.010 0.011 0.011 0.012 0.013 0.015 0.016 0.017 0.017 0.017 0.017
80 0.017 0.019 0.019 0.020 0.021 0.022 0.023 0.028 0.030 0.031 0.031 0.030 0.031
70 0.024 0.028 0.028 0.030 0.031 0.032 0.034 0.040 0.044 0.045 0.045 0.044 0.045
60 0.032 0.036 0.037 0.039 0.040 0.042 0.045 0.053 0.058 0.059 0.058 0.058 0.058
50 0.039 0.045 0.046 0.048 0.050 0.052 0.055 0.065 0.071 0.073 0.072 0.071 0.072
30 0.036 0.045 0.046 0.050 0.054 0.057 0.066 0.091 0.100 0.101 0.100 0.099 0.100
20 0.024 0.030 0.031 0.034 0.037 0.039 0.045 0.065 0.082 0.086 0.083 0.081 0.084
10 0.012 0.016 0.017 0.018 0.020 0.021 0.024 0.035 0.044 0.047 0.046 0.045 0.047
5 0.007 0.009 0.009 0.010 0.012 0.012 0.014 0.021 0.026 0.028 0.028 0.028 0.029
3 0.009 0.011 0.011 0.012 0.013 0.014 0.015 0.020 0.023 0.026 0.026 0.026 0.027
2 0.069 0.093 0.094 0.094 0.095 0.096 0.097 0.100 0.103 0.106 0.106 0.107 0.107
1 0.027 0.041 0.045 0.058 0.073 0.086 0.113 0.180 0.182 0.184 0.185 0.185 0.186
0.5 0.051 0.081 0.092 0.134 0.155 0.162 0.176 0.223 0.282 0.350 0.350 0.351 0.351
0.3 0.043 0.066 0.076 0.133 0.197 0.225 0.285 0.394 0.428 0.561 0.581 0.581 0.581
0.2 0.060 0.080 0.089 0.147 0.235 0.290 0.386 0.551 0.673 0.764 0.831 0.867 0.868
0.1 0.044 0.077 0.105 0.242 0.393 0.460 0.598 0.843 1.056 1.398 1.423 1.485 1.536
0.05 0.064 0.129 0.188 0.542 0.901 1.126 1.507 1.921 2.111 2.779 2.877 2.981 3.029
0.03 0.065 0.131 0.192 0.653 1.316 1.657 2.250 2.988 3.494 4.069 4.424 4.403 4.650
0.02 0.091 0.179 0.263 0.816 1.166 1.448 2.409 3.504 4.312 4.964 5.450 4.968 5.795
0.01 0.136 0.293 0.457 1.283 1.838 2.111 3.039 4.197 5.629 6.865 7.413 6.639 7.839
0.005 0.143 0.315 0.493 1.678 3.556 5.076 5.862 6.946 8.510 10.555 11.044 10.100 11.601
0.003 0.166 0.390 0.589 1.842 4.663 6.183 8.777 9.250 10.942 13.660 14.035 12.807 14.684
0.002 0.171 0.352 0.487 2.368 5.857 7.575 11.419 12.143 13.327 16.671 16.943 15.779 17.713
0.001 0.317 0.462 0.741 3.572 7.648 10.939 16.938 18.752 19.535 23.396 23.489 22.349 24.447
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus KaSAT Ka-band 2-year average, Data Availability: 96.15 %

Start Date 15t July 2018
End Date 30% June 2020
Exceedance Time Diversity Gain [dB] at time delay

Probability [%] 1s 5s 10s 1m 3m 5m 10 m 30m 1h 3h 6h 12h 18h

100 nan nan nan nan nan nan nan nan nan nan nan nan nan
99 0.048 0.058 0.063 0.094 0.105 0.108 0.117 0.138 0.154 0.173 0.176 0.175 0.176
95 0.059 0.067 0.071 0.093 0.100 0.101 0.107 0.120 0.131 0.148 0.152 0.147 0.150
90 0.039 0.044 0.046 0.059 0.063 0.064 0.067 0.074 0.081 0.092 0.096 0.091 0.094
80 0.023 0.025 0.027 0.047 0.054 0.054 0.060 0.072 0.083 0.105 0.112 0.103 0.109
70 0.031 0.034 0.035 0.044 0.047 0.047 0.050 0.055 0.060 0.071 0.075 0.070 0.073
60 0.038 0.042 0.044 0.054 0.057 0.057 0.060 0.066 0.073 0.085 0.091 0.084 0.088
50 0.045 0.050 0.052 0.063 0.067 0.067 0.071 0.078 0.085 0.100 0.106 0.098 0.103
30 0.045 0.051 0.054 0.074 0.082 0.082 0.089 0.105 0.121 0.140 0.149 0.137 0.144
20 0.031 0.036 0.039 0.055 0.061 0.062 0.068 0.080 0.094 0.131 0.152 0.124 0.139
10 0.057 0.069 0.076 0.128 0.147 0.148 0.152 0.161 0.171 0.197 0.211 0.195 0.204
5 0.061 0.076 0.087 0.151 0.166 0.169 0.182 0.214 0.251 0.349 0.360 0.349 0.356
3 0.066 0.082 0.094 0.159 0.185 0.193 0.220 0.288 0.353 0.439 0.499 0.444 0.478
2 0.068 0.084 0.097 0.166 0.200 0.216 0.258 0.360 0.423 0.577 0.623 0.584 0.611

1 0.070 0.083 0.093 0.167 0.240 0.271 0.344 0.516 0.664 0.914 1.030 0.949 1.015
0.5 0.070 0.084 0.095 0.170 0.256 0.316 0.429 0.723 0.972 1.429 1.573 1.539 1.579
0.3 0.075 0.090 0.104 0.203 0.332 0.414 0.557 0.829 1.159 1.868 2.055 2.031 2.099
0.2 0.080 0.100 0.118 0.249 0.435 0.555 0.749 1.100 1.369 2.287 2.560 2.584 2.637
0.1 0.103 0.144 0.182 0.528 0.963 1.255 1.631 2.290 2.585 3.708 4.210 4.359 4.409
0.05 0.117 0.141 0.172 0.377 0.679 0.902 1.429 2.254 3.107 4.795 5.508 5.905 5.939
0.03 0.166 0.262 0.371 1.284 2.427 2.863 3.245 3.741 4.126 6.100 7.570 8.440 8.467
0.02 0.194 0.280 0.368 1.169 3.126 4.285 5.692 6.123 6.508 7.181 9.451 11.089 11.141
0.01 0.149 0.163 0.183 0.405 2.189 3.942 7.270 9.608 10.114 10.600 12.721 14.630 14.974
0.005 0.158 0.169 0.178 0.261 0.531 1.171 4.550 9.226 10.899 11.565 12.723 15.747 15.965
0.003 0.140 0.147 0.147 0.176 0.228 0.294 0.600 6.866 11.017 11.884 12.655 16.089 16.188
0.002 0.141 0.147 0.148 0.169 0.211 0.241 0.320 4.841 10.900 11.983 12.563 16.189 16.239
0.001 0.158 0.165 0.167 0.181 0.243 0.276 0.310 0.819 7.801 12.086 12.518 16.082 16.260
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Orbital Diversity Statistics
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment

for Next-Generation Satellite Networks”

NTUA Campus Ka-band 2-year average, Rain Concurrent Availability: 79.82 %

Start Date 15t July 2018
End Date 30" June 2020
Location Data Availability [%] P (A>0.1 dB) [%]

Campus 95.31 35.402

LTCP 96.15 32.958

Joint Balanced 79.82 20.509

Joint Independent - 14.823

P (Rain Rate > 0.25 mm/h) [%] 1.436
Attenuation Correlation Coefficient 0.7018
) Site Diversity . . .
Mﬂwﬂﬂﬂﬂmﬁw Attenuation Attenuation Rain Rate Joint In QMMMﬂMmE Gain [dB] m_MmmmU-“,\HM_M__Q
%] Campus [dB] LTCP [dB] [mm/h] Balanced [dB] [dB] Master: Master: LTCP
Campus

50 0.022 -0.003 0.000 -0.071 -0.090 0.094 0.068
30 0.128 0.118 0.000 0.021 -0.012 0.107 0.096
20 0.181 0.177 0.000 0.104 0.057 0.076 0.073
10 0.349 0.339 0.000 0.185 0.140 0.163 0.154
5 0.565 0.541 0.000 0.340 0.181 0.224 0.201
3 0.779 0.734 0.000 0.473 0.197 0.306 0.261
2 0.997 0.918 0.000 0.589 0.261 0.409 0.329
1 1.570 1.323 1.554 0.908 0.358 0.663 0.415
0.5 2.302 1.896 3.444 1.425 0.434 0.877 0.471
0.3 2.838 2.444 4.977 1.917 0.538 0.922 0.527
0.2 3.296 2.982 6.429 2.361 0.588 0.936 0.621
0.1 4.146 4.569 10.048 3.279 0.745 0.867 1.290
0.05 6.212 6.682 17.128 4.522 0.910 1.690 2.160
0.03 8.857 7.701 25.283 6.751 1.039 2.106 0.950
0.02 11.895 10.393 33.806 9.280 1.169 2.614 1.113
0.01 19.733 14.825 49.356 13.518 1.424 6.215 1.307
0.005 28.495 18.372 68.928 18.348 1.749 10.146 0.024
0.003 34.629 18.734 85.393 18.726 1.997 15.903 0.008
0.002 36.991 18.900 98.531 18.894 2.203 18.096 0.006
0.001 38.285 19.102 108.266 19.097 2.593 19.188 0.004
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NTUA Campus Ka-band - Q-band Fr Scaling
Start Date 1+ July 2016
End Date 30" June 2020
Concurrent Data Availability 94.41%
Ka-band Q-band Atf [dB]
attenuation Mean Percentile
[dB] valye | Stdvalue g 10% 207 307 40" 50% 60" 70" 80" 90" 99™
(1.0,1.2] 3.46 1.81 0.54 0.96 1.65 2.39 2.89 3.46 3.99 4.53 4.98 5.73 8.00
(1.2,1.4] 3.90 2.07 0.57 1.06 1.78 2.52 3.30 3.94 4.61 5.09 5.64 6.58 8.99
(1.4, 1.6] 4.30 231 0.57 1.17 1.88 2.77 3.63 4.31 5.02 5.59 6.28 7.36 9.67
(1.6,1.8] 4.80 2.55 0.57 1.32 212 3.09 4.11 4.81 5.68 6.34 7.02 8.15 10.32
(1.8, 2.0] 5.11 2.70 0.62 1.49 2.39 3.21 4.21 5.12 6.09 6.75 7.53 8.68 10.87
(2.0,2.2] 5.29 3.07 0.60 1.30 2.09 3.10 4.09 5.11 6.26 7.25 8.22 9.47 12.15
(2.2,2.4] 5.63 3.20 0.64 1.57 2.45 3.27 4.28 5.53 6.62 7.64 8.61 9.92 13.02
(2.4, 2.6] 5.82 3.38 0.59 1.72 2.57 3.37 4.15 5.48 6.75 7.83 9.03 10.45 14.19
(2.6, 2.8] 6.37 3.67 0.59 1.60 2.63 3.62 4.86 6.58 7.53 8.66 9.78 11.17 14.75
(2.8,3.0] 6.94 3.82 0.87 1.76 2.99 4.17 5.78 7.01 8.18 9.25 10.55 11.95 15.01
(3.0,3.2] 7.82 3.86 0.84 2.45 3.67 5.71 6.89 8.10 9.07 10.04 11.35 12.74 15.75
(3.2,3.4] 8.36 4.38 0.64 2.08 3.24 6.03 7.36 8.78 9.98 11.23 12.39 13.83 17.12
(3.4, 3.6] 8.94 4.51 1.29 2.57 3.39 6.52 8.00 9.80 10.79 11.98 13.15 14.49 17.59
(3.6, 3.8] 10.30 4.15 1.80 3.71 6.61 8.12 9.61 10.84 12.01 13.07 13.99 15.30 18.23
(3.8,4.0] 11.07 4.45 2.16 4.03 7.47 8.96 10.31 11.48 12.92 14.02 15.01 16.31 21.18
(4.0,4.2] 11.46 4.78 2.21 3.98 6.72 9.49 10.78 11.92 13.74 14.59 15.35 16.81 22.35
(4.2,4.4] 12.68 4.19 3.88 7.23 9.65 10.82 11.58 12.48 14.22 15.10 16.11 17.65 23.21
(4.4,4.6] 13.57 3.88 217 9.18 10.55 11.58 12.68 13.57 14.94 15.69 16.54 18.42 22.55
(4.6,4.8] 14.19 3.46 8.07 9.82 10.89 11.85 13.08 13.98 15.10 16.25 17.01 18.44 23.89
(4.8, 5.0] 15.37 3.72 8.66 10.34 11.74 13.15 14.32 15.43 16.60 17.39 18.34 20.00 24.32
(5.0,5.2] 16.55 3.76 8.28 11.59 12.80 14.57 15.78 17.10 17.54 18.49 19.54 20.80 26.54
(5.2,5.4] 16.94 3.73 9.78 11.53 13.20 14.92 16.35 17.55 18.01 19.01 19.92 21.15 26.43
(5.4, 5.6] 17.81 4.11 10.19 11.60 13.82 15.84 17.25 18.21 19.10 19.98 21.17 22.66 27.01
(5.6,5.8] 19.03 3.98 11.19 13.29 15.67 17.07 18.08 18.92 19.95 21.30 22.75 24.03 27.54
(5.8, 6.0] 20.11 4.45 11.42 14.87 16.50 17.69 18.74 19.40 20.54 22.07 24.12 26.22 32.39
(6.0, 6.2] 20.08 4.12 11.71 14.78 16.67 18.32 19.33 19.72 20.40 21.80 23.45 26.28 30.15
(6.2, 6.4] 21.09 4.15 11.81 15.92 17.89 19.15 20.07 20.56 21.47 22.46 24.23 27.26 31.11
(6.4, 6.6] 21.82 4.37 12.08 16.62 18.25 19.52 20.69 21.29 22.51 23.77 25.46 28.55 31.45
(6.6, 6.8] 21.82 4.16 12.31 17.04 18.76 20.00 20.68 21.46 22.28 23.24 24.75 27.67 30.92
(6.8,7.0] 22.63 4.40 12.52 17.26 18.98 20.70 21.54 22.29 23.40 24.64 25.74 28.73 3241
(7.0,7.2] 23.49 4.50 12.96 18.46 19.86 21.09 22.09 23.16 23.89 25.11 27.66 30.81 32.68
(7.2,7.4] 23.99 4.43 13.15 18.61 20.54 21.86 22.73 23.93 25.01 26.17 28.31 30.65 32.02
(7.4,7.6] 24.29 4.58 12.52 18.06 20.04 21.70 23.22 24.74 25.58 26.93 28.30 30.74 32.19
(7.6,7.8] 24.86 4.61 12.55 18.92 21.43 22.61 23.86 25.55 26.63 27.64 28.96 30.74 32.15
(7.8, 8.0] 25.11 4.70 12.82 18.06 21.57 23.15 24.35 26.00 26.80 27.87 29.38 31.21 32.15
(8.0, 8.2] 25.13 4.60 12.95 18.70 21.07 23.21 24.52 25.88 26.62 27.96 29.01 30.75 32.29
(8.2,8.4] 25.81 4.62 12.93 19.93 22.63 24.09 25.18 26.16 27.46 29.03 29.92 31.92 32.32
(8.4, 8.6] 26.29 4.31 14.77 20.05 22.94 24.47 25.92 27.15 27.85 29.25 30.21 31.64 32.35
(8.6, 8.8] 26.96 4.30 14.98 20.14 23.67 25.65 27.28 28.25 29.14 29.73 30.64 31.46 32.39
(8.8,9.0] 26.70 4.39 15.24 20.35 23.35 24.42 26.15 27.87 29.03 29.95 30.63 31.69 32.24
(9.0,9.2] 27.15 4.35 16.13 19.94 23.88 25.91 26.85 28.19 29.33 30.18 31.04 31.98 32.22
(9.2,9.4] 27.32 4.06 16.54 21.09 23.75 26.16 27.31 28.35 29.22 30.09 30.55 32.02 32.28
(9.4,9.6] 27.74 3.94 16.84 21.97 23.88 26.22 27.56 29.08 29.87 30.49 31.06 32.08 32.29
(9.6,9.8] 28.26 3.93 17.08 22.24 24.87 27.15 28.45 29.65 30.11 30.71 31.92 32.16 32.33
(9.8, 10.0] 28.38 3.94 17.95 22.89 24.26 26.49 28.48 29.93 30.66 31.70 32.06 32.19 32.37
(10.0, 10.2] 28.07 3.93 17.92 22.51 23.93 26.02 28.05 29.78 30.42 30.80 31.95 32.13 32.34
(10.2, 10.4] 28.43 3.86 18.08 23.14 24.18 26.36 29.07 30.32 30.58 30.93 31.96 32.18 32.40
(10.4, 10.6] 28.96 3.84 17.72 22.58 26.18 28.29 29.63 30.56 31.00 31.90 32.14 32.22 32.38
(10.6, 10.8] 29.12 3.55 18.97 23.88 25.93 28.32 29.74 30.60 31.39 31.90 31.98 32.16 32.37
(10.8, 11.0] 28.75 3.73 18.97 23.46 25.32 26.11 28.34 30.58 31.58 31.83 31.98 32.15 32.48
(11.0,11.2] 28.85 3.52 19.25 24.01 25.73 26.31 28.31 30.50 31.49 31.73 32.04 32.15 32.55
(11.2,11.4] 29.66 3.30 19.47 25.14 26.30 28.77 30.52 31.37 31.83 32.06 32.17 32.19 32.58
(11.4,11.6] 29.18 3.43 19.48 25.00 26.13 27.90 28.88 30.49 31.06 31.82 32.09 3231 32.58
(11.6,11.8] 29.66 3.06 21.15 25.63 26.72 28.55 30.26 30.72 31.71 31.96 32.16 3234 32.58
(11.8,12.0] 30.15 2.88 21.63 26.17 27.47 30.06 30.66 31.68 31.97 32.17 32.33 32.47 32.60
(12.0,12.2] 29.98 2.68 22.02 26.23 27.08 28.67 30.41 30.82 31.93 32.03 32.21 32.35 32.57
(12.2,12.4] 30.34 2.58 22.27 26.30 28.34 30.36 30.90 31.14 32.01 32.10 32.23 32.40 32.64
(12.4,12.6] 30.39 2.66 22.42 26.32 28.54 30.53 30.89 31.65 32.02 32.10 32.21 32.36 32.65
(12.6,12.8] 30.66 2.53 22.82 26.24 29.31 30.79 31.35 32.01 32.08 32.13 32.27 32.38 33.09
(12.8, 13.0] 30.52 2.58 22.99 26.34 27.99 30.60 31.08 31.81 32.05 32.13 32.17 32.29 33.19
(13.0,13.2] 30.27 2.59 23.23 26.34 27.79 30.24 31.00 31.34 32.03 32.07 32.18 32.28 32.45
(13.2,13.4] 30.51 2.52 23.38 26.38 28.36 30.81 31.08 31.64 32.03 32.12 32.25 3231 32.53
(13.4, 13.6] 30.86 2.36 23.55 26.41 30.13 30.80 31.72 31.98 32.12 32.22 32.32 32.38 32.42
(13.6,13.8] 30.23 2.50 23.79 26.41 27.06 29.89 30.52 31.53 31.90 32.08 32.23 32.33 32.42
(13.8, 14.0] 30.44 2.36 21.16 26.39 29.79 30.18 30.53 31.07 31.91 32.09 32.22 32.36 32.53
(14.0, 14.2] 30.43 242 22.69 26.80 27.80 29.90 30.75 31.87 32.03 32.09 32.17 32.32 32.50
(14.2,14.4] 30.41 2.23 24.65 27.43 28.13 29.76 30.62 31.61 31.93 32.05 32.11 32.23 32.48
(14.4,14.6] 30.71 2.18 25.17 26.41 29.38 30.57 31.37 31.93 32.03 32.06 32.12 32.22 32.49
(14.6, 14.8] 30.85 221 22.99 27.00 30.05 30.93 31.88 32.01 32.05 3211 32.17 32.26 32.53
(14.8, 15.0] 30.96 2.05 23.92 27.65 30.28 30.97 31.89 31.98 32.03 32.13 32.19 32.28 32.49
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NTUA Campus Ka-band - Q-band Fr Scaling
Start Date 1t July 2016
End Date 30" June 2020
Concurrent Data Availability 94.41%
Ka-band Fr Scaling Factor
attenuation Mean std value Percentile
[dB] value 1 10 20 30* a0t 50* 60 70 8ot 9o 9gt
(1.0,1.2] 3.16 1.64 0.49 0.87 1.49 2.19 2.66 3.15 3.65 4.10 4.54 5.23 7.36
(1.2,1.4] 3.01 1.59 0.44 0.83 1.38 1.97 2.55 3.05 3.55 3.92 4.36 5.05 6.93
(1.4, 1.6] 2.88 1.54 0.38 0.78 1.26 1.83 2.42 2.89 3.37 3.75 4.19 4.94 6.40
(1.6, 1.8] 2.83 1.50 0.34 0.78 1.26 1.83 241 2.82 3.36 3.72 4.13 4.81 6.06
(1.8, 2.0] 2.70 1.42 0.33 0.79 1.26 1.69 2.20 2.70 3.20 3.58 3.96 4.56 5.75
(2.0, 2.2] 2.52 1.46 0.29 0.62 1.00 1.48 1.94 2.44 2.99 3.44 3.92 4.51 5.68
(2.2,2.4] 2.45 1.39 0.27 0.68 1.07 1.43 1.87 241 2.87 3.33 3.74 4.32 5.65
(2.4, 2.6] 2.33 1.35 0.24 0.70 1.03 1.34 1.66 221 2.69 3.15 3.62 4.16 5.62
(2.6, 2.8] 2.36 1.36 0.22 0.59 0.97 1.34 1.81 2.44 2.79 3.21 3.64 4.14 5.43
(2.8,3.0] 2.40 1.32 0.31 0.61 1.02 1.44 1.99 242 2.82 3.17 3.64 4.13 5.20
(3.0,3.2] 2.53 1.24 0.27 0.79 1.20 1.84 2.22 2.63 2.93 3.24 3.66 4.12 5.09
(3.2,3.4] 2.54 1.33 0.19 0.63 1.00 1.85 2.23 2.68 3.03 3.40 3.76 4.19 5.17
(3.4,3.6] 2.56 1.29 0.37 0.74 0.97 1.86 2.29 2.81 3.09 3.42 3.76 4.14 5.03
(3.6, 3.8] 2.78 1.12 0.49 1.00 1.80 2.19 2.58 2.92 3.25 3.55 3.79 4.14 4.92
(3.8,4.0] 2.84 1.14 0.56 1.03 1.92 2.30 2.64 2.95 3.32 3.59 3.85 4.16 5.40
(4.0,4.2] 2.80 1.17 0.54 0.97 1.62 2.33 2.62 2.90 3.35 3.56 3.75 4.10 5.49
(4.2,4.4] 2.95 0.98 0.91 1.71 2.25 2.51 2.70 291 3.30 3.51 3.76 4.12 5.43
(4.4,4.6] 3.02 0.86 0.49 2.04 2.35 2.59 2.81 3.02 3.33 3.49 3.68 4.10 5.05
(4.6,4.8] 3.02 0.74 1.72 2.10 2.32 2.52 2.79 2.98 3.21 3.46 3.62 3.91 5.14
(4.8, 5.0] 3.14 0.75 1.77 2.12 241 2.69 2.93 3.16 3.38 3.55 3.74 4.05 4.94
(5.0, 5.2] 3.25 0.74 1.63 2.28 2.52 2.87 3.11 3.35 3.45 3.63 3.81 4.08 5.23
(5.2,5.4] 3.20 0.70 1.86 2.18 2.50 2.82 3.09 331 3.39 3.59 3.77 3.99 5.00
(5.4, 5.6] 3.24 0.74 1.88 2.11 2.52 2.88 3.14 3.32 3.47 3.62 3.85 4.10 4.86
(5.6,5.8] 3.34 0.70 1.98 2.35 2.74 3.01 3.19 3.33 3.50 3.74 3.99 4.21 4.83
(5.8, 6.0] 341 0.75 1.92 2.51 2.81 3.00 3.18 3.28 3.49 3.77 4.12 4.42 5.49
(6.0, 6.2] 3.29 0.67 193 2.45 271 2.99 3.17 3.23 3.34 3.58 3.82 4.30 4.95
(6.2, 6.4] 3.35 0.66 1.86 2.53 2.85 3.05 3.19 3.27 3.40 3.57 3.85 4.32 4.92
(6.4, 6.6] 3.36 0.67 1.86 2.55 2.80 3.00 3.19 3.27 3.50 3.66 3.92 4.41 4.88
(6.6, 6.8] 3.26 0.62 1.84 2.55 2.80 2.99 3.09 3.20 3.32 3.47 3.70 4.14 4.62
(6.8, 7.0] 3.28 0.64 1.83 2.48 2.76 3.00 3.12 3.24 3.38 3.58 3.73 4.17 4.66
(7.0,7.2] 331 0.63 1.84 2.61 2.78 2.97 3.11 3.27 3.36 3.53 3.89 4.33 4.58
(7.2,7.4] 3.29 0.61 1.79 2.56 2.80 3.01 3.13 3.28 3.44 3.60 3.87 4.19 4.40
(7.4,7.6] 3.24 0.61 1.66 242 2.65 2.89 3.11 331 3.42 3.59 3.78 4.10 4.29
(7.6,7.8] 3.23 0.60 1.63 2.48 2.79 2.94 3.10 3.32 3.45 3.59 3.75 4.00 4.19
(7.8, 8.0] 3.18 0.60 1.62 2.28 2.75 2.92 3.08 3.30 3.38 3.53 3.72 3.96 4.09
(8.0, 8.2] 3.10 0.57 1.59 2.32 2.61 2.87 3.03 3.19 3.29 3.46 3.57 3.81 4.00
(8.2,8.4] 3.11 0.56 1.57 2.39 2.71 2.92 3.04 3.15 331 3.50 3.60 3.83 3.92
(8.4, 8.6] 3.09 0.51 1.76 2.35 2.70 2.86 3.05 3.19 3.28 3.42 3.55 3.73 3.83
(8.6, 8.8] 3.10 0.49 1.71 2.30 271 2.95 3.14 3.25 3.35 3.42 3.51 3.60 3.74
(8.8,9.0] 3.00 0.49 1.72 2.29 2.62 2.74 2.94 3.12 3.26 3.37 3.44 3.56 3.64
(9.0,9.2] 2.98 0.48 1.78 2.20 2.65 2.84 2.96 3.10 3.22 3.32 3.41 3.51 3.56
(9.2,9.4] 2.94 0.44 1.78 2.26 2.57 2.79 2.92 3.05 3.14 3.24 3.29 343 3.48
(9.4, 9.6] 2.92 0.41 1.78 231 2.50 2.76 291 3.07 3.14 3.21 3.27 3.37 3.42
(9.6,9.8] 2.91 0.40 1.77 2.28 2.56 2.80 2.94 3.05 3.11 3.17 3.28 3.31 3.35
(9.8, 10.0] 2.87 0.40 1.81 2.30 2.44 2.68 2.87 3.03 3.09 3.20 3.24 3.27 3.29
(10.0, 10.2] 2.78 0.39 1.77 2.23 2.38 2.57 2.77 2.95 3.01 3.06 3.16 3.19 3.21
(10.2,10.4] 2.76 0.37 1.76 2.26 234 2.57 2.83 294 2.96 3.01 3.09 3.12 3.15
(10.4, 10.6] 2.76 0.36 1.68 2.16 2.48 2.68 2.82 2.91 2.95 3.02 3.05 3.07 3.09
(10.6, 10.8] 2.72 0.33 1.77 2.22 241 2.65 2.78 2.86 2.93 2.98 2.99 3.00 3.04
(10.8, 11.0] 2.64 0.34 1.74 2.16 2.32 241 2.60 2.80 2.89 291 2.94 2.95 2.99
(11.0,11.2] 2.60 0.32 1.74 2.17 2.32 2.37 2.55 2.74 2.84 2.85 2.88 2.90 2.94
(11.2,11.4] 2.63 0.29 1.73 2.22 2.32 2.55 2.70 2.77 2.82 2.84 2.85 2.86 2.89
(11.4, 11.6] 2.54 0.30 1.69 2.18 2.28 241 2.52 2.65 2.71 2.77 2.79 2.81 2.84
(11.6,11.8] 2.54 0.26 1.81 2.19 2.29 2.43 2.59 2.62 2.70 2.73 2.75 2.77 2.79
(11.8, 12.0] 2.53 0.24 1.82 2.19 231 2.52 2.58 2.66 2.68 2.70 2.72 2.73 2.75
(12.0,12.2] 2.48 0.22 1.82 2.17 2.24 2.36 2.51 2.55 2.64 2.65 2.66 2.68 2.71
(12.2,12.4] 2.47 0.21 1.81 2.15 2.30 2.47 2.51 2.54 2.60 2.61 2.63 2.64 2.66
(12.4, 12.6] 243 0.21 1.80 211 2.29 2.44 2.47 2.53 2.56 2.57 2.58 2.59 2.62
(12.6,12.8] 2.41 0.20 1.80 2.06 2.32 242 2.48 2.52 2.53 2.54 2.55 2.56 2.59
(12.8,13.0] 237 0.20 1.78 2.04 217 2.37 241 2.46 2.48 2.49 2.50 2.51 2.59
(13.0,13.2] 2.31 0.20 1.77 2.01 212 2.31 2.36 2.39 2.44 2.45 2.46 2.47 2.49
(13.2,13.4] 2.29 0.19 1.76 1.99 2.14 2.32 2.34 2.38 2.40 241 242 243 2.45
(13.4, 13.6] 2.28 0.17 1.74 1.97 2.23 2.29 2.35 2.37 2.38 2.38 2.39 2.40 241
(13.6,13.8] 2.21 0.18 1.74 1.92 1.97 217 2.23 2.30 2.33 234 2.35 2.36 2.38
(13.8, 14.0] 2.19 0.17 1.52 191 2.14 2.17 2.19 2.24 2.29 231 2.32 2.33 2.35
(14.0, 14.2] 2.16 0.17 1.61 1.90 1.98 2.13 2.19 2.26 2.27 2.28 2.29 2.29 2.31
(14.2,14.4] 2.13 0.16 1.73 1.92 1.96 2.08 2.14 221 2.23 2.24 2.25 2.26 2.28
(14.4, 14.6] 2.12 0.15 1.75 1.83 2.03 2.11 2.17 2.20 2.20 221 2.22 2.23 2.25
(14.6, 14.8] 2.10 0.15 1.56 1.84 2.04 2.10 2.16 217 2.18 2.19 2.19 2.20 2.22
(14.8, 15.0] 2.08 0.14 1.60 1.86 2.03 2.08 2.13 2.14 2.15 2.16 2.16 217 2.18
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment
for Next-Generation Satellite Networks”

NTUA LCP Ka-band - Q-band F Scaling, 2-year average
Start Date 1 July 2016
End Date 30" June 2020
Concurrent Data Availability 92.48%
Ka-band Q-band At ion [dB]
attenuation Mean std value Percentile
[dB] value i 10t 20t 30t 40t 50t 60t 70t 8ot 9ot 9oth
(1.0,1.2] 4.13 2.06 0.58 1.32 2.04 2.77 3.45 4.12 4.79 5.39 6.12 6.90 8.61
(1.2,1.4] 4.41 222 0.60 134 2.15 297 3.66 4.43 5.18 5.89 6.54 7.33 8.88
(1.4, 1.6] 5.14 2.39 0.63 1.71 271 3.69 4.45 5.33 6.11 6.75 7.35 8.13 9.93
(1.6,1.8] 5.83 2.40 0.74 2.45 3.65 4.51 5.43 6.10 6.70 7.29 7.82 8.70 11.06
(1.8, 2.0] 6.67 2.57 0.74 3.24 4.51 5.57 6.30 6.97 7.54 8.11 8.80 9.73 11.93
(2.0, 2.2] 7.24 2.77 0.93 3.35 5.12 6.06 7.02 7.59 8.14 8.68 9.52 10.46 13.15
(2.2,2.4] 7.64 3.05 0.85 2.60 5.53 6.42 7.21 7.87 8.55 9.24 10.10 11.28 14.23
(2.4, 2.6] 8.37 3.20 0.98 4.15 5.95 6.91 7.71 8.58 9.38 10.20 10.96 12.11 16.09
(2.6,2.8] 8.87 3.75 1.31 3.05 5.80 6.93 8.05 9.23 9.93 10.92 12.01 13.47 18.24
(2.8,3.0] 9.50 3.87 1.70 4.01 6.30 7.44 8.52 9.76 10.48 11.47 12.48 14.19 19.91
(3.0,3.2] 10.27 4.16 1.88 4.85 6.75 7.80 8.66 10.34 11.36 12.66 14.02 15.51 19.84
(3.2,3.4] 10.75 4.35 2.24 5.31 6.88 7.92 9.18 10.97 11.97 13.20 14.55 16.21 21.07
(3.4, 3.6] 11.54 4.61 271 5.19 6.84 8.45 10.65 12.15 13.22 14.55 15.77 17.08 20.93
(3.6,3.8] 12.16 4.54 2.93 5.88 7.58 9.74 11.55 12.71 13.77 14.99 16.06 17.74 20.99
(3.8,4.0] 12.78 4.83 3.15 5.39 7.71 10.07 12.67 13.95 14.85 15.83 17.08 18.30 21.27
(4.0,4.2] 12.69 5.26 3.57 5.28 6.61 8.90 11.91 13.76 14.94 16.15 17.63 19.39 22.06
(4.2,4.4] 14.31 5.18 3.78 6.59 8.80 11.84 13.89 15.03 16.24 17.56 18.96 20.70 23.48
(4.4,4.6] 14.56 4.68 4.16 8.19 10.05 11.25 13.94 15.01 16.30 17.57 18.77 20.54 23.63
(4.6,4.8] 15.44 4.80 4.47 8.62 10.36 12.86 14.83 16.21 17.40 18.37 19.78 21.10 24.07
(4.8, 5.0] 16.13 4.89 4.55 8.71 10.88 14.54 15.64 16.96 17.88 18.99 20.47 22.07 25.32
(5.0, 5.2] 16.87 4.94 4.90 9.32 11.93 15.26 16.32 17.45 18.82 19.82 21.22 22.76 25.64
(5.2,5.4] 18.73 4.44 9.07 10.88 15.88 17.00 18.12 19.60 20.56 21.30 22.08 24.07 26.48
(5.4, 5.6] 19.47 4.14 10.45 13.00 16.34 17.71 18.71 19.97 20.70 21.55 22.91 25.08 26.81
(5.6, 5.8] 20.58 4.73 10.94 13.08 17.01 18.04 19.41 20.91 21.96 23.59 25.04 27.06 29.01
(5.8, 6.0] 21.02 4.30 11.47 15.01 17.62 18.91 19.98 21.42 22.25 23.00 24.72 26.70 29.14
(6.0, 6.2] 21.05 4.09 11.71 15.80 18.21 18.97 19.96 21.32 21.98 22.99 24.70 26.58 29.32
(6.2, 6.4] 22.22 4.07 11.78 17.40 19.17 20.27 21.70 22.43 23.44 24.15 25.88 27.68 29.65
(6.4, 6.6] 22.41 4.24 11.69 16.17 19.10 21.08 22.40 22.91 23.64 24.21 25.02 28.22 29.99
(6.6, 6.8] 21.89 4.86 11.91 14.16 18.41 19.65 20.50 21.51 22.89 24.59 26.49 28.56 30.41
(6.8, 7.0] 22.55 4.94 11.76 16.42 18.58 19.84 20.90 21.87 23.56 25.12 27.20 29.61 32.34
(7.0,7.2] 23.34 5.39 11.71 14.41 18.67 20.61 22.10 23.62 25.30 26.96 28.79 30.09 32.73
(7.2,7.4] 23.86 5.56 11.86 14.69 19.47 21.14 22.95 24.28 25.83 27.67 29.59 30.64 33.10
(7.4,7.6] 24.75 5.47 11.85 15.58 20.40 22.19 23.70 25.69 27.05 28.48 29.84 31.47 33.23
(7.6,7.8] 25.50 4.99 11.81 18.08 21.82 23.43 24.35 26.04 27.52 29.21 30.00 30.75 33.17
(7.8, 8.0] 26.07 4.82 11.85 20.34 22.35 23.84 24.81 26.35 27.56 29.86 30.64 31.57 33.12
(8.0, 8.2] 26.34 4.73 11.90 20.20 22.82 24.40 25.72 27.33 28.01 29.79 30.48 31.47 33.23
(8.2,8.4] 26.89 5.08 11.90 20.95 22.46 24.67 26.53 28.21 29.82 30.21 31.42 32.80 3331
(8.4, 8.6] 26.76 4.25 13.43 21.45 23.07 24.64 25.85 27.49 28.79 29.80 30.54 31.76 33.22
(8.6, 8.8] 27.37 4.27 17.64 20.79 23.90 25.34 27.36 28.50 29.77 30.28 31.09 31.88 33.37
(8.8,9.0] 27.95 3.95 15.45 22.30 24.45 26.09 27.81 29.09 29.98 30.83 31.64 32.06 33.11
(9.0,9.2] 28.75 4.13 14.07 22.50 25.11 27.72 29.22 29.98 30.82 31.68 32.05 32.82 33.53
(9.2,9.4] 29.54 3.32 19.59 24.20 26.81 29.25 29.73 30.50 31.20 31.84 32.19 32.58 33.53
(9.4,9.6] 29.85 3.21 20.94 24.49 27.27 29.19 29.99 30.99 31.42 32.02 32.48 33.14 33.51
(9.6,9.8] 29.54 3.20 21.47 24.81 25.72 28.77 30.11 30.45 31.54 31.92 32.07 32.56 33.41
(9.8, 10.0] 30.23 3.07 22.42 25.55 26.68 29.59 30.16 31.16 31.88 32.08 32.56 33.51 33.95
(10.0, 10.2] 29.32 3.13 22.83 23.93 26.21 28.23 29.22 30.10 30.53 31.59 32.07 32.80 33.83
(10.2, 10.4] 29.93 2.73 22.14 25.62 28.34 29.12 30.08 30.16 31.04 31.92 32.22 32.75 33.78
(10.4, 10.6] 30.47 2.46 23.09 26.08 29.39 30.14 30.30 30.70 31.70 32.10 32.18 32.85 33.80
(10.6, 10.8] 30.45 2.44 23.54 26.15 29.76 30.13 30.34 30.57 3141 31.91 32.39 33.09 33.86
(10.8,11.0] 30.18 2.66 24.01 25.87 27.26 29.87 30.14 30.37 31.24 31.79 32.42 33.25 33.88
(11.0,11.2] 29.91 2.85 24.13 25.71 26.48 28.28 29.87 30.53 31.24 32.05 32.76 33.34 33.84
(11.2,11.4] 30.02 2.68 24.73 25.75 26.84 28.82 30.37 30.50 31.01 32.06 32.37 33.17 33.87
(11.4,11.6] 29.51 3.03 2434 25.69 26.02 26.99 28.83 30.03 30.63 31.87 32.64 33.45 33.90
(11.6, 11.8] 29.30 3.88 22.21 22.89 24.40 27.23 29.53 30.59 31.83 32.20 32.92 33.23 33.91
(11.8,12.0] 30.76 2.37 26.33 26.82 27.85 30.44 30.64 31.14 31.92 32.12 3291 33.68 33.90
(12.0,12.2] 31.05 2.45 25.36 26.98 28.64 30.49 30.82 31.42 32.14 32.82 33.45 33.77 33.91
(12.2,12.4] 31.04 2.15 25.52 27.57 29.87 30.50 30.62 31.02 31.61 32.22 33.16 33.73 33.92
(12.4,12.6] 31.18 1.93 26.08 28.65 30.30 30.45 30.75 31.00 31.48 32.36 33.23 33.80 34.22
(12.6, 12.8] 31.01 1.90 26.30 28.03 29.62 30.49 30.76 31.19 31.52 31.93 32.92 33.23 33.88
(12.8,13.0] 31.08 1.86 26.88 28.48 29.14 30.31 30.86 31.48 31.76 32.44 32.78 33.15 33.87
(13.0, 13.2] 31.40 1.59 27.57 28.63 29.73 30.72 31.47 31.85 32.32 32.49 32.83 33.07 33.83
(13.2,13.4] 31.50 1.30 27.92 29.99 30.55 30.69 31.26 31.68 32.09 32.36 32.74 32.93 33.83
(13.4,13.6] 31.55 1.35 28.26 29.79 30.51 30.91 31.25 31.69 32.14 32.47 32.86 32.97 33.83
(13.6, 13.8] 31.78 1.35 28.74 29.58 30.60 31.14 31.69 32.03 32.42 32.84 32.89 33.07 33.83
(13.8,14.0] 31.77 1.32 28.96 29.84 30.69 31.04 31.65 31.80 32.33 32.77 33.06 33.08 33.83
(14.0, 14.2] 31.28 1.48 29.10 29.34 29.76 30.28 30.95 31.13 31.70 3231 32.90 33.07 33.83
(14.2,14.4] 31.65 1.33 29.35 29.50 30.98 31.09 31.18 31.66 31.76 32.58 33.04 33.40 33.84
(14.4, 14.6] 32.22 1.17 29.25 31.01 31.21 31.73 31.87 32.19 3291 33.06 33.43 33.47 33.49
(14.6, 14.8] 32.14 1.16 29.64 30.78 31.18 31.76 31.82 32.15 32.72 33.04 33.40 33.46 33.84
(14.8,15.0] 31.97 1.07 29.75 30.16 31.21 31.79 31.88 31.90 31.98 32.83 32.98 33.21 33.77
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Appendix — Statistics in tabular format

NTUA LCP Ka-band - Q-band Scaling, 2-year average
Start Date 1t July 2016
End Date 30" June 2020
Concurrent Data Availability 92.48%
Ka-band Fr Scaling Factor
attenuation Mean Percentile
[dB] valye | Stdvalue 5 10% 207 307 40" 50" 60" 70" 80" 90" 99™
(1.0,1.2] 3.78 1.90 0.53 1.20 1.86 2.54 3.18 3.75 4.38 4.93 5.59 6.31 7.92
(1.2,1.4] 3.41 1.72 0.46 1.04 1.65 2.30 2.82 3.45 4.01 4.53 5.04 5.66 6.85
(1.4, 1.6] 3.43 1.59 0.42 1.15 1.81 2.47 2.98 3.56 4.07 4.51 4.89 5.42 6.54
(1.6,1.8] 3.44 1.41 0.44 1.46 2.14 2.64 3.22 3.60 3.94 4.27 4.62 5.13 6.53
(1.8, 2.0] 3.52 1.35 0.40 171 2.39 2.93 3.33 3.66 3.97 4.26 4.65 5.14 6.41
(2.0,2.2] 3.46 1.32 0.45 1.63 2.46 2.89 3.34 3.64 3.88 4.15 4.52 4.99 6.23
(2.2,2.4] 3.33 1.33 0.37 1.13 243 2.80 3.15 3.43 3.73 4.02 4.39 4.89 6.18
(2.4, 2.6] 3.36 1.28 0.40 1.66 2.37 2.78 3.11 3.45 3.75 4.08 4.40 4.84 6.47
(2.6, 2.8] 3.29 1.39 0.49 1.15 2.16 2.59 3.00 3.42 3.68 4.04 4.44 5.00 6.73
(2.8,3.0] 3.28 1.34 0.60 1.38 2.19 2.56 2.96 3.37 3.63 3.97 4.32 4.88 6.90
(3.0,3.2] 331 1.34 0.61 1.55 2.18 2.54 2.79 3.35 3.67 4.09 4.51 5.00 6.37
(3.2,3.4] 3.26 1.32 0.67 1.59 2.08 241 2.78 334 3.63 4.02 4.41 4.92 6.29
(3.4, 3.6] 3.30 1.32 0.78 1.47 1.95 241 3.04 3.46 3.76 4.14 4.50 4.90 6.03
(3.6,3.8] 3.29 1.23 0.80 1.55 2.07 2.65 3.14 3.42 3.73 4.05 4.32 4.75 5.65
(3.8,4.0] 3.28 1.24 0.81 1.36 1.98 2.61 3.25 3.59 3.81 4.05 4.38 4.68 5.48
(4.0,4.2] 3.10 1.28 0.87 1.29 1.61 2.16 2.88 3.37 3.64 3.93 4.30 4.73 5.40
(4.2,4.4] 3.33 1.20 0.88 1.53 2.04 2.73 3.24 3.50 3.78 4.08 4.42 4.78 5.40
(4.4,4.6] 3.24 1.04 0.93 1.81 2.22 2.49 3.12 3.34 3.62 3.90 4.17 4.57 5.27
(4.6,4.8] 3.29 1.02 0.96 1.82 2.23 2.75 3.17 3.47 3.68 3.91 4.18 4.49 5.14
(4.8, 5.0] 3.30 1.00 0.92 1.78 221 2.96 3.21 3.46 3.65 3.89 4.21 4.50 5.13
(5.0,5.2] 3.31 0.97 0.97 1.84 2.36 2.99 3.20 3.44 3.70 3.88 4.16 4.49 5.01
(5.2,5.4] 3.53 0.84 1.72 2.04 3.02 3.21 3.41 3.71 3.87 4.02 4.18 4.54 5.02
(5.4, 5.6] 3.54 0.76 1.90 2.38 2.96 3.22 3.40 3.63 3.76 3.93 4.17 4.58 4.89
(5.6,5.8] 3.61 0.83 1.92 2.30 2.98 3.17 3.43 3.66 3.83 4.13 4.41 4.71 5.10
(5.8, 6.0] 3.57 0.73 1.95 2.55 2.99 3.22 3.40 3.63 3.78 3.92 4.21 4.50 4.90
(6.0, 6.2] 3.45 0.67 1.92 2.56 2.98 3.10 3.29 3.50 3.60 3.76 4.05 4.37 4.81
(6.2, 6.4] 3.53 0.64 1.86 2.79 3.03 3.22 3.42 3.57 3.71 3.80 4.12 4.38 4.70
(6.4, 6.6] 3.45 0.65 1.79 2.49 2.94 3.24 3.45 3.53 3.63 3.71 3.86 4.33 4.62
(6.6, 6.8] 3.27 0.72 1.78 2.13 2.74 2.95 3.06 3.21 3.43 3.67 3.97 4.26 4.53
(6.8,7.0] 3.27 0.72 1.69 2.39 2.69 2.90 3.03 3.17 3.41 3.65 3.95 4.29 4.69
(7.0,7.2] 3.29 0.76 1.64 2.02 2.62 2.91 3.11 3.33 3.56 3.80 4.05 4.25 4.61
(7.2,7.4] 3.27 0.76 1.62 2.02 2.67 291 3.15 3.32 3.54 3.79 4.05 4.21 4.53
(7.4,7.6] 3.30 0.73 1.58 2.09 2.70 2.96 3.18 3.43 3.60 3.78 3.99 4.19 4.41
(7.6,7.8] 331 0.65 1.54 2.36 2.84 3.04 3.18 3.38 3.60 3.80 3.89 3.98 4.29
(7.8, 8.0] 3.30 0.61 1.51 2.57 2.83 3.02 3.14 3.32 3.48 3.77 3.88 4.00 4.23
(8.0, 8.2] 3.25 0.58 1.47 2.49 2.82 3.03 3.17 3.38 3.45 3.67 3.77 3.88 4.12
(8.2,8.4] 3.24 0.61 1.42 2.51 2.72 297 3.19 3.40 3.57 3.64 3.78 3.96 4.04
(8.4, 8.6] 3.15 0.50 1.58 2.53 271 2.90 3.03 3.21 3.37 3.49 3.60 3.74 3.91
(8.6, 8.8] 3.15 0.49 2.03 2.40 2.75 2.92 3.13 3.28 3.41 3.48 3.58 3.66 3.86
(8.8,9.0] 3.14 0.44 1.74 2.50 2.76 2.94 3.13 3.27 3.37 3.46 3.54 3.60 3.72
(9.0,9.2] 3.16 0.45 1.55 2.48 2.78 3.05 3.20 3.29 3.39 3.49 3.52 3.58 3.69
(9.2,9.4] 3.18 0.36 211 2.59 2.88 3.14 3.20 3.30 3.35 3.43 3.47 3.49 3.60
(9.4,9.6] 3.14 0.34 2.22 2.58 2.86 3.09 3.15 3.27 3.31 3.37 3.42 3.47 3.52
(9.6,9.8] 3.05 0.33 2.23 2.56 2.64 2.96 3.09 3.14 3.25 3.28 3.31 3.36 3.46
(9.8, 10.0] 3.05 0.31 2.27 2.57 2.68 2.98 3.05 3.15 3.22 3.25 3.30 3.39 3.41
(10.0, 10.2] 291 0.31 2.27 2.39 2.59 2.82 291 2.98 3.02 3.12 3.18 3.25 3.36
(10.2, 10.4] 2.90 0.26 2.16 2.49 2.75 2.82 2.90 2.94 3.01 3.09 3.13 3.18 3.28
(10.4, 10.6] 2.90 0.24 2.19 2.50 2.80 2.87 2.89 2.93 3.01 3.06 3.09 3.14 3.23
(10.6, 10.8] 2.85 0.23 2.20 2.44 2.77 2.81 2.83 2.86 2.93 2.98 3.03 3.09 3.17
(10.8, 11.0] 2.77 0.25 221 237 2.50 2.74 2.77 2.79 2.87 2.92 2.98 3.05 3.13
(11.0,11.2] 2.69 0.26 217 2.32 2.39 2.54 2.70 2.74 2.81 2.88 2.95 3.00 3.05
(11.2,11.4] 2.66 0.24 2.19 2.28 2.37 2.55 2.68 2.70 2.74 2.83 2.88 2.94 3.00
(11.4, 11.6] 2.56 0.26 2.10 2.24 2.26 2.36 2.51 2.61 2.67 2.77 2.83 2.90 2.94
(11.6,11.8] 2.50 0.33 1.89 1.95 2.10 234 2.53 2.61 2.71 2.75 2.81 2.85 291
(11.8,12.0] 2.59 0.20 2.22 2.26 2.34 2.55 2.58 2.62 2.68 271 2.77 2.83 2.86
(12.0,12.2] 2.56 0.20 2.09 2.23 2.35 2.51 2.54 2.60 2.65 2.72 2.76 2.79 2.82
(12.2,12.4] 2.52 0.18 2.08 2.24 2.44 2.48 2.50 2.52 2.57 2.63 2.69 2.74 2.77
(12.4,12.6] 2.49 0.15 2.08 2.29 241 2.43 2.45 2.48 2.51 2.58 2.66 2.70 2.73
(12.6,12.8] 2.44 0.15 2.08 2.21 2.33 2.40 2.42 2.45 2.48 2.51 2.59 2.62 2.67
(12.8, 13.0] 241 0.14 2.08 2.20 2.25 2.35 2.39 2.44 2.46 2.52 2.54 2.57 2.63
(13.0,13.2] 2.40 0.12 2.10 2.19 2.27 2.35 2.39 243 2.47 2.48 2.51 2.52 2.58
(13.2,13.4] 2.37 0.10 2.10 2.25 2.29 231 2.35 2.39 241 2.44 2.46 2.48 2.54
(13.4, 13.6] 2.34 0.10 2.09 2.21 2.26 2.29 2.32 2.35 2.39 241 2.43 2.45 251
(13.6,13.8] 2.32 0.10 2.10 217 2.24 2.28 2.32 234 2.37 2.39 2.40 241 2.47
(13.8, 14.0] 2.29 0.10 2.09 2.15 221 2.24 2.27 2.30 2.34 2.36 2.37 2.39 2.44
(14.0, 14.2] 2.22 0.10 2.06 2.09 212 2.15 2.19 221 2.25 2.30 2.33 2.36 2.40
(14.2,14.4] 221 0.09 2.05 2.07 2.16 217 2.18 221 2.23 2.28 231 2.34 2.38
(14.4,14.6] 2.22 0.08 2.01 2.14 2.16 2.18 2.19 2.22 2.26 2.29 2.30 2.32 2.32
(14.6, 14.8] 2.19 0.08 2.01 2.09 212 2.15 217 2.18 2.23 2.25 2.27 2.28 2.30
(14.8, 15.0] 2.15 0.07 1.99 2.02 2.09 2.13 2.14 2.14 2.15 2.20 2.21 2.23 2.27
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Appendix — Statistics in tabular format

NTUA Campus Ku-band - Ka-band Fr Scaling
Start Date 1t July 2017
End Date 30" June 2020
Concurrent Data Availability 94.16 %
Ku-band Ka-band At [dB]
attenuation Mean Percentile
[dB] valye | Stdvalue 5 10% 207 307 40" 50% 60" 70" 80" 90" 99™
(1.0,1.2] 3.97 1.66 1.20 1.98 2.49 2.96 3.46 3.85 4.24 4.68 5.26 6.17 8.85
(1.2,1.4] 4.33 1.71 1.39 2.12 2.68 3.35 3.81 4.30 4.73 5.18 5.71 6.50 8.96
(1.4, 1.6] 4.64 2.01 1.52 2.03 2.56 341 4.05 4.57 5.09 5.64 6.28 7.27 10.00
(1.6,1.8] 5.18 2.50 1.77 2.28 2.53 3.07 4.34 4.99 5.64 6.42 7.43 8.70 11.81
(1.8, 2.0] 5.95 234 2.09 2.88 3.69 4.55 5.16 5.82 6.46 7.09 7.87 9.08 12.31
(2.0,2.2] 6.27 2.53 2.27 3.03 3.86 4.52 5.29 6.23 6.96 7.77 8.43 9.46 12.68
(2.2,2.4] 6.77 2.75 241 3.39 4.04 4.63 5.75 6.82 7.56 8.26 9.01 10.46 13.33
(2.4, 2.6] 7.77 3.23 2.61 3.97 4.70 5.49 6.61 7.60 8.51 9.14 10.27 12.23 17.01
(2.6, 2.8] 7.98 3.02 2.83 4.10 5.06 5.96 6.85 7.87 8.80 9.55 10.50 12.03 14.84
(2.8,3.0] 8.81 3.11 3.16 4.72 5.68 6.68 8.07 8.82 9.71 10.51 11.57 12.91 15.21
(3.0,3.2] 8.91 3.27 3.25 4.85 5.72 6.25 7.88 9.05 9.97 10.72 11.50 13.29 18.01
(3.2,3.4] 9.06 3.44 3.46 4.63 5.49 6.46 7.71 9.30 10.22 11.19 12.18 13.78 16.33
(3.4, 3.6] 10.35 3.14 3.60 6.10 7.37 8.44 9.88 10.79 11.58 12.18 12.71 14.36 16.83
(3.6, 3.8] 10.73 3.75 3.75 5.40 7.42 8.85 9.88 10.64 11.73 12.73 13.59 15.30 20.18
(3.8,4.0] 10.56 4.26 4.08 4.56 6.88 7.94 9.21 10.01 11.19 12.93 14.16 16.17 20.80
(4.0,4.2] 11.62 4.14 4.33 6.32 7.85 9.23 10.35 11.46 12.43 13.45 14.87 17.16 22.98
(4.2,4.4] 11.87 4.33 4.60 6.56 8.28 9.44 10.38 11.05 12.37 13.80 15.15 17.85 24.33
(4.4,4.6] 12.46 4.25 4.83 6.93 8.62 10.10 11.07 12.08 13.19 14.49 15.99 17.90 24.28
(4.6,4.8] 12.83 4.59 4.81 6.90 8.69 10.06 11.30 12.26 13.59 14.91 16.65 19.30 24.34
(4.8, 5.0] 14.28 4.54 5.37 8.49 10.68 11.68 12.25 13.41 15.54 17.08 19.14 20.75 24.09
(5.0,5.2] 14.09 4.69 5.54 7.80 10.57 11.40 12.69 13.33 14.93 16.44 18.39 20.35 25.50
(5.2,5.4] 14.92 5.58 5.84 7.90 10.04 11.25 12.64 13.93 16.34 17.94 19.82 23.63 26.71
(5.4, 5.6] 15.99 5.23 6.26 8.91 11.18 12.93 14.45 15.75 17.70 18.82 19.67 23.60 27.22
(5.6,5.8] 15.90 4.80 6.36 8.98 11.20 13.26 14.78 16.96 17.66 18.47 19.33 21.30 27.51
(5.8, 6.0] 16.95 4.49 7.00 10.91 13.00 14.76 16.99 17.63 18.06 18.85 20.54 22.18 27.91
(6.0, 6.2] 16.35 5.34 6.67 9.18 11.83 13.04 14.54 16.10 17.81 18.75 20.15 22.95 31.63
(6.2, 6.4] 17.22 5.11 6.46 9.47 12.58 14.69 15.91 17.67 18.47 20.33 22.41 24.07 27.88
(6.4, 6.6] 18.79 5.69 6.61 10.36 13.10 15.70 18.38 19.44 20.81 22.81 24.81 25.55 28.56
(6.6, 6.8] 19.03 5.50 8.62 11.35 12.97 15.55 17.22 19.71 20.96 22.70 25.01 25.70 29.23
(6.8,7.0] 19.87 5.48 8.28 11.89 13.68 17.06 19.20 20.34 21.95 24.44 25.52 25.97 29.40
(7.0,7.2] 21.08 5.86 8.15 11.52 14.57 17.60 20.43 23.35 25.63 25.95 26.13 26.57 29.92
(7.2,7.4] 21.00 5.59 8.28 13.10 14.94 17.45 20.31 21.61 25.15 25.62 26.04 26.66 30.75
(7.4,7.6] 19.86 5.44 8.75 12.47 14.56 16.06 18.36 20.66 21.56 23.28 25.71 26.84 31.22
(7.6,7.8] 20.17 5.91 9.13 11.78 14.72 15.65 18.79 20.65 22.36 24.69 26.09 27.71 31.77
(7.8, 8.0] 20.40 5.79 9.57 11.64 15.03 15.67 19.41 20.99 22.74 23.80 25.72 27.52 32.39
(8.0,8.2] 20.57 5.64 9.77 13.11 15.75 17.14 18.14 19.61 22.47 24.74 25.87 27.82 32.14
(8.2,8.4] 20.07 5.91 9.99 12.99 15.02 15.83 17.07 18.87 21.67 23.68 26.08 28.10 33.31
(8.4, 8.6] 20.75 6.24 10.06 12.60 14.93 16.56 18.16 21.09 22.88 24.61 27.41 28.46 33.85
(8.6, 8.8] 21.22 6.05 10.44 12.87 15.19 17.24 18.87 21.88 23.23 25.02 27.74 28.75 32.78
(8.8,9.0] 23.97 5.67 10.98 15.60 18.88 21.51 23.32 24.63 26.78 28.43 28.98 29.50 34.52
(9.0,9.2] 23.60 6.27 11.22 13.49 17.00 20.83 22.68 24.81 27.32 28.33 28.75 30.50 34.22
(9.2,9.4] 23.36 6.65 11.91 14.27 16.82 19.07 20.20 24.42 2591 28.25 30.69 31.61 35.53
(9.4,9.6] 21.28 7.45 10.23 10.52 13.20 15.98 20.16 20.36 23.75 26.32 27.44 31.98 36.43
(9.6,9.8] 22.38 7.83 10.45 11.58 12.97 16.02 20.44 23.04 26.51 28.61 29.68 32.35 37.09
(9.8, 10.0] 23.62 7.68 10.92 12.84 14.50 17.70 21.62 24.80 26.88 29.21 30.26 33.19 38.03
(10.0, 10.2] 25.51 7.87 11.23 14.17 19.67 21.08 22.81 25.63 27.35 30.41 32.88 38.48 38.80
(10.2, 10.4] 23.60 6.70 10.82 13.19 18.53 21.16 21.54 23.18 26.75 28.60 29.67 30.89 38.45
(10.4, 10.6] 24.73 7.03 10.74 13.44 19.79 21.25 23.62 26.74 28.31 30.36 30.72 31.18 38.34
(10.6, 10.8] 26.24 5.50 11.13 19.59 21.75 24.67 27.05 27.71 28.16 28.98 30.68 31.37 36.93
(10.8, 11.0] 24.61 6.73 11.79 13.34 19.07 20.96 24.14 27.43 28.07 29.40 30.11 31.52 36.68
(11.0,11.2] 25.13 5.91 14.17 18.41 19.31 21.13 23.05 26.68 27.68 28.92 31.11 31.98 37.25
(11.2,11.4] 26.60 5.75 14.30 16.24 21.97 24.04 25.76 27.66 28.33 30.63 32.04 32.37 37.27
(11.4,11.6] 25.70 5.90 12.56 16.56 21.73 22.57 24.63 25.82 28.05 29.93 31.20 32.28 37.23
(11.6,11.8] 26.44 6.32 12.59 17.40 21.89 22.77 24.46 27.71 29.02 31.64 32.46 32.69 37.56
(11.8,12.0] 27.62 6.25 13.26 18.59 22.38 23.64 26.34 29.02 31.13 3241 33.77 33.96 37.16
(12.0,12.2] 28.63 5.66 16.21 20.48 22.78 25.30 27.76 30.16 31.40 32.01 33.78 34.80 38.08
(12.2,12.4] 30.57 5.25 18.35 22.57 25.50 27.61 30.78 32.19 33.05 33.53 34.45 37.41 38.28
(12.4,12.6] 27.01 5.78 17.60 20.72 22.15 22.61 23.37 25.87 27.88 31.12 33.32 34.42 38.31
(12.6,12.8] 28.04 5.66 18.26 19.80 22.65 24.87 26.42 28.05 29.48 31.59 34.01 35.53 38.27
(12.8, 13.0] 31.08 4.84 19.31 25.90 27.06 28.94 29.50 30.29 3241 34.43 36.17 36.36 38.24
(13.0,13.2] 31.37 5.01 19.30 26.00 27.32 29.22 30.38 31.18 33.18 34.93 36.06 38.16 38.24
(13.2,13.4] 31.39 5.20 19.20 24.71 27.24 28.31 30.24 32.48 34.13 35.54 36.04 38.13 38.24
(13.4,13.6] 31.59 4.84 19.49 25.16 27.58 29.12 30.97 32.75 34.16 34.70 35.83 36.13 38.22
(13.6,13.8] 31.24 4.49 19.72 26.80 28.02 28.53 29.53 31.60 33.82 34.59 34.86 36.17 38.22
(13.8, 14.0] 31.55 4.86 19.76 22.43 28.60 29.07 31.76 33.57 34.39 34.67 35.30 36.24 38.22
(14.0, 14.2] 33.26 3.77 19.93 29.14 31.14 32.69 33.29 34.56 34.73 35.19 36.14 36.40 38.21
(14.2,14.4] 32.97 4.73 20.75 24.85 27.84 32.39 34.62 34.85 35.78 36.13 36.31 36.45 38.22
(14.4,14.6] 33.19 4.33 20.40 25.63 30.05 32.44 34.69 34.76 34.86 35.16 36.12 38.16 38.21
(14.6, 14.8] 32.49 4.32 20.01 25.10 28.31 32.20 32.75 34.81 34.90 34.93 34.96 36.27 38.25
(14.8, 15.0] 32.05 4.59 20.08 25.03 25.61 31.78 32.83 34.13 34.76 34.85 34.96 36.57 38.25
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NTUA Campus Ku-band - Ka-band Fr Scaling
Start Date 1t July 2017
End Date 30" June 2020
Concurrent Data Availability 94.16 %
Ku-band Fr Scaling Factor
attenuation Mean Percentile
[dB] valye | Stdvalue 5 10% 207 307 40" 50" 60" 70" 80" 90" 99™
(1.0,1.2] 3.65 1.52 1.11 1.81 2.27 2.75 3.16 3.55 3.89 4.28 4.83 5.69 7.96
(1.2,1.4] 3.35 1.33 1.07 1.64 2.07 2.59 2.92 331 3.65 4.01 4.40 5.06 6.86
(1.4, 1.6] 3.10 1.33 1.03 1.34 1.70 231 2.73 3.07 3.39 3.75 4.20 4.80 6.64
(1.6,1.8] 3.06 1.47 1.08 1.37 1.50 1.80 2.57 2.95 3.32 3.81 4.37 5.10 6.93
(1.8, 2.0] 3.14 1.24 1.12 1.51 1.93 2.40 2.72 3.06 3.39 3.73 4.17 4.81 6.44
(2.0,2.2] 2.99 1.21 1.08 1.46 1.83 2.16 2.51 2.97 3.33 3.70 4.01 4.55 6.09
(2.2,2.4] 2.95 1.19 1.06 1.46 1.78 2.03 2.51 2.96 3.32 3.57 3.92 4.54 5.79
(2.4, 2.6] 3.11 1.29 1.05 1.60 1.89 221 2.65 3.04 3.41 3.66 4.10 4.88 6.69
(2.6,2.8] 2.96 1.12 1.06 1.51 1.87 2.20 2.57 2.96 3.27 3.55 3.88 4.45 5.46
(2.8,3.0] 3.04 1.07 1.09 1.61 1.93 2.31 2.76 3.03 3.34 3.61 4.00 4.47 5.23
(3.0,3.2] 2.88 1.06 1.05 1.58 1.83 2.00 2.53 2.90 3.23 3.47 3.72 4.31 5.85
(3.2,3.4] 2.74 1.04 1.05 1.40 1.67 1.96 2.33 2.81 3.07 3.36 3.68 4.18 4.93
(3.4, 3.6] 2.96 0.90 1.03 1.74 212 2.40 2.83 3.08 3.32 3.48 3.64 4.10 4.83
(3.6, 3.8] 2.90 1.01 1.02 1.48 2.00 2.40 2.67 2.88 3.17 3.45 3.70 4.14 5.39
(3.8,4.0] 271 1.09 1.04 1.18 1.76 2.05 2.36 2.57 2.89 3.32 3.63 4.15 5.44
(4.0,4.2] 2.83 1.01 1.06 1.54 1.90 2.25 2.52 2.80 3.05 3.29 3.62 4.18 5.50
(4.2,4.4] 2.77 1.01 1.07 1.52 1.93 221 2.41 2.58 2.90 3.22 3.54 4.13 5.66
(4.4,4.6] 2.77 0.94 1.07 1.54 1.90 2.25 2.47 2.68 2.92 3.24 3.55 4.00 5.35
(4.6,4.8] 2.73 0.97 1.02 1.48 1.86 2.15 2.40 2.61 2.90 3.16 3.53 4.06 5.21
(4.8, 5.0] 291 0.92 1.09 1.73 2.16 2.39 2.51 2.73 3.17 3.48 3.90 4.24 4.92
(5.0,5.2] 2.76 0.92 1.08 1.53 2.07 2.23 2.49 2.62 2.94 3.24 3.60 3.99 5.02
(5.2,5.4] 2.82 1.05 1.11 1.51 1.89 2.13 2.40 2.63 3.09 3.36 3.77 4.50 5.09
(5.4, 5.6] 291 0.95 1.14 1.62 2.03 2.35 2.63 2.87 3.22 341 3.57 4.33 4.92
(5.6,5.8] 2.79 0.84 1.12 1.59 1.96 2.32 2.60 2.94 3.08 3.23 3.39 3.72 4.86
(5.8, 6.0] 2.88 0.76 1.18 1.84 222 2.51 2.87 2.99 3.07 3.18 3.51 3.78 4.76
(6.0, 6.2] 2.68 0.88 1.09 1.50 1.94 2.12 2.38 2.66 2.92 3.06 3.30 3.75 5.17
(6.2, 6.4] 2.73 0.81 1.02 1.50 2.00 2.34 2.53 2.81 2.94 3.22 3.54 3.79 4.41
(6.4, 6.6] 2.89 0.87 1.03 1.60 2.01 241 2.83 2.99 3.21 3.51 3.80 3.91 4.36
(6.6, 6.8] 2.84 0.82 1.29 1.70 1.94 2.31 2.57 2.96 3.13 3.40 3.74 3.85 4.39
(6.8,7.0] 2.88 0.79 1.20 1.72 1.98 2.47 2.78 2.95 3.19 3.55 3.71 3.75 4.24
(7.0,7.2] 2.97 0.82 1.16 1.63 2.06 2.47 2.87 3.28 3.59 3.64 3.70 3.72 4.21
(7.2,7.4] 2.88 0.77 1.14 1.78 2.04 2.40 2.78 2.96 3.44 3.54 3.59 3.67 4.19
(7.4,7.6] 2.65 0.73 1.16 1.65 1.94 2.14 2.44 2.76 2.88 3.09 3.44 3.58 4.16
(7.6,7.8] 2.62 0.77 1.19 1.54 1.91 2.03 2.44 2.69 291 3.19 3.38 3.60 4.13
(7.8, 8.0] 2.58 0.73 1.21 1.47 1.90 1.99 2.46 2.64 2.88 3.01 3.27 3.49 4.11
(8.0, 8.2] 2.54 0.70 1.20 1.62 1.94 2.10 2.25 2.43 2.77 3.04 3.20 3.44 3.99
(8.2,8.4] 2.42 0.71 1.21 1.55 1.81 1.92 2.06 2.28 2.61 2.85 3.14 3.37 4.01
(8.4, 8.6] 2.44 0.73 1.18 1.49 1.75 1.95 2.14 2.47 2.68 2.89 3.23 3.35 3.97
(8.6, 8.8] 2.44 0.69 1.21 1.47 1.76 1.99 217 2.50 2.66 2.87 3.20 3.32 3.78
(8.8,9.0] 2.70 0.64 1.23 1.75 211 2.42 2.63 2.76 3.02 3.20 3.25 3.34 3.88
(9.0,9.2] 2.59 0.69 1.24 1.49 1.87 2.29 2.49 2.73 2.99 3.09 3.17 3.34 3.77
(9.2,9.4] 2.51 0.72 1.28 1.54 1.80 2.06 2.16 2.63 2.78 3.04 3.32 3.40 3.84
(9.4,9.6] 2.24 0.78 1.08 1.10 1.39 1.68 2.12 2.13 2.51 2.77 2.89 3.37 3.84
(9.6,9.8] 2.31 0.81 1.09 1.21 1.33 1.66 2.11 2.37 2.74 2.95 3.07 333 3.83
(9.8, 10.0] 2.39 0.77 1.11 1.30 1.46 1.78 2.19 2.51 2.72 2.94 3.06 3.33 3.82
(10.0, 10.2] 2.53 0.78 1.12 1.41 1.94 2.10 2.26 2.55 2.71 3.01 3.28 3.81 3.86
(10.2, 10.4] 2.29 0.65 1.05 1.29 1.79 2.05 2.10 2.27 2.61 2.77 2.88 3.00 3.73
(10.4, 10.6] 2.36 0.67 1.02 1.29 1.88 2.02 2.25 2.52 2.70 2.88 2.94 2.97 3.64
(10.6, 10.8] 2.45 0.51 1.04 1.84 2.03 2.30 2.54 2.60 2.65 2.72 2.87 2.94 3.45
(10.8, 11.0] 2.26 0.62 1.09 1.22 1.74 1.92 2.23 2.50 2.58 2.69 2.75 2.89 3.38
(11.0,11.2] 2.26 0.53 1.28 1.66 1.74 1.90 2.06 241 2.49 2.61 2.80 2.87 3.36
(11.2, 11.4] 2.36 0.51 1.26 1.44 1.95 2.14 2.28 2.45 2.51 271 2.85 2.87 3.30
(11.4, 11.6] 2.24 0.51 1.10 1.43 1.89 1.96 2.14 2.24 2.43 2.61 2.71 2.80 3.24
(11.6, 11.8] 2.26 0.54 1.08 1.49 1.87 1.95 2.08 2.37 2.49 2.72 2.78 2.79 3.21
(11.8,12.0] 2.32 0.52 1.12 1.56 1.88 1.99 2.22 2.44 2.62 2.72 2.84 2.85 3.12
(12.0,12.2] 2.37 0.47 1.34 1.68 1.88 2.09 2.29 2.50 2.59 2.65 2.79 2.89 3.13
(12.2,12.4] 2.48 0.43 1.49 1.83 2.08 2.26 2.48 2.62 2.68 2.73 2.79 3.05 3.09
(12.4,12.6] 2.16 0.46 1.40 1.67 1.76 1.80 1.87 2.08 2.23 2.48 2.68 2.75 3.08
(12.6,12.8] 2.21 0.45 1.45 1.57 1.79 1.97 2.08 221 2.33 2.49 2.68 2.80 3.03
(12.8, 13.0] 241 0.37 1.50 2.01 211 2.25 2.29 2.33 2.52 2.68 2.81 2.83 2.97
(13.0,13.2] 2.40 0.38 1.48 1.98 2.08 2.22 2.32 2.39 2.53 2.67 2.76 2.90 2.94
(13.2,13.4] 2.36 0.39 1.45 1.86 2.04 2.14 2.28 2.44 2.56 2.67 2.71 2.85 2.88
(13.4, 13.6] 2.34 0.36 1.45 1.86 2.04 2.16 2.30 243 2.53 2.56 2.65 2.68 2.84
(13.6,13.8] 2.28 0.33 1.45 1.96 2.04 2.09 2.15 2.30 2.47 2.51 2.55 2.64 2.80
(13.8, 14.0] 2.27 0.35 1.42 1.62 2.07 2.10 2.29 2.42 2.47 2.50 2.54 2.61 2.75
(14.0, 14.2] 2.36 0.27 1.41 2.07 221 231 2.37 245 2.46 2.49 2.56 2.59 2.72
(14.2,14.4] 2.30 0.33 1.45 1.75 1.95 2.26 2.42 2.44 2.51 2.52 2.53 2.55 2.69
(14.4,14.6] 2.29 0.30 1.41 1.77 2.07 2.24 2.39 2.40 2.40 2.44 2.50 2.62 2.65
(14.6, 14.8] 221 0.30 1.36 1.70 1.93 2.19 2.23 2.36 237 2.38 2.39 2.47 2.60
(14.8, 15.0] 2.15 0.31 1.35 1.68 1.72 2.13 2.20 2.29 2.33 2.34 2.36 2.46 2.57
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A. Z. Papafragkakis, “Design and Implementation of Receivers and Measurement Equipment
for Next-Generation Satellite Networks”

NTUA Campus Ku-band - Q-band Fr Scaling
Start Date 1t July 2017
End Date 30" June 2019
Concurrent Data Availability 93.26 %
Ku-band Q-band Atf ion [dB]
attenuation Mean Percentile
[dB] valye | Stdvalue 5 10% 207 307 40" 50" 60" 70" 80" 90" 99™
(1.0, 1.2] 11.48 6.74 1.18 1.86 4.96 6.92 9.47 11.24 13.23 15.26 17.39 20.35 28.23
(1.2,1.4] 13.93 7.12 1.67 4.21 6.63 9.74 11.45 13.79 16.36 18.31 20.06 23.44 30.38
(1.4, 1.6] 13.71 8.22 2.04 3.80 5.24 6.76 9.93 12.79 15.89 18.97 21.54 25.94 32.02
(1.6,1.8] 15.36 9.15 211 5.20 6.62 7.53 8.78 14.25 18.10 21.11 25.18 29.62 32.22
(1.8, 2.0] 19.18 8.56 3.29 7.74 10.12 13.47 16.67 19.35 21.79 24.77 28.47 31.46 32.52
(2.0,2.2] 19.61 8.68 3.34 7.85 10.87 13.22 16.70 20.03 23.13 26.16 28.93 31.17 32.57
(2.2,2.4] 19.81 9.24 2.59 6.83 10.57 12.58 16.12 20.43 24.24 27.53 30.14 31.83 32.40
(2.4, 2.6] 19.75 9.94 2.69 5.89 9.71 11.72 15.83 20.89 24.70 28.37 30.66 32.05 32.37
(2.6,2.8] 17.56 10.84 2.75 3.52 4.76 9.01 12.71 17.05 21.80 27.35 30.44 32.04 32.43
(2.8,3.0] 22.29 9.40 3.13 8.32 12.28 15.93 20.00 24.96 28.88 30.67 31.98 32.20 32.46
(3.0,3.2] 22.35 9.13 4.97 8.75 11.83 15.87 20.50 23.47 28.08 30.67 32.00 32.19 32.52
(3.2,3.4] 22.52 9.14 5.20 8.16 12.11 17.59 21.45 23.74 28.12 30.67 31.98 32.18 32.47
(3.4, 3.6] 21.35 10.40 4.09 6.24 8.40 12.44 19.90 24.24 29.62 30.99 32.00 32.19 32.54
(3.6, 3.8] 22.77 9.31 3.82 7.15 13.78 17.08 20.40 25.91 29.82 31.17 32.06 32.25 32.55
(3.8,4.0] 23.76 8.09 4.14 12.21 17.08 19.34 20.53 26.28 28.20 31.03 32.04 32.18 32.52
(4.0,4.2] 19.16 10.42 4.44 5.44 7.77 8.27 15.36 20.95 26.03 27.59 31.10 32.14 32.51
(4.2,4.4] 22.60 9.35 4.26 7.75 9.38 17.60 22.02 26.27 27.76 30.83 32.02 32.28 32.52
(4.4,4.6] 26.61 6.94 8.00 15.39 21.25 24.69 27.82 29.55 30.94 32.05 32.19 3231 32.54
(4.6,4.8] 26.16 7.05 5.89 12.87 21.26 24.37 26.17 28.25 30.73 31.95 32.10 32.21 32.54
(4.8, 5.0] 27.97 6.52 5.58 18.73 24.84 26.41 29.95 31.64 32.06 32.17 32.28 32.40 32.55
(5.0,5.2] 26.60 8.45 5.24 10.79 22.59 26.35 28.86 31.30 31.97 32.10 32.29 32.44 32.60
(5.2,5.4] 22.96 9.68 5.39 9.05 10.81 13.42 23.29 27.45 30.57 32.01 32.31 32.49 32.58
(5.4, 5.6] 22.55 9.83 6.71 8.97 10.23 12.02 23.00 26.34 28.78 32.09 32.30 32.46 32.59
(5.6,5.8] 23.31 9.94 7.23 8.11 9.69 14.07 25.29 27.65 30.66 32.18 32.33 32.45 32.63
(5.8, 6.0] 28.34 7.31 8.06 13.03 26.27 27.78 31.96 32.18 32.28 32.32 32.39 32.46 32.68
(6.0, 6.2] 20.23 11.09 6.24 6.62 7.34 8.12 12.54 25.52 27.75 31.15 32.15 32.44 32.61
(6.2, 6.4] 22.98 10.59 6.31 7.91 8.41 12.33 24.57 27.99 31.89 32.20 32.44 32.59 32.65
(6.4, 6.6] 22.22 10.77 6.49 6.89 9.19 10.92 20.24 27.55 31.99 32.21 32.36 32.55 32.60
(6.6, 6.8] 22.73 10.83 6.74 6.94 7.07 11.10 25.10 27.85 32.00 32.24 32.35 3251 32.59
(6.8,7.0] 24.05 10.66 6.87 7.02 7.46 20.75 26.59 31.39 32.15 32.36 32.50 32.54 32.60
(7.0,7.2] 25.44 9.85 7.62 8.10 8.77 24.81 28.77 32.09 32.43 32.50 32.52 32.55 32.62
(7.2,7.4] 27.03 8.84 8.39 9.09 18.97 27.80 31.84 32.14 32.43 32.48 32.54 32.58 32.66
(7.4,7.6] 27.68 7.49 9.66 12.72 23.12 27.71 30.98 31.94 32.06 32.35 32.46 32.52 32.60
(7.6,7.8] 28.68 5.79 9.61 19.70 27.56 28.68 29.01 31.96 32.23 32.35 32.45 32.51 32.59
(7.8, 8.0] 28.78 5.60 10.80 19.66 27.65 28.69 29.20 31.98 32.03 32.29 32.42 32.52 32.59
(8.0, 8.2] 28.53 6.50 9.29 18.12 27.11 28.70 31.91 32.12 32.27 32.41 32.43 32.55 32.60
(8.2,8.4] 28.91 5.97 9.76 19.22 27.64 28.89 31.33 31.95 32.20 32.29 32.45 32.55 32.62
(8.4, 8.6] 29.61 4.70 12.37 23.62 27.70 28.82 31.89 31.98 32.23 32.37 32.44 32.56 32.62
(8.6, 8.8] 30.21 3.72 15.82 24.97 28.03 28.83 31.89 32.18 32.23 32.41 32.47 32.58 32.72
(8.8,9.0] 30.80 3.61 16.02 27.69 28.95 31.95 32.20 32.28 32.39 32.43 32.49 32.60 32.73
(9.0,9.2] 30.11 4.42 16.34 23.53 28.75 30.19 32.29 32.37 32.40 32.41 32.43 32.55 32.74
(9.2,9.4] 30.33 3.28 17.10 26.92 28.42 29.70 30.22 31.92 32.30 32.42 32.55 32.61 32.74
(9.4,9.6] 28.93 4.00 17.37 23.67 24.16 27.56 28.76 30.21 31.99 32.08 32.30 32.51 32.74
(9.6,9.8] 29.36 3.70 17.70 24.23 25.53 27.55 28.84 31.92 32.24 32.26 32.36 32.54 32.74
(9.8, 10.0] 29.86 3.53 17.90 25.57 27.39 28.62 30.57 31.99 32.26 32.33 32.46 32.54 32.73
(10.0, 10.2] 30.60 3.12 18.18 27.26 28.78 30.23 31.94 32.19 32.31 32.47 32.49 32.60 32.98
(10.2, 10.4] 30.37 3.28 18.55 27.08 27.85 28.80 31.36 32.15 3231 32.49 32.51 32.96 33.00
(10.4, 10.6] 30.61 3.00 19.39 26.97 28.41 29.48 32.14 32.17 32.20 32.36 32.49 32.74 32.99
(10.6, 10.8] 30.71 3.35 19.36 27.56 27.70 32.04 32.18 32.23 32.40 32.40 32.45 32.72 32.97
(10.8, 11.0] 29.56 4.00 19.48 22.85 24.87 27.67 31.36 32.20 32.30 3241 32.43 32.46 32.94
(11.0,11.2] 30.61 2.75 21.54 26.48 27.67 29.62 32.01 32.23 32.25 32.40 32.43 3251 3291
(11.2,11.4] 30.57 2.73 20.45 27.56 27.67 28.79 31.79 32.24 32.26 32.30 32.39 32.60 32.89
(11.4,11.6] 30.63 2.73 21.12 27.14 28.55 29.50 31.77 32.16 32.29 32.37 32.50 32.58 32.88
(11.6,11.8] 30.52 2.89 21.80 26.00 27.65 30.51 31.91 32.02 32.25 32.27 32.32 32.43 32.86
(11.8,12.0] 30.48 2.87 22.86 25.82 27.62 29.30 31.92 32.03 32.27 32.36 32.39 32.46 32.86
(12.0,12.2] 30.93 2.59 23.74 27.56 28.71 31.99 32.13 32.30 32.32 32.36 32.41 32.52 32.85
(12.2,12.4] 30.29 2.79 24.54 25.76 27.53 27.57 31.91 32.14 3231 32.37 32.40 32.80 32.92
(12.4,12.6] 31.05 2.49 25.20 27.53 28.73 31.89 32.01 32.18 32.40 32.60 32.96 33.04 33.07
(12.6,12.8] 31.28 1.75 27.54 28.74 28.77 31.91 31.95 32.01 32.23 32.38 32.52 32.55 32.87
(12.8, 13.0] 31.24 1.80 27.56 28.77 28.78 30.22 32.15 32.32 32.37 32.51 32.52 32.54 32.98
(13.0,13.2] 31.67 1.60 27.57 28.79 31.99 32.08 32.28 32.33 32.38 32.50 32.51 32.56 33.12
(13.2,13.4] 31.42 1.85 27.57 27.68 28.80 32.01 32.22 32.33 32.36 32.49 32.51 32.79 33.19
(13.4, 13.6] 31.72 1.59 27.59 28.78 31.99 32.05 32.25 32.34 32.47 32.49 32.55 32.90 33.20
(13.6,13.8] 31.52 1.79 27.59 27.72 29.56 32.05 32.25 32.34 32.46 32.48 32.51 32.67 33.18
(13.8, 14.0] 31.67 1.52 27.62 28.72 31.99 32.02 32.03 32.07 32.28 32.34 32.45 32.56 33.13
(14.0, 14.2] 31.86 1.29 27.70 28.82 32.02 32.05 32.26 32.28 32.30 32.34 32.44 32.55 33.04
(14.2,14.4] 32.01 1.41 27.61 28.82 32.02 32.06 32.30 32.38 32.47 32.93 32.95 32.96 33.00
(14.4,14.6] 31.88 1.41 27.71 28.81 32.02 32.02 32.18 32.36 32.38 32.45 32.84 32.95 33.01
(14.6, 14.8] 31.68 1.70 27.67 28.67 29.85 32.05 32.24 32.44 32.50 32.79 32.87 32.92 33.02
(14.8, 15.0] 31.75 1.67 27.68 28.68 30.96 32.05 32.31 32.47 32.67 32.80 32.84 32.89 33.02
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Appendix — Statistics in tabular format

NTUA Campus Ku-band - Q-band Fr Scaling
Start Date 1t July 2017
End Date 30" June 2019
Concurrent Data Availability 93.26 %
Ku-band Fr Scaling Factor
attenuation Mean Percentile
[dB] valye | Stdvalue g 10% 207 307 40" 50% 60" 70" 80" 90" 99™
(1.0,1.2] 10.54 6.15 1.09 1.73 4.53 6.42 8.71 10.26 12.14 14.04 15.80 18.75 25.76
(1.2,1.4] 10.77 5.51 1.30 3.23 5.18 7.58 8.88 10.75 12.61 14.17 15.65 18.10 23.09
(1.4, 1.6] 9.15 5.46 1.38 2.48 3.48 4.47 6.73 8.61 10.58 12.65 14.37 17.33 20.63
(1.6,1.8] 9.07 5.38 1.27 3.10 3.98 4.47 5.10 8.32 10.65 12.40 14.91 17.39 19.41
(1.8, 2.0] 10.13 4.53 1.77 4.16 5.30 7.07 8.76 10.24 11.53 13.07 15.08 16.47 17.61
(2.0,2.2] 9.36 4.15 1.54 3.68 5.19 6.26 7.90 9.57 11.00 12.51 13.85 14.77 15.97
(2.2,2.4] 8.63 4.01 1.15 3.01 4.56 5.50 7.09 8.92 10.57 11.98 12.96 13.64 14.48
(2.4, 2.6] 7.91 3.99 1.05 2.38 3.83 4.74 6.33 8.37 9.97 11.36 12.25 12.74 13.33
(2.6,2.8] 6.52 4.02 1.04 1.31 1.79 3.40 4.64 6.26 8.10 10.13 11.31 11.76 12.31
(2.8,3.0] 7.69 3.25 1.08 2.96 4.22 5.45 6.82 8.60 10.05 10.56 10.88 11.17 11.44
(3.0,3.2] 7.22 2.96 1.60 2.78 3.85 5.19 6.55 7.67 9.13 9.93 10.22 10.47 10.71
(3.2,3.4] 6.83 2.77 1.58 2.53 3.70 5.40 6.54 7.26 8.49 9.28 9.58 9.79 10.05
(3.4, 3.6] 6.11 2.98 1.16 1.79 2.40 3.50 5.68 6.86 8.39 8.87 9.11 9.27 9.47
(3.6,3.8] 6.16 2.53 1.03 1.93 3.72 4.64 5.48 6.98 8.00 8.47 8.63 8.77 8.97
(3.8,4.0] 6.10 2.07 1.07 3.12 4.42 4.97 5.31 6.68 7.31 7.95 8.16 8.32 8.48
(4.0,4.2] 4.67 2.54 1.10 131 1.90 2.01 3.81 5.13 6.27 6.68 7.62 7.83 8.04
(4.2,4.4] 5.26 217 1.01 1.80 2.19 4.11 5.12 6.10 6.39 7.18 7.40 7.53 7.67
(4.4,4.6] 5.91 1.55 1.77 3.46 4.72 5.47 6.13 6.61 6.89 7.07 7.15 7.24 7.34
(4.6,4.8] 5.57 1.50 1.24 2.75 4.54 5.21 5.54 6.05 6.58 6.73 6.81 6.91 7.00
(4.8, 5.0] 5.71 1.33 1.15 3.84 5.07 5.44 6.13 6.43 6.49 6.56 6.61 6.65 6.73
(5.0,5.2] 5.22 1.66 1.03 2.09 4.43 5.21 5.60 6.15 6.24 6.29 6.33 6.38 6.47
(5.2,5.4] 4.33 1.83 1.02 1.70 2.02 2.54 4.39 5.13 5.74 6.00 6.08 6.15 6.24
(5.4, 5.6] 4.10 1.79 1.23 1.63 1.88 2.20 4.15 4.83 5.18 5.80 5.86 5.93 6.00
(5.6, 5.8] 4.09 1.74 1.26 1.43 1.70 247 4.45 4.82 5.39 5.61 5.65 5.70 5.78
(5.8, 6.0] 4.81 1.25 1.38 2.20 4.46 4.75 5.38 5.43 5.47 5.49 5.52 5.55 5.60
(6.0, 6.2] 3.32 1.82 1.02 1.09 1.20 1.33 2.04 4.18 4.56 5.10 5.26 5.32 5.40
(6.2, 6.4] 3.65 1.68 1.02 1.26 1.33 1.96 3.90 4.47 5.06 5.10 5.13 5.16 5.23
(6.4, 6.6] 3.42 1.66 1.01 1.05 1.39 1.66 3.12 4.24 4.89 4.94 4.97 5.01 5.08
(6.6, 6.8] 3.40 1.62 1.01 1.03 1.06 1.68 3.75 4.17 4.75 4.80 4.83 4.87 4.93
(6.8,7.0] 3.49 1.54 1.01 1.03 1.07 3.01 3.86 4.52 4.65 4.67 4.70 4.73 4.77
(7.0,7.2] 3.58 1.38 1.08 1.14 1.22 3.46 4.05 4.50 4.53 4.55 4.57 4.60 4.64
(7.2,7.4] 3.71 1.21 1.16 1.25 2.60 3.83 4.33 4.40 4.43 4.46 4.49 4.51 4.53
(7.4,7.6] 3.69 1.00 1.30 1.70 3.11 3.73 4.17 4.25 4.28 4.30 4.33 4.37 4.39
(7.6,7.8] 3.72 0.75 1.24 2.55 3.56 3.71 3.80 4.14 4.17 4.19 4.21 4.23 4.27
(7.8, 8.0] 3.64 0.71 1.35 2.48 3.48 3.62 3.71 4.03 4.06 4.08 4.10 4.13 4.16
(8.0,8.2] 3.52 0.80 1.14 2.24 3.32 3.53 3.91 3.95 3.97 3.99 4.01 4.03 4.06
(8.2,8.4] 3.48 0.72 1.18 2.34 3.33 3.47 3.78 3.84 3.87 3.89 3.91 3.93 3.96
(8.4, 8.6] 3.48 0.55 1.46 2.77 3.27 3.37 3.74 3.77 3.78 3.80 3.82 3.84 3.87
(8.6, 8.8] 3.47 0.43 1.82 2.87 3.24 3.33 3.66 3.69 3.71 3.72 3.73 3.75 3.78
(8.8,9.0] 3.46 0.41 1.79 3.11 3.28 3.59 3.61 3.62 3.63 3.65 3.66 3.69 3.70
(9.0,9.2] 331 0.49 1.80 2.60 3.14 3.32 3.53 3.54 3.55 3.56 3.58 3.59 3.61
(9.2,9.4] 3.26 0.35 1.83 2.88 3.07 3.20 3.28 3.44 3.47 3.49 3.50 3.52 3.54
(9.4,9.6] 3.04 0.42 1.82 2.49 2.54 2.89 3.01 3.19 3.35 3.38 3.40 3.43 3.46
(9.6,9.8] 3.03 0.38 1.82 2.52 2.65 2.83 2.97 3.28 331 333 3.34 3.36 3.39
(9.8, 10.0] 3.02 0.35 1.82 2.59 2.76 2.88 3.09 3.23 3.25 3.26 3.28 3.29 3.32
(10.0, 10.2] 3.03 0.31 1.81 2.71 2.83 2.99 3.15 3.18 3.20 3.22 3.23 3.24 3.26
(10.2, 10.4] 2.95 0.32 1.80 2.64 2.70 2.81 3.03 3.12 3.14 3.15 3.17 3.20 3.23
(10.4, 10.6] 2.92 0.29 1.86 2.59 2.72 2.81 3.04 3.06 3.07 3.09 3.10 3.12 3.16
(10.6, 10.8] 2.87 0.31 1.82 2.57 2.61 2.98 3.00 3.01 3.02 3.03 3.05 3.06 3.10
(10.8, 11.0] 2.71 0.37 1.78 2.10 2.27 2.54 2.88 2.95 2.96 2.97 2.98 2.99 3.03
(11.0,11.2] 2.76 0.25 1.94 2.38 2.49 2.69 2.88 2.90 291 2.92 2.93 2.94 2.98
(11.2,11.4] 2.71 0.24 1.81 2.44 2.47 2.55 2.80 2.85 2.86 2.86 2.87 2.88 2.92
(11.4, 11.6] 2.66 0.24 1.84 2.36 2.47 2.56 2.76 2.79 2.81 2.82 2.83 2.84 2.87
(11.6,11.8] 2.61 0.25 1.87 2.23 2.38 2.61 2.72 2.74 2.75 2.76 2.77 2.78 2.82
(11.8,12.0] 2.56 0.24 1.93 2.18 2.32 2.47 2.68 2.69 2.70 271 2.72 2.74 2.78
(12.0,12.2] 2.56 0.21 1.97 2.27 2.36 2.63 2.66 2.67 2.67 2.68 2.68 2.70 2.73
(12.2,12.4] 2.46 0.23 2.01 2.09 2.23 2.25 2.58 2.61 2.62 2.63 2.64 2.65 2.68
(12.4,12.6] 2.48 0.20 2.03 2.20 2.29 2.53 2.56 2.58 2.59 2.61 2.62 2.64 2.66
(12.6,12.8] 2.46 0.14 2.16 2.25 2.27 2.51 2.52 2.53 2.54 2.55 2.56 2.57 2.59
(12.8, 13.0] 2.42 0.14 2.14 2.23 2.24 2.34 2.49 2.49 2.51 2.52 2.53 2.53 2.56
(13.0,13.2] 2.42 0.12 211 2.19 243 2.45 2.46 247 2.48 2.48 2.49 2.50 2.53
(13.2,13.4] 2.36 0.14 2.06 2.09 217 2.40 242 243 243 2.44 2.45 2.46 2.50
(13.4, 13.6] 2.35 0.12 2.04 2.13 2.35 2.38 2.39 2.39 2.40 241 242 243 2.46
(13.6,13.8] 2.30 0.13 2.00 2.03 2.16 234 2.35 2.36 2.36 237 2.38 2.39 2.43
(13.8, 14.0] 2.28 0.11 1.99 2.07 2.29 2.30 231 2.32 2.32 2.33 2.34 2.35 2.39
(14.0, 14.2] 2.26 0.09 1.97 2.05 2.27 2.28 2.28 2.29 2.29 2.30 2.30 2.32 2.35
(14.2,14.4] 2.24 0.10 1.94 2.02 2.23 2.25 2.25 2.27 2.27 2.29 231 2.32 2.32
(14.4,14.6] 2.20 0.10 1.90 1.99 2.21 2.21 2.22 2.22 2.23 2.24 2.26 2.27 2.29
(14.6, 14.8] 2.16 0.12 1.88 1.95 2.04 2.18 2.19 2.20 221 2.23 2.23 2.24 2.25
(14.8, 15.0] 2.13 0.11 1.86 1.93 2.08 2.16 2.17 2.18 2.20 2.20 2.21 2.21 2.22
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