NATIONAL TECHNICAL UNIVERSITY OF ATHENS

SCHOOL OF ELECTRICAL AND COMPUTER
ENGINEERING

DIVISION OF INFORMATION TRANSMISSION AND
MATERIAL TECHNOLOGY

Optimization Algorithms for High Throughput
Wireless and Satellite Networks

Doctoral Thesis

Anargyros J. Roumeliotis
Electrical and Computer Engineer, NTUA

Three-member A. D. Panagopoulos, Professor NTUA (Supervisor)
Advisory Committee: P. Cottis, Professor NTUA
G. Fikioris, Professor NTUA

Athens, January 2022






E®NIKO MET2OBIO IIOAYTEXNEIO
YXOAH HAEKTPOAOT'QON MHXANIKQN
KAI MHXANIKQN YIIOAOT'TETON

TOMEAX XYXTHMATON METAAOXHE [IAHPO®OPIAX
KAI TEXNOAOTTAY YAIKQN

AlyoprOpor BeAtiotomoinong Acupudtoyv Kot
AopvQopIkOV Aikto®v Yyniig PvOpoaroodoong

AIAAKTOPIKH AIATPIBH

Avapyvpog I. Poopeiiotng
Auth. Hiextpordyoc Mny/xog & Mny/ko¢ Yroroyiotov, E.MLIL.

Tppeic AB. A. TTavaydmovrog, Kabnyntg E.ML.IL. (EmPAénwv)
YoppovievTiK IT. Kottc, Kabnyntg E.M.IL.
Emupon: I. duwcudpng, Kadnyntg E.M.IL.

Afnva, lavovdprog 2022






E®NIKO MET2OBIO IIOAYTEXNEIO
YXOAH HAEKTPOAOT'QON MHXANIKQN
KAI MHXANIKQN YIIOAOT'TETON

TOMEAX XYXTHMATON METAAOXHE [IAHPO®OPIAX
KAI TEXNOAOTTAY YAIKQN

AlyoprOpor BeAtiotomoinong Acupudtoyv Kot
Aopo@opk@v AikTo0v Yyning PvOpoaroooonc

AIAAKTOPIKH AIATPIBH

Avapyvpog I. Poopeiiotng
Auth. Hiextpordyoc Mny/xog & Mny/xo¢ Yroroyiotowv, E.MLIL

Tppeing A0. A. TTavayomovrog, KaOnynmg E.MLIL. (EmpAénmv)
XvppovievTikn I1. Kotmg, Kadnyntg E.ML.IL
Empomi: I. duwowpne, Kabnyntg E.MLIL.

EykpiOnke and v entopcif sEetastikng smrpom v 25" Iavovapiov 2022.
| _:
/f \\I"; l‘. 1.

A0. ITavayoémovAiog I1. Kot I. ducuopng
Kabnyntig E.M.IL. Kafnyntg E.M.IL Kafnyntg E.M.IL

2=

X. Kayding H. I'btong I. Povoodxm
Kabnyntig E.M.IL. KaOnyntg E.M.IL. Emwk. KaOnynpio E.MLIT.

|

u

2. ZoPPaiong
Kadnyntig [Tav. Avtikig Attikng

Afnva, lavovdprog 2022



Po\*\sj\\;’bo A :

Avapyvpog L. Povpehdtng
Awdxtop Hiektpordyog Mnyoavikog kot Mnyovikog Ymoroyiotov E.M.IT.

Copyright © Avapyvpog 1. Povpghiod g, 2022.
Mg em@Oraln mwavtog dikaropartos. All rights reserved.

Amayopevetal  avTypaen, omofnkKevon Kot S10VOuUN TNG mopovcos £PYNciag, €&
OAOKANPOV 1 TUMUOTOG OVTNG, Yo €UmMOPKO okomd. Emrpémeton M avatvmmon,
amofnKevon Kot SvoUn Yol GKOTO WU KEPOOGKOTIKO, EKTAIOEVTIKNG 1 EPEVVITIKNG
@OOoMNG, VIO TNV TPOLTOOESN VAL OVaPEPETOAL 1 TNYT TPOEAELONG KOl VO dtaTtnpeiTat TO
napov unvopa. Epotiuato mov apopodv 6tn xpnon e £pYaciag Yo, KEPOOGKOTIKO
OKOTO TIPEMEL VoL OTELOVVOVTAL GTOV GLYYPAPEQL.

Ot amdyeLg KO TO GUUTEPAGLOLTA TTOV TEPLEYOVTOL GE OVTO TO EYYPOPO EKPPALOVV TOV
ovyypapéa Kot 0ev Tpémetl vo, OempnBel 6TL avtimposmrevovy TIC enionues BEGEIS TOV
EBvucod Metadprov IToivteyveiov.

In reference to IEEE copyrighted material which is used with permission in this
thesis, the IEEE does not endorse any of the NTUA’s products or services. Internal or
personal use of this material is permitted. If interested in reprinting/republishing IEEE
copyrighted material for advertising or promotional purposes or for creating new
collective ~ works for  resale or  redistribution,  please  go to
http://www.ieee.org/publications _standards/publications/rights/rights _link.html to
learn how to obtain a License from RightsLink. If applicable, University Microfilms
and/or ProQuest Library, or the Archives of Canada may supply single copies of the
dissertation.



«Amno neioua kot tpéda Yo {w os ToUTN TH YWwpA
woTov va ‘Bpw vepo, ylati avikw e6w. »
(Ztixot ano «To KopaBLo Lou kotiw»)

— Nikog lMoptokadoyAou






NepiAnyin

H tepdotia avénon twv OMALTCEWV TWV XPNOTWV ACUPHATWY SIKTUWV ylo TTOAU UPnAEg
Toxutnteg SeSopévwy €UPLIWVIKWY UTINPECLWY amOTEAEL KOO TOmo. EMutAéov, umapxel n
avaykn va evioxuBel n amodoon Twv SKTUWV UTIOOTHPLENG 0cov adopd tnv Slatripnon tng
XWPNTIKOTNTACG TOUG OE TEPUTTWOELG TMLBaviAg ouudopnong N mavong Asttoupyioag tng (evéng
gmkowvwviag. AapBavovtag emiong umoyn OTL £vag amo Toug KUPLOUG OTOXOUG OTa aclpuato
Slktua méuntng yeviag (5G) elval n wavomoinon tTwv vPnAwv TAXUTATWY TWV XPNOTWV, Td
Sopudopika SikTuo AMOTEAOUV QVATIOOTIOOTO HMEPOC AUTOU TOU OLKTUOU. JUYKEKPLUEVA, Ta
Sopudopika cuotuata uPnAng pubuoanddoong (High Throughput Satellites, HTS) amoteAouv
aflomotn AUon ouvdeoloTnNTAG Kol €mkowvwviag. Mmopouv va mopéxouv eite KateuBeiav
TNAETUKOWWVLAKEG UTINPECIEG OE OYPOTLKEG KOl OTTOMOVWLEVEG TIEPLOXEG OTIOU Ta ETiyeLla SikTua
eVOEXOUEVWE VO £XOUV TIEPLOPLOUEVN CUVEECLUOTNTA R TNV UTIOOTAPLEN EMiyElwV UTTOSOUWY OF
Siktua 5G, w¢ «omicBua» Tevén (backhaul) yw T yevikotepn amocupdopnon TG
TNAETUKOWWVLIKAG Kivnong. Mevika, Ta cuotripata HTS, mou otoxelouv oTnv mapoyn TaxutnTog
amno ekatovtadeg Gb/s £éwg Th/s, mapéxouv Tnv enikowvwvia Twv Sopudoplkwy MUAWY (gateway,
GW) ue toug xpnoteg (user equipment, UE) péow tou Sopudopou. OL Leuelg petatu GW kat
Sopudopou ovopalovrtal Levéelg tpododoaiag (feeder links) kot xpnowpomnotolv TG uPnAdTEPEG
RF ouyvdtnteg, 6mwg ol {wveg Q/V 7 W, svw XaunAotepeg ouxvotnteg, onwe n Ka fwvn,
XPNOLUOTIoloUVTaL ylo TNV erukowwvia dopudopou kat UE, mou ovopdletal {evén xpnotn
(katepxouevn Levlén).

H mapouoa gpyacia emKeVIpWVETAL 0TO oXeSL00Ud amodotikwy alyopiBuwy BeAtiotomnoinong
yla TV Kat@AAnAn olvdeon petafl twv GWSs kat twv UEs oe dopudopikd cuotipata uPnAng
puBuoamnodoong, Aappavoviag unodn TG mpoodepOUeVeC Kal {NTOUUEVEG XWPNTIKOTNTES TOUC,
ovtiotolya Kal TG atpoodalplkég ouvOnkeg petadoonc. Mpwtov, AapBavovtag untdyn otL Kabe
GW mpoodépel tnv idla ywpntikotnta otoug UEs, divovtag éudaon otig {evéelg tpododoaoiag,
TPOTEIVETOL £va Taiplacpa pHetal toug edpappodlovrag tov alyoplBuo Gale—Shapley (GS) yia thv
gl\aylotonoinon Twv anMWAEWWV Tou ouothuatog. Autog PBplokel pla euotabrp Avon tou
«mpoBAiuartog talpldopotog culuywv» (marriage matching problem) og moAuwvupLkd xpovo.
3TN oUVEéXeLa, oTo (610 oevapLo, amodelkvUETAL OTL TO BEATLOTO Taplacpa Umopel va emtteuyBetl
UE évav alyoplOpo pe xapunAotepn moAumAokotnta, Bactopévo otn Bewpla Twv mvakwv Monge.
T£Nog n cuykekpLpévn Bewpla epapuoletal Kol o€ AANEC YWWOTEC UETPLKEG emiboong. EmutAgoy,
TapoucLalovtol EKTETAUEVA aplOuntikd amoteAéopata o Slddopa umobetikd Sopudopkd
Siktua.

AkOUOQ, HeheTaTal n Teplimtwon Omou SLadoPETIKES XWPNTIKOTNTEG MpoadEpovTal anod kabe GW
oe k@Os UE kol mopouctdletatl pia PeAtiotn peBodog avtiotoiytong Baocsl tou Ouyyplkol
oAyopiBuou, mou AUvel TO TMPOPANUA €KXWPNONG OE TOAUWVUUIKO Xpovo. e OAa Ta
npoavadpepBévta oevapla, ot GWs pmopouv va efumnpeticouv €vav f meplocotepouc UEs
TOUTOXPOVA, KOTAANYOVTAG OTOV OXNUATIONO {euywv €va-Tipoc-éva (one-to-one, 020) Kal éva-
npo¢-moAAd (one-to-many, 02M), avtiotowa. QOTO00, 0TI MEPUTTWOELS Tou O2M 0 aplBuog Twv
UE mou e€umnpetolvrtal givat tpokaOopLlopévod.

TéNog, xwpig Tt Xprnon mpokaboplopeEvou aplBUoy TOUTOXPOVO. EEUTTNPETOUUEVWY XPNOTWY,
napouatalovrol untoféAtiota 02M TaPLACUOTA XPNOLLOTOLWVTACS pLa eUpeTikh Stadikacio Svo



otadiwy, yla TNV emilucn mPoPANUATWY CXETIKWY UE TO £Minedo Kavomoinong, SUCAPECKELAG
KOL aVTLOTOLXLONG XWPENTLIKOTATWY VIOOTHG TAENG (BeTIKO Kal aKEPALO V) TwV XPNOTwv. ApXLKA
«xoAapwvovtag» To MPOBANUA Tapldopatog AUVOUE €va GUVEXEC TIPOPBANUA XPNOLLOTIOLWVTAG
npoosyyloelc amd T Bewpila KAACUATIKOU TIPOYPOUUATIOHOU KoL TN SLadoxikn Kupth
BeAtwotonoinon (sequential convex optimization, SCO). Itn ouvéxela n ouvexng Avon
METOTPETETAL O€ SLOKPLTN KO ETOL KATOARYOUE O€ Lo LKTA AUCN TOU apXLKOU TIPOBARLATOC.

Négerg Khewdua— aoUppata Siktua, Sopudoplkeg ntkowvwvieg, Sopudopikd cuotnuata UPnAng
puBuoamnddoong, koatavoun TOpwv, PeAtiotonoinon, 6Swadoxiky kuptr BeAtiotomoinon,
KAQOULOTIKOG TIPOYPOUUATIONOG, aAyoplBuog Gale-Shapley, mpoBAnua tatplacpatog culuywy,
Monge mtivakeg, Ouyyplkog ahyoplBuoc, Taiplacpa mUAng Sladiktuou Kal xpnotn.



Abstract

The huge increase in the demands of wireless users for very high data rate broadband services is
a common realization. In addition, there is need to boost the performance of mobile backhaul
networks in terms of capacity and resilience against link failure or congestion. Considering also
that one of the main targets in fifth generation (5G) wireless networks is the satisfaction of high
traffic demand of users, the satellite networks play a vital role on this. Specifically, High
Throughput Satellite (HTS) systems are rendered as a reliable part toward this direction mainly
providing communication services in rural and remote areas where the terrestrial networks have
limited connectivity and also through the support of terrestrial infrastructure of 5G networks for
backhauling and traffic offload. Generally, HTS systems, targeting to provide speed from
hundreds of Gb/s to Th/s, contain the communication of gateways (GWSs) and user equipment
(UE) beams through the satellite. The links between the GWs and the satellite are called feeder
links and are using higher RF frequencies, such as the Q/V or W bands. Lower frequencies, such
as the Ka band, are exploited for the links between the satellites and the UE beam, called user
links (downlinks).

This dissertation focuses on the design of effective optimization schemes for the appropriate
pairing in HTS systems among GWs and UEs, considering their offered and requested capacities
respectively and the atmospheric transmission conditions. Firstly, considering that each GW
offers the same capacity to UEs, focusing on the feeder links, an allocation scheme is proposed
applying the Gale—Shapley (GS) algorithm for minimizing the system’s losses. This algorithm finds
a stable solution of the marriage matching problem in polynomial time. Afterwards, under the
same scenario, it is proven that the optimal allocation can be achieved by an algorithm with
lower complexity, based on the theory of Monge arrays. This theory is also applied to other
known performance metrics. Moreover, extended numerical results for various hypothetical
scenarios are presented.

Furthermore, we study the case where different capacities are offered by each GW to every UE
and an optimal matching scheme is presented based on Hungarian algorithm, that solves the
assignment problem in polynomial time. In all the aforementioned scenarios, GWs can serve one
or more UEs simultaneously, resulting in one-to-one (020) and one-to-many (O2M) pairings,
respectively. However, in 02M cases the number of served UEs is predetermined.

Finally, without predetermining the simultaneous served UEs, we show suboptimal O2M
allocation schemes using a two-step heuristic approach in problems related with the satisfaction,
dissatisfaction ratios and n" (positive, integer) order rate matching of UEs. Firstly, solving a
relaxed continuous allocation problem, we apply approximations from fractional programming
and the sequential convex optimization (SCO) and then the continuous to discrete conversion of
pairing solution is made, resulting in a feasible solution for the initial problem.

Index Terms— wireless networks, satellite communications, high-throughput satellite systems,
resource allocation, optimization, sequential convex optimization, fractional programming, Gale-
Shapley Algorithm, marriage matching problem, Monge arrays, Hungarian algorithm, gateway—
user pairing






Euxaplotieg

Me tnv ohokAnpwon pwog OSidaktoplkng Slatplpng, olyoupa TAEOV oL TIPOKANCELG TIOU
OVOKUTITOUV OTNV EMAYYEALATLKN KOL TIPOCWTIKY KABNUEPLVOTNTA aVTLLETWII{ovTaL pe AAov
tpomno. H eninovn dwadikacia mepdtwong tng SI6AoKEL MWG N HeBOSIKOTNTA, N EMLUOVH Kol
duolkd n okAnpn mpoomdBela TeEAKA avtapeiBovtal. EmumAéov To aiocBnua xapdg Kot
avakoudlong £pxetal Kal KOAUTITEL TG Buole¢ OAwvV aUTWV Twv XpoOvwv, 6oov adopd TNV
amouoia and Sladopeg MPOCWTIKEG OTLYUEG amoAauonc. TEAOG, To KATWOL Kelpevo amoteAel pla
e\ayiotn ékdpacn gvyVwHooUVNG TIPOC OAO TA TPOCWTTA TTOU NTOV apwyol otnv oAokAnpwaon
™Gg SLaTPLBRG Hou.

Apxikd, Ba nBela va ekPpAcw TG EyKAPSLEG EUXAPLOTIEG poU oTov eTUPBAEMOVTA KABNYNTH TNG
napouoag SI8aKTopIlkAG SlatplPng, tov KUplo ABavacto A. Mavayomoulo. O k. MavayonouAog
pou €dwoe mAnpn eheuBepia KwAoswv ota TAALOLO TNG €PEUVOC, WOTE Vo eMAEEW €va
EPELVNTIKO eSO IOV TIPAYMATIKA MoU apécel. EMUMAEoV NTav Mapwyv 0€ OAEG TLG TIEPUTTWOELG
TIOU Tov xpeldotnko oulntwvtag oav ¢ilol kat mpoomabwvtag va Bpolue Alvon oOTLG
avakUTTouoeg SUOKOALEG. ToV EUXAPLOTW YLa OAEG EKEIVEG TIG OTLYUEG TIOU Tou e€€dpala Toug
TPOBANUATIOHOUC HOU Kol pe evOappuve pe Tov SIKO TOu HOVOSIKO TPOMO VA CUVEXIOW TNV
npoorndbeta pou. Eniong eipat euyvwpwv yla tnv duvatotnTa ToU LoU TapeiXe va OAOKANPWOowW
mapAaAnAa peTamtuxlakeg onoubeg oto Olkovoukd MNavemotiuio ABnvwy. 2to pUuaAo pou Ba
elval mavrta o «ayaBog yiyavtag», KabBwg €XEL OMAVIO XAPAKTAPA EKTOG amO TNV €upUTATN
ETUOTNMOVIKI KATAPTLON.

Ytn ouvéxela Oa Bela va SNAWoW TWE (MOl EVYVWHWY ATIEVAVTL O0TA HEAN TNG EEETAOTIKAG
ETUTPOTNG MOV, TOUG Kabnyntég E.M.M. k.k. M. Kwttn, I Owwwpn, X. KapdAn, H. A0ton, tnv
emnikoupn kaBOnyntpla E.M.M. ka. I. Pouaadkn kat tov kadnyntA Mav. Aut. ATtkAg K. 2. ZapPaidn
yla To Xpovo mou adlépwaoav Kal tn Bonbeld toug otn BeAtiwon tng Swatpprc. EmumAéov
guyoplotw tov Edikd Aoyoaplaocud Kovbuliwv Epeuvag (E.AK.E.) E.M.M. ywa Tt XPNUOTIKA
UTIOOTNPLEN TNG EPEUVAG OV Katd ta €Tn 2017-2020.

ErunpooBeta, Oa Bea vo EUXOPLOTHOW KATA XPOVOAOYIKN OELPA CUVEPYACLOC HOC Thv Apa. 3T.
Baoodkn kat tov Apa. M. MouAdkn yLa TV MOAUTIUN UTTOOTHPLEN TOUG OTA MPWTA KEPEUVNTIKAY
BApata pou kot to SlapkEG evdladEpov TOUG yla TV Tpoodo pou. EmutAéov tov Apa. Jt.
ZayKkplwTth, o omnolog e Borbnoe 16o0 akadnuaikd, 6co Kol o€ GIAKO eMineSo Ue TIC TOAVWPEG
oulntnoelg oto ypadeio tou. Emiong onuavtikn NTav Kal Mapapével, TOoo akadnuaikd, 0co Kat
dka, n otpEn tou Apa. Xapihaou Koupoylwpya. STOUG CUYKEKPLUEVOUC CUVEPYATEG odeilw
MEYAAO TOOOOTO TNG emituXoUG oAokAnpwong tng mapoloag dlatplprng kat Ba Toug elpatl
EUYVWHWV YL TTAvTA.

TN OuvéXela EMBUUW Vva EUXOPLOTACW TOUG UTIOAOLTIOUC OUVEPYATEG Kal ¢iloug mou
ocuvuTtipEape, ALlYyOTEPO 1| TEPLOOOTEPO, OTLC (OLEC eyKATAOTAOELC Twv MNMoAawwv Ktiplwv tng
H.M.M.Y. E.M.T. KOl LOLPOCTAKAUE OPOPPEC OTIYUEG KAL TILO OUYKEPLUEVA, Toug Apa. N. AUpa,
Apa. Xp. Edpaiy, ©. Kayn, Apa. Avt. Tkoton, Niko @tuAwtakn, Apa. I Mroadn, A.
Mamavikohdou, Apa. N. Mwpditn, Apa. |. Popescu, Apa. AB. Mapouon, AN. Poydapn kat O.
Poyapn. Emiong, n ouvimapén pou pe tov Apa. Am. Mamodpoaykdkn TOAEC XELUEPLVEG KoL
Kohokalpvég Ppadlec kat TappatokUpiako Oa peivel avefitnAn otn pvAun pou, Kobwg



epyalopootav o kabévog yla tnv €peuva tou. EmutAéov, Ba nbBeha va guxoploTiow TNV
gpeuvntpla EMIZEY Apa. PoSouAa Makpn kot toug kupioug N. Mmouln kat M. KeAéda yia tnv
ETIOLKOSOUNTLKA CUVEPYATLA [LAG.

210 onueio auto Ba nBeAa vo ekPPACW TLC EUXAPLOTIEG LOU OE TIPOCWIIA TNG TIPOCWTTIKIG LOU
{wng, oL omoiol mAvta ATav SimAa pou TOPEXOVIAG HOU CUMPBOUAEG Kol TOAUTLUN oThPLEN
avidloteAwg, omote to {nTovoa, o’ auth TV nepiodo tng {wnG Hou. JUYKEKPLUEVA oL EuBuung,
Xpiotog, ANEEavdpog, Mavvng kat n Bayla sivat oL avBpwrol ou €xouv oeBaotel tTnv amouvoia
pou, Aoyw ¢optou epyaciog, amd Sladope; MPOCWTILKEG OTIYUEG Hag Puyoywyilag Kal Toug
EUXAPLOTW YLOL QUTO.

OMAokAnpwvovtag BéAw va ekdpdow Pabld suyvwpoolvn otoug¢ SUO TIO CNUAVILKOUG
avBpwroug TG (WAC Hou, Toug yoveic pou lwavvn Poupeliwtn kot BaotAkn Mkpouton.
AmoteAoUV TOUG MUAWVEG HOoU Ot KABe emihoyn, TMOpPEXOVTAG AVISLOTEAN ayArmn Kol ormoAuTh
gUmLoTOoUVN. MAALOTO 0T CUVEXN KOl aywviwdn TMPooTmaBeld pou yla eniteuén VEwvV oTOXWV
OTEKOVTAL E TIPAOTNTA OTO TAGL LLOU UTTOUEVOVTOG T AyXN KO TTAPEXOVTAC XPrOLUES CUUPBOUAEC
OTOUG TIPOBANUATIOUOUG HoU. TOUG EUXAPLOTW YLo TN LOpdwaon Kot Gpuotkd Tov TToAUTLUO TTAOUTO
TwV afLwv KoL Tou NBoUG TToU HoU €X0UV MAPACXEL Kal cuvexi{ouv va mapéxouv otnv Kobnuepvn
ocuvavaotpodrn pag. Toug umooxoual Twe 6 Ba mopafLdow TOTE TIG APXEC TTOU OU €XOUV
S16agel. EueAruotw va elval unepridavol Pe TIG PEXPL TWPA TIPOOTIABELEG Mou Kal va Bpw Tov
TPOTO, £0TW KOL UEPLKWG, KATMOLO OTLYUr, VO TOUC OVTAMOSWow TNV OAUEPLOTN UALKH Kol
Yuxohoyikr oTAPLEN OAWV AUTWV TWV XPOVWV. Toug ayarmw oAU Kol TOUG EUXOPLOTW YLOL OAQL.

Avapyupoc |. Poupehwtng

ABnva, lavoudplog 2022
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Chapter 1

Extended Greek Summary-Ektetapévn
MeptAnyn

1.1 Elcaywyn

Jto Kedalaio (Chapter) 2 tng mapoloag AloTplPri¢ mMOPOUCLAleTal Hlot €L0Qywyr] ToU
nephappavel: a) tnv TPEXOoUCA KatAotacn ot SopudoplkEC EmIKOWwvieg 6oov adopd T
ouv8eon toug pe ta Siktua 5™ yevidg (5G), pia cUvtopn avadopd ot 50pudopLKEG OMTIKEG
ETKOWVWVIEG Kal oto Bfpata aodalsiog twv emkowwviwy, B) tnv mapdbeson Stadpopwv
ETUOTNMOVIKWY UEAETWV Ttou €xouv Sle€ayBel maykoouiwg wg mpog tn dlaxeiplon mopwv ota
Sopudopika SikTua Kal TNV TAPOUGCIaoN KATOWWY TOPASEYUATWY OXETIKA HE TNV TPEXOUOQ
XPNon TNG TEXVNTNG VONUOOUVNG OTOV OUYKEKPLUEVO TOMEQR Kal y) Mo Teplypadn g
S1apBpwong g StatpLpng.

Ocov adopd TG TACELG OTNV eKUeTAMeuon Ttwv Sopudoplkwyv Eerkowvwviwy (Satellite
Communications, SatComs), autég oxetilovtal Kupiwg Me TNV TOPOXN €EUPUTWVLKAC
ouvbeootnTag Twv S0pudoplkwV SIKTUWV AELTOUPYWVTOC Ta TEAEUTAlA POVA TOUG N OF
ouvbLOOUO Ue Ta emtiyela diktua. MAALoTa KOTA TNV EVOWUATWOT) Toug ota 5G diktua n Bacikn
UTIOOTAPLEN TTOU TIOPEXOLYV, OTtWC mapouoilaletal oto IxAua (Figure) 1, oxetiletal [Kodheli21]: a)
Ylo TIG QLOTLKEG TIEPLOXEG UE T ouvdeouotnta loT cuokevwv (Aladiktuo Twv Mpayudtwy), T
napoxn levénc umootnpitng (backhaul) oe otaBepd Siktua, tnv gupuekmopmn Snuodholg
TIEPLEXOUEVOU KL TTIOAUUECWY, TN CUVOECIUOTNTA UETOEU oxnUATwV Kal T dlaxeiplon kwduvou,
B) yla TIG aypOTIKEC TEPLOXEC UE TN (V€N uTtooTAPLENG, tnv ameuBeiag cuvSeoipudTnTa KoL TNV
mapakoAolONon Kal y) yla TG AMOUOKPUOUEVEG TIEPLOXEG UE TO OAAACCLO TOMED Kal T cUvdeon
M2M (UnXovnA-TPoG-pnxavr), TV evaépla €upulWVIKOTNTA Kol TNV Tapox) aodAAelag ot
TIEPUTTWOELG EKTAKTNG OVAYKNG.

ErutAéov, kabwg avamtioostal n texvoloyia, SladopeTikd CUOTAMATA EMLKOWVWVIAG OF
OPXLTEKTOVIKEG TOAAQTAWY emumédwy, Onwe ¢aivetat oto Ixnua (Figure) 2, umopolv va
ocuvbuaoTouv yla va eyyunBoulv untnpecieg uPnAng taxlTnTag SeSoUEVWY, OMWG Ot €EALPETIKA
TIUKVEG TEPLOXEC. Autd ta Siktua mepllapBavouv Sopudopoucg, Sopudopouc xapnAng/moll
XapnAng tpoxlag (very low earth orbit, VLEO), mAatdpopueg peydhou upopétpou (high altitude
platforms, HAPs) kat mAatpopueg xapnAot vpopétpou (low altitude platforms, LAPs) onwg ta
pun enavépwpéva evaépla cuotnuota (unmanned aerial vehicles, UAV). Ta avrtiotowa
v opETPLKA VPN TOUG elvat 100 £wg 450 km yia toug VLEO, 15 €wg 25 km yia ta HAPs kat €wg 4
km yia ta LAPs [Kodheli21].

Emtiong €xeL avamtuyxBel n évvola tou «Néou Alaotripatog» (“New Space”) [Kodheli21] mou dgv
ovadEPETAL OE ULO CUYKEKPLUEVN Texvoloyia, aAAd OE pLa YeVIKOTEPN vooTporia kal Baciletal
o€ TPELG KUpleg MTuxEC: 1) tnv bwwtkomoinon tou SlaotUOTog, 2) TN Ouikpuvon Twv
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Sopudopwv kat 3) TI¢ véeg untnpeoieg Paclopéveg og Slaotnuika dedopéva. H 8wrtikomoinon
avadEPETAL OTNV KATAOKEUN KoL €OKA oTnV £KTOfguon SopudOpwV amod LOLWTIKEG ETALPELEG,
OmMw¢ n SpaceX, oe avtiBeon pe TNV mMapadocLOKA POCEYYLON TIOU TNV eKTOEEUGN avaAdpupavay
Stadopot opyaviouol. MapdAAnAa n ouikpuvon Twv Sopudopwv Kat Twv €EAPTNUATWY ETLTPETEL
v eUKoAn mpocPaocn oto Sidotnuo pe ToAAamAoU¢ cuvduaopols kUBo/uikpo/vavo-
Sopudopwv oe évav ektofeuth. EToL oL SUO MPWTEG MTUXEG €xouv odnynoeL otnv TeAeutala,
ETUTPETOVTAG YPNYOPN KAl OXETIKA $ONv mpooBoaocn oto SLAoTnUA Kol HULKPOTEPOUCG KUKAOUG
TIOPOYWYNG, TIOU ETUTPENMOUV TNV TAXUTEPN ELOOYWYH TNG KOLWOTOMIOG. IXETIKA HE TIG
gTIKOWVWVieg, To “New Space” €xel SnULOUPYNOEL VEEC uKalpleg otn ouAloyn dedopévwy Kot
TOAMEG eTalpeiec avraywvilovtal ylo va £eKvrioouv pla PLWOLLN EUTIOPLKN UTINPECLA Kot
otnpllovtal og XaunA£G TPOXLEG, TTOU SNULOUPYOUV TIPOKANCELG 0T GUAAOYH TwV dedopévwy yila
enefepyaoia oto €6adoc. Qotoco, unnpeoieg mou Pacilovtal oe TexvoAoyila «olvvedou»
(cloud), 6mwg n Amazon Web Services, €gouv avarmtiéel diktua emiyelwv otaOuwyv mou umopet
va glval og kowr Xxprnon Hetal Twv Sladopwv OXNUOTIOMWY, TTapEXovTag mapAAAnAa eUKoAn
npocPacon oe urtohoylotég LPNANG amodoaong yla TNy enefepyacia Twv SeSouEvwv.

Me tnv texvoloyia cloud oL evladepoduevol ehdteg Ba €xouv mpdofaon o autod, Xwpig va
Xpelalovtal pakponpoBeoun enévéucon o€ MPOCWTILKN utodoun emiyelov oTtabpol, LELWVOVTAG
TO KOOTOG anooToAnG SeSopévwy amod to Staotnua otn M, aAAd Kal LELWVOVTAG ONUAVTLIKA TNV
kaBuotépnon npocPaong ota dedopéva.

ErunpooBeta onuavtikn elvat n e€aopaiion aodpaAwy EMKOWVWVLWY UE TN XPHON TEXVOAOYLWV
blockchain kat quantum key distribution (QKD) yia tn Snuioupyia tou kBavtikol Stadiktiou,
KoBwg He TNV av&non TG UTIOAOYLOTIKAG LOXUOG OL TPEXOUOECG TEXVIKEG KPUTITOYpAdnonG Twv
ETUKOWVWVLWV Oa ival TPWTEG.

Ektoc anmd tnv mpoomndbsla eVowPATwoNnG tTwv dopudoplkwy EMKOWWVIWY ota Siktua 5G
uUmapxel otpodr otn Onuoupyia omtikwv Siktuwv uvPnAic emiboong. H pelétn twv
60pUGOPIKWY OMTIKWY ETKOWWVIWY EeKkivnoe amo tov Eupwmnaikd Opyaviopd Alootripatog
(EOA) 1o AekéuPBplo 2016, oto mAaiclo Tou mpoypappatro¢ Advanced Research in
Telecommunications Systems (ARTES) pe ovopa €pyou “SeCure and Laser communication
Technology (ScylLight)”. To mpoypapua Scylight eotialet Ti¢ nmpoonabeleg tng Eupwmnaikng kat
™¢ Kavadikng Blropnxaviog otic TeXVOAOYIEC OMTIKWY EMIKOWWVLWY KAl CUYKEKPLUEVO OTOUG
akOAouBouG ToUELG: o) Texvoloyla OMTIKAG EMIKOWWVIOG o€ eMinedo cuotuatog, B) texvoloyia
TEPUOATIKWY OTMTIKAC Emikowwviag, evbo-Sopudopikn PpwTovikr Kol omtikd payloads kat y)
texvoloyleg kBavtokpunrtoypadiag oTig SLAoTNULKEG EMKOWVWVIEG. MAALoTa yla va BonBnBouv n
Eupwnaikn kat n Kavadikn Bropnyavia va §oKIUACOUV TG TEXVOAOYLEC TOUG o€ TpoXLd, o EOA
npostoipace €va €pyo mou ovopdletal "High thRoughput Optical Network (HydRON)” kat
OTOXEUEL OTNV QTIPOCKONTN EVOWUATWON EMIyELWV Katl Sopudopilkwy uTtoSouwv oe pia terabit-
OTTTLKN aPXLTEKTOVIKN SIKTUOU emovopalopevn wg “Fiber in the Sky”.

To nmpoypapupa HydRON otoyevel va katadeifel mwg: a) oAot oL omtikol Sopudopikol kKOuPoL
(vewotatikol kat pn) pmopouv va mapayouv e€atpetikd uPnlolg pubuouc dedopévwy, B) ta
Sdopudopika Siktua Aélep pe duvatotnteg ouvbeong terabit, oAU peyaAltepeg and 100 Gbps
Kol Suvatotnta OmTkAG emavadpopuoAoynong/Uetaywync powv Oebouévwy, Umopouv va
anodwoouv Opold UE TI TUTILKEG OMTLKEG (VEC TIOU XPNOLUOTIOLOUVTIAL EUPEWC OE EMiyELA
CUCTAMATA, V) O QVTIKTUTIOG TWV aTHOOPALPLKWY cUVONKWY Urtopel va pelwBel kavovtag xprion
twv Suvarottwyv tou Siktuou HydRON yia avadiavoprn Sedopévwv oe tpoxld, emeldn ot
otabpuoi tg mpog-ta-avw/kAtw {evéng prmopouv va PBpiokovtal o YEWYPOUPIKEC TTEPLOXEG LE
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vPnAn dtaBeopudtnTa ouvoeon (KOAEG KALPIKEG CUVONKEG) N ToL KATAVEUNHEVA OTITIKA SikTua
ETYELWV OTOOUWVY UITOPOUV Vo EEUTTNPETOUV MEPLOCOTEPOUC amod évav dopudopouc TapAdAAnAa
Kol va amodevyovtal ot akpBoi xpoévol avapovig, 6) oL eyyeveilg duvatotnteg SLavoung
bedopévwy tou HydRON Ba emttpéPouv tn culoyn kal Stavopn twv Sedopuévwy Tou Xprotn
€VTOG Tou OLKTUOU, Ttapopold e €va €miyelo SIKTUO OTTIKWV VWV KOL €) n XPnon TeEXVNTAG
vonuoouvng Ba wheAnoel TIG VEEG SIKTUOKEG HOPdEC va evowuaTwBouv pe Ta emiysla Siktua
[Hauschildt18].

KaBwg ol unnpecieg tnAemikovwviwy ipocdEpovtal TO00 amnod eOVIKEC OGO KAl A0 EUTMOPLKEG
S0pudoplkég utodopEe, Baotkeg Aettoupyleg kot utodopEg tng Evpwraikng Evwong (EE) kot twv
Kpatwv peAwv Tng ektiBevral og kvduvoug aodaleiag. O achaleic SOpUDOPLKEG ETUKOLVWVIEG
TIOU UTOpPOoUV va  XPNOLUoTotnBoUv €yKalpa KOl OTOTEAECHATIKA €lval KploWeg ylo
KuBepvntikoug dopeic acdaleiog Omwe aotuvouia, cuvoplodUAOKEG, TTUPOCPECTEC, TTOALTIKEG
KOL OTPATIWTIKEG Ouvapels. OL umnpeoleg autég pmopouv va PBonBricouv otnv acdaAn
Aettoupyia amootoAwv, oL omoieg Suvatal va pnv pmopouv va PBacilovtal ota mopadooilakd
Siktua 1 vo umokewvtal o amel\ég otov KuPBepvoxwpo. Etol Snuioupyndnke to mpdypopua
KuBepvntikwyv Aopudopkwv Emikowvwviwy tng EE (GOVSATCOM) oto omoio cuvepyalovial o
EOA, ta kpatn péAn kat n Eupwraikr Emutpomn. Autod otoxeleL otnv Tapoxr aodaAwv Kalt
OLKOVOULKA OmodOTIKWY SUVATOTHTWY ETKOWVWVIAG Of KPIOLEG OMOOTOAEG KOl AELTOUpPYILEG,
oocov adopa TNV acddlela, mou OSlaxewpilovtalr n EE kot ta kpdtn MEAR NG,
cupnep\apBavOUEVWY TwV €OVIKWY PopEwv aoPaleiog Kol TWV OPYAVIOUWY Kol BECUWVY TG
EE.

ErutAéov oto mAaiolo Opilovtag 2020 tng EE, tov ZemtéuPplo 2020 Eekivnoe to mpoypoppa
“European Networking for satellite Telecommunication Roadmap for the governmental Users
requiring Secure, inTeroperable, innovativE and standardiseD services (ENTRUSTED)” pe
Xpnuatodotnon nepinou 3 ekatopUpla EUPW, To omoio Ba oAokAnpwBel tov OePfpoudplo 2023
Kol aroteAeital and oxedov 20 16pUpaTA TTOU EKMTPOCWTIOUV KPATH UEAN KOl OPYOVIOHOUC TNG
EE. Zkomog tou ENTRUSTED eival va mapéxel ouotdoelg yla tnv Eupwnaikn Emitponr),, 6cov
adopd O¢pata mou Ba propoloav Vo EMNPEACOUV TOUC XPrOTEC OTOV TOMEN TWV aoHaAWV
unnpeolwv Sopudoplkng emikowwviog. AuTéG pmopel va oxetilovial He TIG amapaitnteg
enevlUOELG, TOV EEOMALOMO TOU XPNOTN Kal, KOTA TEPUMTWON, TIG TEXVOAOYLKEG TTTUXEG TIOU €lval
ONUOVTLKEC VL0 TO OXESLACUO TWV LEAAOVTLKWV UTNPECLWV.

Ot mpoPAnuotiopol yo thv achGAeld TwY EMKowwviwv odfnynocav tov Ampidto 2019 va
urnoypadel texvikn ocupdwvia yla éva Eupwrnaiko ox€dlo yla tnv KPaAVTLKN EMKOWWVLAKD
urnodopn (quantum communication infrastructure, QCl). Xpnotpomnoteitat n texvoloyia tou QKD
Baolopévn ot apXEC TNG KPAVTLKAG LNXAVLKAG VLA TNV EKTEAECT KPUTTTOYPADIKWY EPYOCLWV KOl
Sev umopel va mapafLaotel and KBAVIIKOUG UTTOAOYLOTEG, EMITPEMOVTIAG KOT QUTOV TOV TPOTO TN
pHoKpompoBeopn aopalela S£50UEVWVY KAl HNVUUATWY €mikowvwviag. Etol pe tnv umootnplén
Tou QKD, n akpo-mpogG-akpo KBavTIKA emikowvwviakr umodour Ba anoteAeital anod otolyeia otn
' kat oto Slaotnpa Kot Ba evioxUOEL CNUAVTIKA TIC duvatotnteg tng Eupwrng ywa thv
KUBepvoaodAAEld Kol TIC TlKOWwviec. MdaAlota n ouykekplpévn umodouny Ba prmopel va
woehnoet g Pndlakég unoypadég kal tnv aubevtikomnoinon. Mo CUYKEKPLUEVA, TO EMiyELO
ocuotatikd tou QCl Ba amoteAeital amd plo ospd KBavtikwyv Siktiwy emikowwviag mou Ba
ouvb£ouv Kplolpeg umtodopég Kal suaioBnta kévipa SeSopévwv otnv Eupwnn. To SlaotnuLko
otolxeio, yvwoto wg SAGA (Security and cryptoGrAphic Mission), Ba givat untd tnv guBLVN Tou

11



A. J. Roumeliotis, “Optimization Algorithms for High Throughput Wireless and Satellite Networks”

EOA kat Ba amoteAeital and 60pudopkd KBAVIIKA CUCTAMATA EMIKOWWVIAG [LE TIAVEUPWITAIKNA
kaAun [QKD19]

FevikdtepA, 0 POAOG TIOU £xouv Ta S0pudOpPLKA CUCTAUATA OTO OlKooUoTnua 5G givat {WTIKAG
onuaoiag Kal £XeL avoyvwploTel EUPEWG Kal TO 3" Generation Partnership Project (3GPP)
gekivnoe tov Mdaptio 2017 va tov peletd. EmutAéov otig 21 louviou 2017, oto Paris Air and Space
Show, o EOA kot 16 nyétec tng dopudoplkng PBlopnxaviag uméypadav pla Kowr ouvenkn
OXETIKA HME TN ouvepyaoia Toug otov topéa tou “Satellite for 5G”. MdAwota oto éyypado
“Assessing satellite-terrestrial integration opportunities in the 5G environment”, to omoio
ouvtaxOnke tov ZemtépuPplo 2016 pe tnv umootnplEn tou EOA ota mAaiola Twv HEANOVTIKWY
TipoeToLaclwy Tou ARTES, avadépbnkav wg KavoTopieg Twv §0pudoplkwy cUOTNUATWY T
dopudopika cuotriuata vPnAng pubpoanodoong (high throughput satellite systems, HTS) kat n
VEQ YEVLA QOTEPLOUWVY XOUNANG TpoXLAC. Ta Tedeutaiot HELWVOUV TOV XpOVo KaBUOoTEPNGONG OTLG
50pUPOPLKEG ETIIKOWVWVIEG, EVW TTapAAANAa avadEpOnKe n avaykn yla ypriyopn Tumonoinon twv
anapaitntwyv Slemadwyv, WOTE va EMTPENETAL N €voTOlnNUEVn Slaxeiplon kat Asttoupyia
UBpLEIKwY Sopudoplkwv-emiyelwv SIKTOwv 5G.

H tepaotia avénon tng INTtnong Twv XPnotwv ylo eupulwvikeég umnpecieg Stadiktiou sivat
KOLWVOG ToOmog. 2tnv €kBeon tng Cisco [Ciscol9] mapatnpoUpe OTL O UNVLALOG TTAYKOOULOG OYKOG
Sebopévwy KLVNTWV ouokeuwv Ba elvat 77 exabytes £wg to 2022 kai n eTnola kivnon Ba ¢tacet
oxebov 1o £€va zettabyte. Itnv emoxn twv 5G acUppatwyv Siktuwy, oL Sopudopol amotelolv
QVATIOOTIOOTO HEPOG TOU OLKTUOU yla TNV TAPOoXN UTINPECLWVY SLASIKTUOU Kol TTOAUUECWV.
MdAlota ta cuotipata HTS aroteAoUv aflomiotn AUcn mpog autr TV KAtelBuvaon MapEXOVTaS
UTINPECLEG KUPLWG OE OYPOTIKEG KOL TIPOOOTLOKEG TIEPLOXEG, OMou Ta emiyela Siktua €xouv
TIEPLOPLOUEVN CUVSECLUOTNTA KOl MECW TNG UTIOOTAPLENG emiyelag urtodoung os Siktua 5G yla
backhaul kat amocupdopnon Tng TNAEMIKOWWVLIAKAG Kivnong [Evans15].

Mo va Umop£couv vol LKavoroLloouv tou¢ uPnAolg puBuoucg Sedopévwv mpdcPacng oto
Sladiktuo, Ta cuotiuata HTS otoxevouv oe ekatovtadeg Gbps €wg Tbps [Jeanninl4]. Autég oL
analtnoelg pubuwv Ssdopévwy amattolv TtV eKUETAAEUON UPNASTEPWY CUXVOTHTWY, OMWE N
Twvn Ka (20/30 GHz) kat n twvn Q/V (40/50 GHz). Tuykekplpéva, n Lwvn Q/V xpnotpomoteitat
otn ouvéeon PeTaty tng MUANG Sladiktuou (GW) kat tou dopudodpou, n onola ovopaletal Levén
tpododoaiag kat n {wvn Ka a&lomoleitat otn ouvdeon petalt tou opudOpPoU Kal TG CUCKEUNG
Tou xpnotn (user’s equipment, UE), n omoia ovopdletol katepyxouevn Levén n Tevén xpnotn.
Eival yvwotd otL ta atpoodatplkd dotvopeva eMSEWVWVOUV TV amoddoon TwV CUCTNUATWY
ETUKOWVWVIAG Yl ouxvoTNnTeG Asttoupyiag avw twv 10 GHz [Panagopoulos04] kat auto kablotda
To oloTnua eUGAwWTO ot €faoBevrOEl TOU WMOPOUV VO EMNPEACOUV KOBOPLOTIKA TN
So0gopudTnTA TOU.

Ou ocoPapég e£€aobevroel tou onpATOC OTLG (WwveC UPNAWY OUXVOTNTWV HIopouV va
METPLOOTOUV UE TNV TEXVIKN Tou Sladoplopol £Eumvwv MUAwv Sladiktuou (smart gateway
diversity, SGD). Eldikotepa aglomolwvtag Tn XweLkn mokihopopdia twv {evéewv tpododoaoiag,
AOyw TNC peyaAng yewypadikng amootaong petafd twv GWs, umopet va al\aéeL n e€untnpétnon
evog UE kot o tedeutaiog va g€umnpetnBsel amod pa ahAn GW, tng omnolag n Levén tpododoaciag
ovTueTwrtilel Ayotepo ocoPapeg ouvOnkeg e€aocBevnonc. MNa napddelypa oto [Kyrgiazosl4] ot
ouyypadeic pehetolv TO OXUA Xpovikng oAumAegiag SGD, omou ot UEs eunnpetolvtal amno
Sladpopetikd GWs og S10.POPETIKES XPOVLKEC OXLOMEG.
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‘Ocov adopd tov topéa Slaxeiplong mopwy, mou adopd MOpPous Onwe to gVpog Lwvng, TNV
KOTOVOLLN LoXUOC KoL TO TAlplaoUo TWV XPNOTWVY, UTIAPXEL HEYOAN €mloTtnUovikn BiBAloypadia
KalL TlapEXovTal cUYXPOVEG TIPOOEYYLoELG OXL LOvVo o€ acUppata Siktua [Manap20], aAAd kot og
Sdopudopika cuotnpata enkowwviag [Kisseleff21]. Me Baon toug [Elsayed19] oL mpooeyyioelg
OTOV GUYKEKPLUEVO TOUEN UITOPOUV VA SLOXWPLOTOUV WC:

1) KEVTIPLKEG I QTOKEVIPWHUEVEG: EAV oL amodAoeLlg TIPOEPXOVTAL OO HLa ovtoTnTa (agent) mou
OUYKEVTPWVEL OAeC TLG MANPOodOPLeG, TOTE WAGUE YLO LA KEVIPLKA TIPOCEYYLON, SLadopeTIKA
okohouBeital plo amokevipwuévn Sladikacio 0mou oL ovtotnteg AapBavouv amodAoelg
ouUTOVOLO.

2) BeAtiotomoinong, eupetikeg, Bewplag moalyviwv 1 PacllOHeVEG OTNV TEXVNTH VonUoouvn
(artificial intelligence, Al), avahoya pe TN paBOnuotikl Oswplo TOU  XPNOLUOTOLELTAL.
JuyKekpléva, ta mpoPAnuata BeAtiotonoinong sivat cuviBwg moAUmAoka emeldn UTAPXOUV
TIOAAEG TTOPAUETPOL, TIOAAEG OUVOUALOUEVEG CUVOPTNAOELG Kal apkeTol meploplopol. Etol propel
va epopUOOTEL LA €UPETIKA AUOn XWPIG YeVIKA OewpnTIKEG EYYUNOELC. 3TNV MePLMTWoN
npooeyyloewv tng Bewplag matyviwy, ot ovidtnteg oto Siktuo aAAnAemidpouv kat emnpealouv
T amodpAoelg GAAWV ovtotitwy. Edkotepa, ol HEBOSOL AUTEC UmOPOUV va TPOCAPUOCTOUY
QIOTEAECUATLKA OTLG LETABOAEG TOU SLKTUOU.

TéAog, akolouBwvtag to SpOHO TPOC TLG MEAAOVTIKEC OOUPUOTEG ETLKOWWVIEG, N TEXVNTA
vonuoouvn lval avamoonaoto UEPOG TG Staxeiplong Twv mopwv toug [Elsayedl9, Lin20]. Ztig
S0pUOPIKEG ETUKOLWVWVIEG UTIAPYOUV ETLOTNUOVIKEG HEAETEG TIOU XPNOLUOTOLOUV TETOLEG
pueBOdoug, onwe n Babla evioxutikn pabnon (deep reinforcement learning). ZUudpwva pe auto
To TAQIOL0O UTAPXOUV OVIOTNTEG, KOTAOTAOEL KAl OpACEL KoL  XPNOULOTIOLWVTAG
avatpododotnon amnd to neplaiiov, N mpodBeon tng ovrotnTag eival va emAéEeL tn Spdon mou
odnyel og peyaAUtepn TeAKn avtapolPr). To meplBAAAoOV KAl N ovtoTNTA cUVEEOVTAL HECW TWV
SpAcEWV TNG OVTOTNTAG KOl TWV KATAOTAOEWV Kol Twv avrtapolBwyv tou meptPailovrog.
EldkotepQ, N ovtotnTa AapBAavel pia oslpd and anodaoelg BACEL HLaG TTOALTIKAG EVEPYELWV OF
OX£0N HE TNV KOTAOTOON TOU TapatneoUpevou meplBAailovtog. Auto To mAaiolo givat moAUTLUO
yla ta acUppata Siktua Adyw tou Suvapikol olkocuotrpatog toug [Elsayed19].

1.2 BéATiotee MeEBobol TaplaopatoC OewpwvTac TLIC
ZeVtelc Tpododooiac

210 Kedpahato (Chapter) 3 peAetdartal éva HTS cuotnua oérnou M GWs efunnpetouv N UEs kat ot
GWs urmopel va givat {ogg i Ayotepeg o aplOpd amnd toug UEs. EmumAéov OAa ta {evyn petafl
Twv GWs kat UEs elvat Bava. Ta tatpldopata e€etalovial 0€ XPOVIKEG OXLOUEG TTOU amapTi{ouv
£vol EUPUTEPO XPOVLKO TAaioLo, Bewpwvtag tn XPovikr toAumAegia SGD. Y& KABe XpoViKr OXLOWUN
ol GWs umopouv va gfunnpetioouv évav (M=N) | meplocodtepoug UEs (M<N) kat kaBe UE
propel va efumnpetnBel amd pa GW. Itnv Mpwtn mnepmtwon o aplBuog tautoxpova
gfunnpetovpevwy UEs (quotas, q) sival g=1, evw otnv tehevtaia g>1. To oevaplo omou ot UEs
elval meplooodtepa and ta GW eival éva peaAlOTIKO KAl CNUAVTIKO OEVAPLO Ylo TO OXESLAOUO
Sopudopikwy cuotnuatwy. Aivovtag éudaon otig {evgelg tpododooioc N kaOs GW mapéxet pa
Kowvr mpoodepopevn xwpntikotnta (offered capacity, OC) otoug UEs kal erutAéov kaBe UE €xel
pa {ntovpevn xwpntikotnta (requested capacity, RC) og bps, yla va LKOVOTIOLOEL TNV QVAYKN
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Tou yla dedopéva. Ie OAA TO TAPAKATW TPOPANMOTA TO TAPLACUOTA yivovtol BAcel Twv
TPOOHEPOUEVWV KAl {NTOUUEVWV XWPNTLKOTHTWV.

TéNog, oL efetalOpeveg UETPLKEG emidoong eival ol amwAele¢ Tou cuotiuatog (losses), n
ovTLoTOolXLoN TwV XWwPnTIKotTwy (rate matching) kat o Adyog kavormnoinong (satisfaction ratio),
OAEG EVPEWG YVWOTEG oTn oxeTkn BLBAoypadia [Kyrgiazosl3, Kyrgiazosl4, Leill]. ZuykekpLuéva,
oL anwAeleg mpoodlopilovral wg n un opvntiky Siadopd petafl TnG I{NTOUHEVNG KAl TNG
PoodEPOUEVNCG XWPNTLKOTNTAG, EVW TO rate matching oav tnv viootr ta€n tng HeTafU Toug
QIMOKALONG, OTNV MePMTWor pag v=1 mou meplypadel tnv andiutn Siagdopd. TEAog, o Adyog
Lkavomolnong elval o Adyog tng mpoodepOUEVNC TTPOG TN {NTOUEVN XWPNTIKOTNTA.

Apxwka otnv Evotnta (Section) 3.1 yivetal xpnon tng Bewploag TAPLACUATOG LE OKOTO TNV
g\ayLoTomoinon Twv aMWAELWV TOU CUCTAMOTOG. H ouykekpluévn Bewpia meplapPavel duo
Sladopetikd olvolo ovrotntwv (agents) Ta omoia tolpldlouv HeTalU TOUC HEOW €VOC
anodotikou geuotaboug ahyopiBuou, yvwotol wg Gale-Shapley (GS) [Gale62]. O teAeutaiog €xeL
rioAurhokdtnta O(N?), 6mou N givat 0 aptBpOC TWV OVTOTATWY 0To cUCTAHA. ELSIKOTEPA OE éval
nepBaiov tatplaopartog (matching market) kdBe ovidtnTa TOU €VOG CUVOAOU KATOTACOEL TLG
OVTOTNTEG TOU GAAOU GUVOAOU, CUMPWVA UE HLa oXEoN MPOTIHNGNG UE BAON TIC CUVOPTHOELS
XPNOWOTNTAG TOUG. TNV MEPIMTWON HaG, To TMEPLBAAAOV TALPLACUATOG €ival To clotnua HTS
Tiou mepAapBavel ta Eexwplotd cuvola twv GWs kat UEs, omou kdBs GW/UE katatdooel Toug
UEs/GWs, avtioTtolya, cUudwva LE TIC CUVAPTHOELS XPNOLULOTNTAC TOUG.

Yrniapxouv Stadopeg Taflvounoelg Twv MPoBANUATWY TOLPLACUATOC TOU €€APTWVTAL EITE Ao TOV
0aplOud Twv quotas TwV oVIoTNTWVY, £(TE AMO TOV TPOMO KATAOKEUNG TWV ALOTWYV TPOTLUNCEWV
TouG. Baollopevol ota quotas, SnAadn cuudpwva Pe To PEYLOTO aplBpuod Twv (euywv Tou pmopet
VO OXNUOTIOEL JLO OVTOTNTA, UTTAPXEL N AVTLOTOLXLON EVOG-TipoG-Evay (one-to-one, 020), 6mwg To
MPOBANUA TapLAdcpaTog culUYWV, EVOG-TIPOG-TIoAAOUG (one-to-many, 02M), 6nwg to MPORANUaA
gloaywyng omoudactwv oto KoAfyto [Roth89] kat moAwv-mpog-toAAoUG. EVOELKTIKA, oTO
MPOBANUa talplaopatog ouluywv kaBe avipag talplalel to TOAU Me pia yuvaika Kal
ovTLOTPOdWE, 0To MPOPANUA ELOAYWYNG OTO KOAEYLO KAOE oMOUSACTAC AVTLOTOLKEL TO TTOAU oE
£V0l KOAEYLO KOl TO TEAEUTALO avTLoTOLXIZETAL TO TTOAU LIE TO HEYLOTO apLOUO ooudaoTwy TOoU Kal
TIOAAEG OVTOTNTEG €VOG OUVOAOU UITOPOUV VA QVTLOTOLXLOTOUV HE TIOAAEG OVTOTNTEG EVOG GAAOU
cuvolou ota {evyn TOAWV-TIPOG-TIOAOUC. TEAOG, BACEL TWV GUVOPTACEWV XPNOLUOTNTOC
uUmapxouv 600 UTOKATNYOPLEG TIOU Xpnoldomolouvial Teplocotepo [Gul5], n  kavovikn
ovTLoTolLon, OTIOU OL TIPOTIUAOELG E€0PTWVTAL ATTOKAELOTIKA Ao TI¢ StaO€otpeg mAnpodopieg o
KABe CUyKeKpLUEVN ovTOTNTA Kol n avtiotolyion ue externalities [Bandol2, Namvarl4]. Itnv
televutaia umokatnyopia untdpxouv aAANAeEapTrnoelg LETAEY TWV TPOTIUNOEWY TWV OVIOTATWY,
SnAadf oL TPOTIUACELG TWV UEUOVWHEVWY OVTOTATWY emnpealovial oo TG MPOTIUACELS TWV
AAAWV OVIOTHTWYV Kal €MIONG Ao To TPEXoV Taiplacua.

H xpnon tou GS oAyopiBuou odnyel oe dladopeTikd Taiplacua avaloya amnd mold cuvolo Ba
geklvnoeL. 2tnv mepintwor] pag ot Aloteg mpotipnong twv GWs Sopouvtal B€tovrag o pBivouoa
oelpa toug UEs, Baosl twv {NTOUMEVWY XWPNTIKOTATWY Ttoug Kot ol UEs Bgtouv os ¢pBivouoa
OElpa Toug GWs, BAoel TwV MPoodhePOUEVWY XWPNTIKOTATWY Touc. Etol oL Aloteg mpotipunong oe
KaBe cUvolo ovtotitwv eival ot (Sleg kal armodelkvieTal TwE To Taiplaopa sival to 6Lo
avefapTATWE TOU CUVOAOU EKKIVNONG Kal SLOMIOTWVOUE TIwe odnyel otnv eAaylotonoinon twv
OMWAELWY TOU CUCTAUATOG.
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MGAALOTO OTLG TIPOCOUOLWOELG YIVETOL CUYKPLON TOU CUYKEKPLUEVOU aAyopiBpou kal pe GAAOUG
UNXOVIOHOUC tatpldopatoc, dnAadn tov €£aVIANTIKO UNXOVIOUO, TOV UNXAVIoUO Slkaloouvng,
évav OTaBePO HUNXAVIOMO KOl €VOV TUXALO MNXAVIOMO. ZUYKEKPLUEVA O TIPOTELVOMEVOG
MNXOVLIoOROG avTloTtoixlong €xel Tnv (Sla anodoaon pe Tov £aVTANTIKO UNXOVIOUO TOOO OTO £va-
TPOG-€Va, OAAA KOl OTO €VO-TIPOG-TIOAAQ TOLPLACHOTO, TIOU ONMOIVEL OTL N TIPOTEWVOUEVN
Slodlkaoia €xel WG OMOTEAECUO TNV EAAXLOTOMOLNON TWV AMWAELWY TOU GUOTNUOTOC. EmmAéoy,
oTtnV MepimTwon onou pla GW gfunnpetel évav UE, o aAyoplOUOC HOg EMITUYXAVEL KOAUTEPN
anodoan o GUYKPLON UE TOV UNXAVLIOUO SlKaoouvng, Tov oTabepd UnXaviopo Kat tn Stadikaoia
TUXQOU TOLPLACHATOC.

Ocov agopa otnv Evotnta (Section) 3.2, xpnolpomowwviag tn Bewpla twv mvakwv Monge
[Villani03, Park91], mapatiBevral BEATIOTA TAPLACHATA YO TNV gAaxlotomnoinon twv losses Kat
Tou rate matching, kaBw¢ Kat yla t peylotomnoinon tou satisfaction ratio Tou cuotHUATOG KoL
Tou xelpotepou UE. Autd ta BEATIOTOL OXNUOTA KOTAANYOUV OE TOLPLACUATO BAOEL HLAG
KATAAANANG Tagvopunong Twv mPoodePOUEVWY Kal TwV {NTOUUEVWY XWPNTIKOTATWY Kol EXOUV
xapnAn moAumAokotnta. O Monge cuvdéstal Ue T yevikotepn Bewpia Tng BEATIOTNG peTadOpPag
kat Statunwoe to 1781 to €€ mpoBAnua [Villani03]: pe dedouévoug cwpoug AUUOU Kol TPUTIEG
pe tov i6lo oyko, avalntoUpe tnv KaAUTEPN Kivnon ylo va yeUloou e TANPWCE TLG TPUTIEC HE TO
€AAXLOTO OUVOALKO KOOTOG peTadopds. Eva dAAo amAd mapddelypa ovopdletal mpoBAnua
e€opuénc uetoMelpatog [Mozaffaril9]. Aedopévng pog opadag opuxeiwv €€opuéng
oLONPOUETAAAE D LOTOG KOl ULOG OMASOC EPYOOTOCIWY TIOU KATAVOAWVOUY TO OLENPOUETANMEU A
TIOU TAPAYoUV Ta OpuXela, o otoxog eival va Ppebel o BEATiotog Tpomog petadopdg Tou
UETAAAEVMATOG QMO TA OPUXElA OTA £pyootacta. Autd yivetol Pe TNV ghaxloTOmoinon WG
ouvapTNONG KOOTOUG TIOU MMopel va TEPLEXEL TO KOOTOG MeTadopdg, Tnv tomobecia Ttwv
OPUXELWV KOIL TNV TTOPOYWYLKOTNTA TWV EPYOCTACIWV.

Ta efetalopeva mpPoPANUOTA  OVAKOUV OTNV  KOTnyoplot Twv ypauulkwyv obpoLoTikKwy
npoBAnuatwv avadeong (linear sum assignment problems, LSAPs), ekto¢ amo tn peylotonoinon
Tou satisfaction ratio tou xepdtepou UE mou eival €va ypauuilkd cupdopnuévo mpoBAnua
avaBeong (linear bottleneck assignment problems, LBAP). Autd ommo8elkVUOUUE TtwG
LKOVOTIOLOUV TIG BLOTNTEG Twv Tvakwv Monge (ta Tpla mpwta) kat bottleneck Monge (to
teleutaio) yla kaBe 2 x 2 unmomnivaka Tou apxLlkou mivaka Twv tpoBAnudatwy. ‘Etol odnyoupacte
oe BéAtiotn AVon tafwvopwvtag kat tatptalovrag kotdAnAa toug GWs kat UEs Bdoel twv
poodePOUEVWVY Kal {NTOUPEVWY XWPNTIKOTATWVY Toug Ue moAutthokotnta O(Nlog(N)). MdAlota
anodelkvUoU e BewpNTIKA TWG TO Taiplacpa mou odnyel otn peylotonoinon tou satisfaction
ratio Tou xepodtepou UE, Tautdxpova MpokaAel TNV EAA)LOTOMOLNGN TOU QVIIOTOLOU CUVOALKOU
KaL To avamnodo.

TéAog, oL mapanavw pEBodol e€etalovtal TO0O OTIC MEPUTTWOELG Twv 020 600 Kkal twv 02M
{euywv, omou otnv teAeutaio o apldpog twv UEs rtou e€umnpetolvtal tautoxpova amno kabs GW
€xeL IpoaobloploTel mpLv armo tn Sladlkaoia TopLAoUATOG.

1.3 BeAtioteg MeBodol TalplaopatoC Oewpwvtag TIC
Katepyopevecg ZeVEeLC
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Y10 Kedpdlawo (Chapter) 4 Aappavovtal unmoyn toco ot (el tpododooiag, 600 Kal oL
KoTtepXOUeveG (eV€elg Tou HTS OUOTAHATOC, EVW OL YEVLKEG TIOPAOOXEG TOU HOVTEAOU elval (Sleg
pe autég oto KeddaAato (Chapter) 3. ElSikoTtepa oL BACIKEG EVVOLEC TIAPAUEVOUV (BLEC LE QUTEC
oto Keddhato (Chapter) 3 kot oL opohoyieg mou alalouv adopolv thyv nepimtwon twv M=N kat
M<N, 6mou To MPOPANUA KAAELTOL OOV «LOOPPOTINUEVO» KOL KN LOOPPOTINUEVO», AVIIOTOLYA.
2tn &evtepn mepimtwon umdpxouv N-M pn eEUTINPETOUEVOL XPHOTEG KAL LEAETWVTOL ETILITAEOV
02M tatplaopata yLa va eEumnpetnBouv TeAKA OAOL OL XPrOTEC.

ZUYKEKPLUEVO TLOPEXOVTAL BEATLOTA TALPLACKATA YL TNV EAaXLOTOTOINGN TwWV losses Kal Tou rate
matching, kaBwg kot yla Tn peylotonoinon tou satisfaction ratio Tou cuotruatog pe T Xpron
T0U OuyypwoU oAyopiBpou (Hungarian algorithm, HA). O HA éxet moAumhokdtnta O(N?) kat
emtuyxavel O(N°) [Tomizawa71] pe KatdAAnAeC Tpomomolfoelc. Emuthéov, otnv mepimtwon
MEYOAWY TUVAKWY OUTA 1 TOAUTAOKOTNTA €LvVOL OIMOYOPEUTIKA KOL MO OELPA TEXVIKWV
grutayuvong kot mapoAAnAomoinong peAetwvrtat oto [Cuil6]. Ta PrRupato eKTEAECHG TOU
TiepLlypadovTal Mapakatw Bewpuwvtag MwE oL TVAKES TwV UTIO e€€taon mpoBAnuatwy eivat N x
N [Winston04]:

o) Bpeite 0 gAdyloto otolxelo oe KAOe ypaupn tou mivaka. Kataokeudote évav VEo mivaka
adalpwvtag ano kabe otolyeio To eAdXLOTO oTOLKElO OTN YpAUUN Tou. Ma auTtdv ToV VEO TiivaKa,
Bpeite T0 eAayloto otolxelo oe kABs otNAn. Kataokeudote évav véo Tiivaka adalpwvtag amo
KABe otolyeio To eEAd)xLOTO OTOLKEID OTN OTNAAN TOU.

B) Zxnuartiote Tov eAdyloto aplBud ypapupwy (opllovileg, KABeTeG R Kat oL 8U0) mou xpetalovtol
yla va kKoAuouv OAa ta pndevika otov mivaka Edv amattouvtal N ypauUES, UTIAPXEL HLa
BéATioTn AUoN HETOEU TWV KOAUMUEVWY UNSEVIKWY Kal OTAUATA 0 aAyoplOuoc. Eav xpelalovtal
Alyotepeg and N ypoUES, CUVEXIOTE UE TO Y).

V) Bpelte 10 pKpOTEPO N pNdeviko otolyeio (ovopdote to k) Tou Sgv KAAUTITETOL QMO TLC
YPOUUEG oTOo (B). AdalpéoTe TO k oo OAA TaL AKAAUTITO OTOLXELD TOU TivaKa Kol TpooBEate k o€
O\a Ta otolyeia Tou KaAUTTTOVTOL OO 2 YPAUUEG. ZUVEXIOTE He T Sladikaoia amno to B).

Ma tnv edappoyn tou HA, doov adopd Ta Un Looppomnueéva oevapla npootibevratl N-M celpEg
KELKOVIKWV» GWSs oTouC Ttivakeg twv UTtO g€€taon mpoBAnudatwy, yia tig¢ 020 MeEPUTTWOELG. 2TIG
02M mneputtwoelg snavoAapBavovial ol ypappég tng kabe GW 160eg dpopeg, 600 elval To
avtiotolyo quota tng ouykekplpuévng GW. Télog, o HA mapéxel BEATLOTO TALPLACHUATO KOL OTLG
TIEPUTTWOELG TIou SgV UMOpPEl va yivel KAmoLlo taiplaopa HETAly oUYKEKPLUEVWY GWs kot UEs,
omote efalpeitol TO OUYKEKPLUEVO Lelyog oamd 1t OSadlkaoia talplaopatog. BéPala
napatnpnOnKe otig TPOCOUOLWOELG TIWG N BEATIOTN amdS00n TOU CUCTAUATOG 0T CUYKEKPLUEVN
nepintwon, ocov adopd OAeG TIC UETPIKEG, €lval Xepotepn amd tnv avtiotolyn BEATLOTN
anodoaon otnv nepintwon mou KA pla GW pmopet va tatpldadel pe ormotodnmote UE.

1.4 YnoBéAtiotec MéeBodol  Tapldopatog yla TNV
Meplmtwon Evoc-mpoc-NMoALd Zevyn

Y10 Kepalawo (Chapter) 5 woxUouv Opoleg unoBeaelg pe autég tou Kepalailou (Chapter) 4 ol
TIAEOV OTA €VA-TIPOG-TIOAAG TALPLACLOTA O OPLOUOC TWV TAUTOXPOVWE e€untnpetoUevwy UEs amnod
KaBs GW amotelel pépocg twv e€etalopevwy mpoPAnuatwy Kat dev eivol mpokaboplopévod.
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AUTO TO oTolKElo KAVEL TO TIPOPBAALATA TILO TIEPUTAOKO KOL TIAPEXOUE MLl EUPETIKY Stadikaoia
emilvuong U0 PBnuatwv: (a) To ouvexeg BrRpa mou TEpAOBAVEL TN «XoAdpwon» Twv
TPOPANUATWY TALPLACKHATOG avalntwvtag AUcn oTo cuvexég ouvolo [0, 1] kat thv edappoyn
EMAVOANTITIKWY aAyopiBuwyv mou kotaAnyouv o pla ouvexn Avon kat (B) to Slakpltod Brua mou
nepAappavel tn Suadikn petatpomn TG AUong amo To PApa (a) Kol KATaAnyeL g Lo EBLKTH
AUon Tou apxKoU TPOBANHOTOG TAUPLACHATOC.

Ewdkotepa, e€etalovtal to MPOPARLOTA [EYLOTONOLNONG TOOO TOU €AAXLOTOU, 00O KOl TOU
OUVOALKOU AGyou kavomoinong, aAd Kol tng eAaLoTonolncng T0C0 ToU HEYLOTOU, 000 KOl TOU
ouvoALkoU Aoyou duoapakelac. O Adyog duoapEokelog opiletal oav To aviiotpodo Tou Adyou
kavoroinong. 2to mpoavadepBev otadlo (a) yia to TPofArUOTA LKOVOTOLNGNG O TPOTELVOUEVOG
UNXoviopocg Baoiletal otn Bewplo KAACUATIKOU TIPOYPAUUATIOMOU KOl XPNOLLOTIOLELTAL [l
KOlAn mpoogyylon mou mpoteivetol oto [Shenl8], evw yla ta TpoPAnpota SUCAPECKELAC
edapuoletal n dtadopd kuptwy cuvaptnoewv [Lippl6]. ‘Etol ol emavaAnmrtikol adyoplBuol oto
BrAua (o) AVvouv oe kAaBe emavaAnn koilha kot Kuptd mpoBAnuata, avtiotoxa. Méoa amnod Tig
TIPOCOUOLWOELG TIOPOUGCLALETAL TO ULKPO OXETIKO odAAU, O OXEOn LE TV avtiotown enidoon
Tou g&avtAnTtikoU aAyopiBuou mou e€etalel OAa ta miBava {evyn. EMutAgéov mapatnpeital PUkpog
oplOuog emavalnPewv oclykALong Twv alyopiBuwv oto otadlo (a).

210 onUelo auTO MPEMEL va TovioBel MwG otnv Meplmtwon Twv MPoBANUATWY SUCAPECKELAG
Snuloupyolvtol TETPAYWVIKEG MOPPEC TvaKwv oto mpoPAnuata Beltotomoinong. Etol
TAPOUCLA{OUME Mot YEVIK HEBOSO aVTMETWIIONG QUTWV MECW TNG Oladopdg KupTwv
CUVOPTAOEWVY. ZUYKEKPLUEVA YPAPOULE TOUG TTivaKkeg Twv TPoBAnudtwy cav abpoiopata evog
CUMMETPLKOU KAl €VOG OVILOUMUETPLKOU TivaKa, OTou N TETPAYWVIKN Hopdh Tou TeAeutaiou
gival undevikn. EMopévwg otnv emMiAUCN AMOMEVEL O CULHETPLKOC TIVAKAG. TN CUVEXELD KABWC
T0 TPOPANUA TIOPAMEVEL Un KUPTO, adol oL LSLOTIHEG TOU GCUMMETPKOU Tiivaka elval
TIPOAYMATIKEG, TIPOOOETOUME Kol adalpoUpe KAtdAAnAo mivaka BAcel Twv LSOTIHWY ToU
CUMMETPLKOU Ttivaka. Kat’ autdv Tov Tpomo KataAryoupe o Stadopd KUPTWY GUVAPTHOEWY Kal
edapuolovpe ApECO TOV QVTIOTOWO OAyoplOUO. JUUMEPACUATIKA, Ta TPOPAAUOTA UE
TETPAYWVLIKEG LOPPEG elte OTIC ouvVaPTOELG BEATLOTOMOINGNG EITE OTOUG MEPLOPLOUOUC, UITOPOUV
va emtAuBoUv pe tn BonBeLa g SLadopdg TWV KUPTWV CUVAPTHOEWV.

TéAog, mopexetal Bswpntikn avaluon yla tTnv glaylotonoinon tng n-lootng taéng tou rate
matching, omou to n eival BOeTikO¢ Kal aképalog aplOuog. Asiyvoupe Twg umopel va
OVTIUETWITLOTEL auth Kol TAAlL péow tng Sladopdg Kuptwv ouvapthoswy. Ewdikotepa
VATV OCOVTAL TETPOYWVIKEG LOPPEC TTIOU QVTLUETWTTIOVTAL OTIWG MOPATAVW, AAAA ETILTAEOV TO
SLWVUULKO OVATTTUYHO TIEPLEXEL OPOUC TTOU €lval elte kKupToL, gite koiloL. Q¢ ek ToUTOU, TA KUPTA
Kol Kotha LEPN Ao TIG TETPAYWVLKEG HopdEG opadormotlovvtal pall He Toug KUPToUG Kat Kolhoug
0pOUG, aVTIoTOoA, Ao TO SLWVUULIKO QVATTTUYMA Kol €PapuoleTal ApeECA 0 aAyoplOUog Tng
S10.popAg KUPTWV CUVOPTHOEWV.

1.5 Juunepdopato—T1poekTATELC

Yto Keddalawo (Chapter) 6 THPEXOUME TA VYEVIKA OCUMMEPACHOTA TNG SloTplBAc, Tmou
TIAPOUGLAOVTOL TIOPOKATW avA KEGAAALO, KoL TIPOTAOELG yLo. LEANOVTIKY EpEUVA.
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Eldikotepa, oto Kedahalo (Chapter) 3 eotidloupe otig elelg tpododoaiag kat oe SLopOopPETIKESG
Bewpleg Talplaopatog, SnAadn o alyoplBuog Gale-Shapley kat ot mivakeg Monge, epapudlovrat
o€ UETPLKEG emiboong mou mepAaUBAVOUV TNV EAAXLOTOMOLNON TWV AMWAELWY TOU GUCTHUOTOG
KOL TNG AVTLOTOLXLONG TWV XWPNTKOTHTWY KaL TNG KEYLOTOMOLNONG TOU GUVOALKOU Kol EAAXLOTOU
AOyou avomoinonc.

JUYKEKpPLUEVQ, otnv Evotnta (Section) 3.1 kUpLa cuvelodopd ival n epappoyr eVOg EUEAIKTOU
oAyopiBuou TalpldouaTog Baclopévou oTLg apxEG ThG Bewplog avTloToixlong, o avTLUETWITEL
To TPOPANMA  TOolplAoMOTOG oulUywv. TNV  TEpUTTwon  pag  emAUEL TO  TPOBAnua
ghaylotonoinong Twv anwAswwv oto HTS oloTnua, OTI TEPUTTWOELS TTOU o GW prmopet va
€EUTNPETNOEL TAUTOXPOVWG €vayv N Tieplocotepou UEs.

Ocov adopa tnv Evotnta (Section) 3.2 xpnoluomoleital to (510 yevikO CevAplO OMWG Kot
TaPAMAavw OAAG TWPA TOPEXOVTOL BEATIOTO TALPLACUOTA XPnOoLUoTolwvTag tn Beswpla Twv
Tivakwv Monge. ZUYKEKPLUEVA AUTA Ta Tatpldcpata Bacilovtal otig KATAAANAEG TaELVOUNOELG
Twv GWs kat UEs, Baoet Twv mpoodpepOeVWY Kot {NTOUUEVWY XWPNTIKOTHTWY TOUG.

IXETIKA UE TIC UETPLKEG TWV OMWAELWY TOU CUCTAUOTOG, TNG AVILOTOXLONG TWV XWPNTKOTATWY
KOL TNG MEYLOTOMOLNONG TOU CUVOALKOU AGYyOoU LKOvOToinong armoSeIKVUOUHE WG LKAVOTIOLOUV
TV WLOTNTA TWV MVAKWV Monge, eVvw N UEYLOTOMOLNGN TOU €AAXLOTOU AOYOU LKAVOTIOLNONG
wavorolel tv Wotnta Twv bottleneck mwvakwv Monge. TENOG MPOKUTITEL €VOG GNUAVILKOG
Bewpntikdg ocuuplBacudg mou adopd TO YEYOVOG OTL TO Taiplaopa Tmou odnyel otn
LEyloTOTOiNGN TOU GUVOALKOU Adyou Lkavormoinong Kotalfyel otnv eAaxlotomoion Tng
Lkavoroinong tou xelpotepou UE kal avtiotpodw.

Yta mhaiola tou Kepoahaiouv (Chapter) 4 AapBavovtatl unoydn téco ol {evéelg tpododoaiag, 6co
KOL Ol KaTepXOMEVEG (eUEELC Kal xpnoldormoleital o Ouyyplkog ahyoplBuog. E€etalovral ol
METPLKEC TWV OMWAELWY TOU OUCTHMOTOG, TNG QVILOTOXIONG TWV XWPENTIKOTATWY KOl TOU
OUVOALKOU Adyou Lkavoroinong kot mapéxovtal BEAtota talpldopata otig 020 kat O2M
TIEPUTTWOELG. BEATIOTA TALPLACUATA TTOPEXOVTOL KOL OTNV TEPMTWON Tou Sev eival duvatov va
oxnuotiotouv 6Aa ta {euyry GW-UE.

Télog, oto Kedalato (Chapter) 5 mapéxovralr umoPéAtiote AUoelg ota mpoPARuata
MEyLoTomoinong TG00 Tou EAAXLOTOU, OG0 KOl TOU GUVOALKOU AOYoU kavormolinong, aAAd Kat tng
g\aylotonoinong 1000 Tou HEYLOTOU, OG0 KOl TOU GUVOALKOU Adyou Sucapéokelag. O TeheuTaiog
TpoTEiveTaL yla pwtn ¢opd otn BiBAoypadia, €€ dowv yvwplloupe, cav o eVAANAKTLKA
amAn UETPK Yy TNV afloAdynon tng emidoong Twv OUCTNUATWY. ITA OUYKEKPLUEVA
npoBAfuato kaBe GW 8ev €xel mpokaBoplopévo aplOpd eEUMNPETOUUEVWY XPNOTWY, OTWG
ouvEBalve UEXPL Twpa, KAl 0ONnNyoUUOOTE OTn XPron TPOCEYYIOEWV Oamd TOV KAQOUATLKO
TIPOYPOAUUATIONO Kal Tt Stadopd KUpTWV cuvaptioswyv. MdaAlota otnv tedeutaia mepimtwon
TIapEXETAL pLa yevikn nEBodog emiluong mPoPANUATWY UE TETPAYWVIKEG LOPDEC TIVAKWY, HEOW
™G SLapopag KUPTWV CUVOPTHOEWV.

ErutAéov, oto Keddalaiwo (Chapter) 5 mapoucitdloupe Hla Bewpntikn avdalucon yua va
npoosyylooupe tnv ghaylotonoinon tng n-tootng taéng tou rate matching, omou to n elval
BeTIKOG KOl aképalog aplOpdc, epapudlovrag tov alyoplopo Slapopds KUPTWV CUVAPTHOEWV.
MNa va emreuxBel outd, EKUETOAAEUOUOOTE KATOAANAQ TIC TETPOYWVIKEG MOPPEC ToU
gudavifovrot padl Pe TOUG KUPTOUC Kot KOIAOUG OPOUC TOU SLWVUULKOU avarttUypaToc.
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Me Bdon Tig UNOBETELG TWV HOVTEAWV TIOU avamtuxdnkav oto mAaiclo authg TG Alatppng
UTtAPYOUV onueia mou pmopouv va AndBouv umodn ylo Tepaltépw €peuva oTo HEAAOV, OTO
niedio tng Slaxeiplong mopwv oe Sopudopika Siktua [Kuangl7], [Kisseleff21].

ApXIK@, n amodoon tng nebodou Tou TEpLYpADETAL YOl TV EAAXLOTOTONGCN TNG N-LOOTAG TAENG
Tou rate matching mpémnel va afloloynBel péow NG OUYKPLONG TNG HE TOV €EOVTANTIKO
UNXOVIOUO, BACEL TIPOCOUOLWOEWVY. JUYKEKPLUEVA TIPETEL VA EEETAIOTOUV TOCO N ATIOKALON TNG
TPOTEWVOUEVNG AUONG amd tn PBEATIOTN, 000 Kal oL €mavoAAYPELS TIOU AmOLTOUVTOL yla TN
oUyKALon Tou alyopiBuou.

ErmunpooBeta, UMODETOUE OTLG TPOCOUOLWOELG KO OHOLOUopdN KoTtavoun yla thv {nToUpevn
xwpntikotnta twv UEs. MapoAo mou ol mapouctlalOUeVeG HABNUATIKEG Bewpleg pmopouv va
edappootolv aveaptNTwE TwV LOPPWY TwV TPOSPHEPOUEVWY Kal {NTOUUEVWVY XWPNTIKOTATWY,
glval onuavtikod va e€etactolv SLadOPETIKEG KATAVOUES Yo TIG {NTOUUEVEC XWPNTIKOTNTES [Al-
Hraishawi20], [Ortiz-Gomez21]. EmumA€ov, Ta npaypatikd dedopéva eivatl udiotng onuaciog Kot
oVTL yla TN Xpnon Hobnuatikwv TtUmwy, ol MPoohEPOUEVEC Kal {NTOUUEVEG XWPNTIKOTNTEC
MIopoUV va TIPOEPXOVIAL QMO OUTA KOL va YIVEL Jla PEAETN OMWG Yl TIG ONMWAELEG TOU
cuothuatog Paocsl autwv. Emiong, ektog amod TG meputtwoelc 020 kat O02M, pmopolv va
AndBolv unoyn katdAAnla oevapla omou kabs GW umopel va efumnpetel moAoUg UEs kal
kaBe UE umopel va e€umnpeteital ano moAAég GWs.

Muat AOYLKN EMEKTACN TOU MOVTEAOU Tou avamtuxbnke oto Kepdlawo (Chapter) 5 eival n
umoBeon otL pa GW dev pmopel va e€unnpetrost 6Aoug toug UEs. ‘EtoL pumopet va yivel n uelétn
€VOC TILO TTIOAUTTAOKOU oevapiou mou Ba Aappavel umtoyn Tig SladopeTIKEG KATEPXOUEVES LEVEELC,
Tov un mpokaboplopévo aplOud twv UE mou efumnpetolvtal Tautoxpova amno kabe pia GW
OAAQ KOL TOV TTAPATIAVW TIEPLOPLOUO.

H pelétn twv mpoPANUATWY TG amd KOwoU KATovounG Topwv eival {WTLKAC onpaciog ota
Sopudopika Siktua, Orou UTIAPXEL avaykn Xprong OAwv twv Suvatwv nopwv. Kabwg Ta osvapla
vivovtal mo mepimdoka Aapfdavovtag umon TEPLOCOTEPEC MAPAUETPOUC, N edapuoyn TG
TEXVNTAC vonuoouvng eival €vag mbavog CUMUAXOC YLO TNV OVTIUETWION QUTWV TWV
npoBAnuatwv. Itnv teheutaia meplntwon, n eknawdeutikny Sdladkacio elvatl xpovoBopa katl
vivetal offline. Itn cuvéxela, To EKMALSEVUEVO LOVTEND TIAPEXEL ATMAVTNOELG OE CUVTOUO XPOVLKO
Slaotnua Kol Umopel va xpnoldornolnBel oe mpayuatikég ouvOnkes. TEAOG, evw TA UOVIEAQ
UNXQVIKAC UABnong Umopolv va «KATovoroouv» TIOAUTIAOKEG OXEOELC Kal gival oe Béon va
AUoouv o amodekto enimedo moAAA mpoPArpuaTa o €va eUPU GACHA EMLOTNUOVIKWY TteSiwy,
Sev UTIAPXOUV BEWPNTIKEG EYYUNOELG yLa TNV amodoor) Toug Aoyw TG HopdnC TWV CUVOPTHCEWY
TG omoieg KataBAANOUV TPOOTIAOELD VA TTPOCEYYIGOUV.
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Chapter 2

Introduction
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Figure 1: Satellite Services in the 5G networks [Kodheli21].

The special features and technical advances in satellite communications (SatComs) make them
necessary to support a wide range of applications, either as a standalone solution or through
their integration in the fifth generation (5G) networks [Kodheli21, V6lk19]. In summary,
considering Figure 1, the assistance of SatComs in 5G ecosystem includes: (a) for urban areas the
Internet of Things (loT) device connectivity, backhaul support over fixed networks, popular
content and media broadcasting, vehicle connectivity and emergency response, b) for rural areas
backhauling, direct connectivity and monitoring and c) for remote areas the communication in

maritime sector, machine-to-machine (M2M) connectivity, aeronautical broadband and
emergency communications.

Moreover, as technology is developed, different communication systems in multi-layer
architectures, as shown in Figure 2, can be combined to guarantee high data rate services such as
in ultra-dense regions. These networks include satellites, low/very low earth orbit (VLEO)
satellites, high altitude platforms (HAPs) and low altitude platforms (LAPs) like unmanned aerial

systems (UAVs). Their respective altitude ranges are 100 to 450 km for VLEQO, 15 to 25 km for
HAPs and up to 4 km for LAPs [Kodheli21].
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Figure 2: Multi-layer communications ecosystem [Kodheli21].

2.1 Current Status of Satellite Communications

Nowadays, the notion of “New Space” has been emerged meaning: 1) the space privatization, 2)
satellite miniaturization and 3) services based on data from space [Kodheli21]. Specifically,
companies such as SpaceX launch satellites, while until recently this was done only by
institutions. Moreover, the satellite miniaturization helps the multiplexing of multiple
cube/micro/nano-satellites into a single launcher and these innovations make simpler the access
to space and give the ability to gather a large amount of data. Towards this direction services
based on ‘cloud’ technology have been developed, such as Amazon Web Services, having ground
stations that are shareable among the constellations and data processing can be done under high
computing facilities.

In the same context, Microsoft Azure Space cooperates with SpaceX Starlink to have a high-
speed, low-latency satellite broadband connection for the Azure Modular Datacenter and, based
on its existing partnership with Société Européenne des Satellites (SES), will support its O3b
medium earth orbit (MEQO) constellation to extend the connectivity between its cloud data
centers and cloud edge devices. With cloud technology, interested customers will be able to
access it, without the need for long-term investment in personal ground station infrastructure,
reducing the cost of sending data from space to Earth, but also significantly reducing data access
delays.

Continuing the description of trends in SatComs, their integration with the 5G networks is of
utmost importance. In International Mobile Telecommunications for 2020 and beyond (IMT2020)
are defined three major groups of 5G usage cases by ITU-R [ITU-R15]: enhanced mobile
broadband (eMBB), massive machine-type communication (mMTC) and ultra reliable and low
latency communication (URLLC). The satellite usage cases for mMTC involve the loT where high
network load is generated and the satellites assist the terrestrial networks by providing the
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backhaul or continuous service when they fail. In the case of URLLC the satellite can assist with
broadcast of content, in case of non-critical data and edge caching, i.e. processing delay-
intolerant information and only non—critical data transmitted through satellite. In terms of
caching, the problem is how to prefetch the high volume of popular content to the caches. The
satellite backhauling with its beams’ wide area coverage is a possible solution [Kodheli21].
Finally, specific paradigms for satellites in eMBB can be found in [Liolis19].

European Space Agency (ESA) and the European space industry have joined forces to develop
and demonstrate the added value that satellite brings to 5G since June 2017, at the Paris Air and
Space show, where ESA and 16 satellite industry leaders signed a Joint Statement on their
collaboration in the “Satellite for 5G”. In fact, in the document “Assessing satellite-terrestrial
integration opportunities in the 5G environment”, which was prepared in September 2016 with
the support of ESA in the future preparations of the Advanced Research in Telecommunications
Systems (ARTES) program, the high throughput satellite (HTS) systems and non-geostationary
constellations were mentioned as innovations of satellite systems. The latter reduce dramatically
the latency of satellite communications. Finally, the need for rapid standardization of the
necessary interfaces to allow integrated management and operation of 5G hybrid satellite-
terrestrial networks was also stated.

In addition to the efforts for integration of satellite communications into 5G networks, there is a
shift in the creation of high-performance optical networks. The study of satellite optical
communications started by ESA in December 2016, under the ARTES program with the project
name "SeCure and Laser communication Technology (ScyLight)". The ScyLight project focuses the
European and the Canadian industry's efforts on optical communications technologies,
specifically in the following areas: a) system-level optical communication technology, b) optical
communication terminal technology, intra-satellite photonics and optical payloads and c)
guantum cryptography technologies in space. Furthermore, ESA has prepared a project called
“High thRoughput Optical Network (HydRON)”, which aims to seamlessly integrate terrestrial and
satellite infrastructure into a terabit-optical network, called “Fiber in the Sky”, to help European
and Canadian industry test their technologies in orbit.

The HydRON project aims to demonstrate that: a) all optical satellite nodes (geostatic and non-
geostatic) can produce extremely high data throughput, b) space laser networks with terabit
connectivity capabilities exceeding 100 Gbps and capable of optically rerouting/switching data
streams can perform similarly to standard fiber optics widely used in terrestrial systems, c) the
impact of atmospheric conditions can be reduced by utilizing the capabilities of the HydRON
network to redistribute data, as up/downlink stations can be located at geographical areas with
high link availability (good weather conditions) or distributed ground station optical networks
can serve more than one satellite at a time and avoid expensive waiting times, d) HydRON's
inherent data distribution capabilities will enable the collection and distribution of user data
within the network, similar to a terrestrial fiber network and e) the use of artificial intelligence
(Al) will benefit the new network formats to integrate with terrestrial networks [Hauschildt18].

As telecommunication services are provided by both national and commercial satellite
infrastructure, key operations and infrastructures of the European Union (EU) and its Member
States are exposed to security risks. Secure satellite communications that can be used in a timely
and effective manner are critical to government security agencies such as the police, border
guards, firefighters, civilian and military crisis forces. These services can assist in the safe
operation of missions that may not be able to rely on traditional communication networks or be
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subject to cyber threats. This is how the EU Governmental Satellite Communication
(GOVSATCOM) program was created, in which the ESA, the Member States and the European
Commission work together. This aims to provide secure and cost-effective communication
capabilities to critical security missions and operations managed by the EU and its Member
States, including national security agencies and EU agencies and institutions.

In addition, in the framework of EU Horizon 2020, in September 2020 the program "European
Networking for satellite Telecommunication Roadmap for government Users requiring Secure,
inTeroperable, innovative and standardized services (ENTRUSTED)" was launched with funding of
about 3 million euros which will be completed in February 2023 and consists of almost 20
institutions representing Member States and EU agencies. ENTRUSTED aims to provide
recommendations to the European Commission on issues that could affect users in the area of
secure satellite communications services. These may be related to the necessary investments,
the user equipment and the appropriate technological aspects that are important for the design
of future services.

Concerns about communications’ security led in April 2019 to the signing of a technical
agreement for a European project for Quantum Communication Infrastructure (QCl). Quantum
Key Distribution (QKD) technology based on the principles of quantum mechanics is used to
perform cryptographic tasks and cannot be compromised by quantum computers, thus allowing
long-term security of data and communication messages. With the support of the QKD, the end-
to-end quantum communication infrastructure will be composed of elements on Earth and in
space and will significantly enhance Europe's capabilities for cybersecurity and communications.
In fact, this infrastructure will be able to benefit from digital signatures and authentication. In
particular, the QCI terrestrial component will consist of a series of quantum communication
networks connecting critical infrastructures and sensitive data centers in Europe. The space
component, known as SAGA (Security and cryptoGrAphic mission), will be under the
responsibility of ESA and will consist of satellite quantum communication systems with pan-
European coverage [QKD19].

2.2 Radio Resource Management Framework

The huge increase in the demand of wireless users for very high data rate broadband internet
services is a common knowledge. In Cisco’s report [Ciscol9] we remark that monthly global
mobile data traffic will be 77 exabytes by 2022 and annual traffic will reach almost one zettabyte.
In addition, there is need to boost the performance of mobile backhaul networks in terms of
capacity resilience against link failure or congestion. In the upcoming 5G era of wireless
networks, satellites will be an integral part of the network of the future for the delivery of
internet and multimedia services, as also stated in aforementioned Section. The HTS systems are
rendered as a reliable part towards this direction, mainly providing services in rural and suburban
areas, where the terrestrial networks have limited connectivity and through the support of
terrestrial infrastructure in 5G networks for backhauling and traffic offload [Evans15]. Generally,
the application of satellite networks for broadband internet services has been included in the
second generation of Digital Video Broadcasting for Satellite Transmission DVB-S2 standard and
in its extension DVB-S2X [ETSI14].
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In order to be able to satisfy the high data rates of internet access, the HTS systems target to
hundreds Gbps up to Tbps [Jeannin14]. These bit rate requirements need the exploitation of
large portions of bandwidth which are available at higher frequency bands, such as Ka Band
(20/30GHz) and Q/V Band (40/50GHz). Specifically, the Q/V Band is used at the link between the
gateway (GW) and the satellite, which is called as feeder link and the Ka Band is exploited at the
link between the satellite and user (UE) beam, which is called as user link.

It is well known that the atmospheric effects deteriorate the performance of communication
systems for operating frequencies above 10GHz [Panagopoulos04]. Specifically, this makes the
system more vulnerable to fading mechanisms that can crucially influence the availability of the
system.

These severe signal degradations in high frequency bands can be mitigated by the smart gateway
diversity (SGD) technique, which treats the ground and space resources appropriately. Especially,
by exploiting the spatial diversity of the feeder links, due to the large geographical distance
among the gateways, the service of a user beam can be changed and the latter can be served by
another GW, whose feeder link faces less severe fading conditions. Specifically, in [Kyrgiazos14]
authors study the assignment of a number of time slots that each gateway is connected to a user
beam under the type of time multiplexing N-active SGD scheme. In the latter scheme, calling as N
the number of GWs in the system, the UE beams can be served by different GWs in different
time slots, which together constitute a frame. Additionally, three different optimization
problems, i.e. rate matching, load balance and fairness method, are examined. Particularly, due
to the combinatorial form of problems, for the rate matching and load balance methods the
GLPK software tool is used.

In literature the concept of HTS networks is of utmost importance since it may help the satellite
operators to achieve the high throughput requirements of their customers. In [Vasavadal6] new
architectures for next generation HTS systems are proposed, while in [Tanil7] a flexibility-
enhanced HTS network is investigated as a viable solution in case of disaster management
because its operation is independent of the availability of terrestrial networks. The idea of SGD
techniques and their combination with appropriate resource allocation mechanisms are
examined thoroughly for current and future HTS systems, making the satellite operators able to
achieve the high throughput requirements of their customers. Especially, in [Rossi17] the outage
analysis in a SGD scheme is examined in order to allow the use of the Q/V Band in the feeder link
for commercial purposes, while in [Muhammad16] a SGD multi-gateway multi-beam satellite
network is considered and a Quality of Service (QoS) management framework is proposed to
control congestion and packet losses, that deteriorate the performance of delay-sensitive and
delay-insensitive traffic flows.

In terms of radio resource management (RRM) field, containing resources such as bandwidth,
power allocation and user scheduling, there is a wide scientific literature and state of the art
approaches are provided not only in wireless networks [Manap20], but also in satellite
communication systems [Kisseleff21]. Based on [Elsayed19] the RRM approaches can be
separated as:

1) centralized or decentralized: If the RRM decisions are originated by an agent that gathers all
the information then we talk about a centralized RRM approach, otherwise a decentralized
process is followed, where users make decisions autonomously. Generally, centralized
approaches have more overhead.
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2) optimized, heuristic, game theoretic, or Al-enabled according to the mathematical theory.
Specifically, optimization problems are usually much complicated, because there are several
parameters in multiobjective functions that have several constraints. Afterwards a heuristic
solution can be applied generally without having any theoretical guarantees. In case of game
theory approaches, the agents in the network interact and influence the decisions of other
agents. Particularly, the latter methods can effectively adapt to network dynamics. Finally, a brief
list of works for Al-enabled processes is cited in the end of this Section.

An indicative list about the RRM cases in SatComs is given in paragraphs below. Various RRM
mechanisms have been concerned either for the cooperation of satellite and terrestrial
networks, such as [Lagunas17], [RosatiO6], or the resource allocation in satellite downlinks, such
as [Choi05], [Choi09], [Destounisll], or the cognitive satellite networks [Lagunasl5]. In
[Lagunas17] authors study a hybrid satellite-terrestrial backhaul network and propose a joint
satellite and terrestrial carrier assignment algorithm, targeting to the maximization of the
satellite and terrestrial links’ sum-rate, considering in parallel the minimization of interference
impact in the links’ performance. Due to the intractability of the initial problem the carrier
assignment for the satellite backhaul network is firstly determined and, based on this allocation,
a sub-optimal carrier assignment for the terrestrial network is proposed. Finally, in [RosatiO6] a
joint routing and resource allocation mechanism is proposed in a hybrid satellite-terrestrial
network. Especially, a cross-layer approach in the protocol stack is investigated for the
coordination of the network and the link layer and a decentralized and distributed solution based
on the Lagrange dual decomposition method is implemented, resulting in a pricing strategy
related with bandwidth.

Considering the satellite downlinks, in [Choi05] the optimum satellite downlink multi-beam
power and spotbeam allocation based on demands and link qualities is provided, using the
Lagrangian approach, while in [Choi09] the optimal solution for joint resource allocation and
congestion control based on incoming traffic, link qualities, and average delay constraints is
extracted. Finally, in [Destounis11] a heuristic dynamic power allocation among the beams of a
multi-beam satellite antenna for a broadband satellite communication network operating at Ka
band and above has been proposed. For cognitive satellite networks in [Lagunasl5] resource
management mechanisms, including carrier, power and bandwidth allocation, for a cognitive
spectrum utilization satellite scenario with incumbent terrestrial network are investigated. The
scope is the exploitation of the spectrum allocated to the terrestrial networks, which are the
incumbent users, by the satellite system without causing harmful interference to the former.

Continuing the brief discussion about the RRM approaches in SatComs, in [Takahashil9] authors
propose an adaptive power resource allocation with multi-beam directivity control in an HTS
system with digital beam forming, in order to solve the trade-off, accrued from physical
restrictions, between the transmit power and beam directivity. Moreover, in [Chen19] a joint
power and subchannel allocation algorithm from the perspective of efficiency and fairness in
cognitive satellite network is examined, applying the Lagrange multiplier method. Authors show
its efficiency through simulations. Furthermore, in [Li20a] a game-theoretical approach,
containing both spectrum pricing and auction, for enhancement of spectral efficiency in satellite
mobile communications is implemented. Especially, a satellite spectrum pricing scheme is
proposed considering the spectrum reuse in multi-beam satellite systems, the heterogeneous
nature of satellite transmission links in different spectrum bands and predictable and periodic
satellite switching from one non-Geostationary Earth Orbit (GEO) satellite link to another.
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Additionally, in [Li20b] a power control method for the loT terminals in satellite-based loT
environment is applied, with close approach to the optimization solution and the Poisson Point
Process is used to model the 10T users’ distribution. Finally, in [Lin19] a joint beamforming and
power allocation mechanism for satellite-terrestrial networks with non-orthogonal multiple
access is considered. The maximization of sum rate of satellite-terrestrial network considering
the constraints of per-antenna transmit power and the QoS requirements of satellite and cellular
users is approximated, by applying appropriate user clustering. Then the problem is transformed
to an equivalent convex one and an iterative algorithm with fast convergence is provided.

Paving the way towards future wireless communications, Al is an integral part of RRM in them
[Elsayed19, Lin20]. In SatComs there are studies that use Al-enabled techniques such as the deep
reinforcement learning (DRL) and an indicative list of them follows. In this concept there are
agents, states and actions and using feedback from the environment the intention of agent is to
choose the action that results in larger final reward. The environment and agent are connected
through the agent’s actions and the environment’s states and rewards. Especially, the agent
makes a series of decisions based on a policy of actions with respect to the observed
environment’s state. This framework is valuable for wireless networks due their dynamic
ecosystem [Elsayed19].

Specifically, in [Hul8] a DRL for dynamic resource allocation is proposed in multi-beam satellite
systems, where the states are reformulated as 2D tensors to consider both spatial and temporal
traffic features. In [Hu20a], a multi-objective reinforcement learning concept, in satellite
broadband systems, for beam hopping management is proposed. The target is to match the
demand of system capacity with the efficient utilization of beams considering the fairness of
beam’s services, the delay minimization of real-time services transmission and the maximization
of throughput of transmission of non-instant services. Additionally, in [Liuis19] a DRL method to
allocate power in multi-beam satellite systems is applied, where the problem is described with
continuous state and action spaces and the actions are based on the power that is the
optimization parameter.

In parallel in [Hu20b] the authors consider the inter-beam interference and resource utilization
variance and build a game-theoretic model for bandwidth allocation in the forward link. Then a
multi-agent deep reinforcement learning-based bandwidth allocation scheme is proposed, to
satisfy the requested capacity. The results reveal that the proposed method is more efficient
than other traditional bandwidth allocation schemes, in matching the requested capacity across
the beams.

Moreover, in [Deng20] the promising usage of DRL for the next generation heterogeneous
satellite networks is presented, in order to achieve appropriate matching between resources and
services. Specifically, the problems of multi-objective and multi-agent reinforcement learning are
investigated. Finally, in [Jiang20] a reinforcement learning capacity management mechanism in a
three-layer, including GEO, MEO and low earth orbit (LEO) satellites, heterogeneous network is
studied. Authors propose an algorithm with low-complexity to compute the capacities among
source and destination satellites and a capacity allocation algorithm to optimize the long-term
utility when sharing capacity between the users.
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2.3 Structure of the Thesis

In Chapter 3 of this thesis optimal pairing schemes among GWs and UE beams are considered in
HTS systems, focusing on the feeder links, based on matching theory, applying the Gale—Shapley
(GS) algorithm and the theory of Monge arrays. The examined performance metrics, based on
GWs’ offered and UEs’ requested capacities, are the minimization of system’s losses and rate
matching and maximization of minimum and total systems’ satisfaction ratio. Moreover in
Chapter 4, considering also the downlinks of HTS system, optimal pairings are presented based
on Hungarian algorithm for the minimization of system’s losses and rate matching and
maximization of systems’ satisfaction ratio. In all above cases one-to-one and one-to-many
pairings are assumed and the number of simultaneously served UEs by each GW is
predetermined. The latter assumption is removed in Chapter 5 and suboptimal one-to-many
pairings are presented for maximization of minimum and total systems’ satisfaction ratio and
minimization of maximum and total systems’ dissatisfaction ratio. Iterative algorithms from
fractional programming and difference of convex functions are used. Furthermore, the
application of difference of convex functions is presented theoretically in order to solve the
minimization of n™ order rate matching where n is positive, even and integer. Finally, Chapter 6
concludes the thesis where the main conclusions are depicted and some points for further
research are outlined.
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Chapter 3

Optimal Allocation Schemes Focusing on
Feeder Links*

In this Chapter we investigate a multi-beam HTS system with M GWs that can serve N UE beams
as presented in Figure 3 and no particular payload constraints are assumed, i.e. all possible
pairings among GWSs and UEs are feasible. A frame period separated in different time-slots is
considered, based on the time multiplexing SGD context. At every time-slot each UE is served by
one GW and each GW serves only one UE, assuming M=N. More UEs are served in case M<N. In
the former case each GW,, with k=1,...,M, serves q,=1 UE, while in the latter case g,>1 UEs are

M
served at the same time by GW, satisfying the relation qu = N . Hereafter, the number of
k=1

each GW, in the system “virtually” increases from one to g by offering at the same time capacity

oC, = OC;/qk to UEs where OC, in bps is the total offered capacity of GW;.

Specifically, the total offered capacity is calculated using the Shannon expression, i.e.
OC,'; = B log,(1+y,) where B¢ is the bandwidth and }/k_' = CNIRU_p',k +CNIR;n]. Especially, 7,
is the end-to-end (E2E) or total carrier to noise plus interference ratio CNIR,, with
CNIR=C/(N+1), that includes both CNIR of feeder link k and CNIR of downlink which is

considered same for all UEs since we focus on the feeder |links. Finally,

— A1, /10

CNIR

ik = CNIRc 10

where the CNIR g, is CNIR in clear sky conditions for the

feeder link k and Att, is the total atmospheric induced attenuation. The total atmospheric
attenuation includes gaseous attenuation, scintillation, attenuation due to clouds and rain
attenuation [Karagiannis12, Kourogiorgas17].

From the aforementioned analysis, in the system there are N GWs each of them offering OC;
capacity with i=1,...,N. Moreover, there are N UEs where each UE; with j=1,...,N requests capacity

! Copyright © 2019 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. |. Kourogiorgas and A.
D. Panagopoulos, “Dynamic Capacity Allocation in Smart Gateway High Throughput Satellite Systems
Using Matching Theory,” IEEE Systems Journal, vol. 13, no. 2, pp. 2001-2009, June 2019. Personal use
of this material is permitted, but republication/redistribution requires IEEE permission.

2 Copyright © 2019 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. |. Kourogiorgas and A.
D. Panagopoulos, “Optimal Dynamic Capacity Allocation for High Throughput Satellite
Communications Systems,” IEEE Wireless Communications Letters, vol. 8, no. 2, pp. 596-599, April
2019. Personal use of this material is permitted, but republication/redistribution requires IEEE
permission.

3 Copyright © 2019 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. I. Kourogiorgas and A.
D. Panagopoulos, “Optimal Capacity Allocation Strategies in Smart Gateway Satellite Systems,” IEEE
Communications Letters, vol. 23, no. 1, pp. 56-59, Jan. 2019. Personal use of this material is
permitted, but republication/redistribution requires IEEE permission.
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RC; in bps to satisfy its need for data. The scenario where UEs are more than the GWs is a
realistic and important scenario for the design of satellite systems.

Finally, the examined performance metrics are the system’s losses, rate matching and
satisfaction ratio, all widely known in the related literature [Kyrgiazos13, Kyrgiazos14, Leill].
Specifically, losses are determined as the non-negative difference among the requested and
offered capacities, while rate matching as an n™ order deviation of them, in our case n=1,
describing the absolute difference. To conclude the fraction of offered over requested capacities
determine the satisfaction ratio.

/ UE .
N\ Beam1 / N/

7= N

/

\_BeamN / =2
N\ / Gateway M

Figure 3: System Configuration focusing on Feeder Links

3.1 Pairing Allocation based on Gale-Shapley Algorithm

In this Section the minimization of total system’s capacity losses is studied considering the
offered capacities of gateways and requested capacities of users’ beams, in the scenario
described above. To do that we exploit the matching theory that has been largely used in
economics, as a mathematical framework attempting to describe the formation of mutually
beneficial relationships between different sets of agents. Especially, matching theory [Roth89,
Gale62] helps to take resource management decisions efficiently and has recently been involved
in synchronous wireless networks [Gul5, Bayatl16] with very promising results. There are many
paradigms about the application of this theory, such as in cognitive radio networks [Leshem12],
orthogonal frequency-division multiple access (OFDMA) networks [Jorswieck1l] and
heterogeneous small cell networks [Bayat14].

This theory includes a two sided approach, which contains two different sets of agents in a
matching market and a way to make the agents’ pairing provided by the application of an
efficient stable matching algorithm, known as Gale-Shapley or deferred acceptance (DA)
algorithm [Gale62]. In the matching market each agent of one set ranks the agents of the other
set according to a preference relation based on their utility functions. In our case the matching
market is the HTS system that involves the disjoint sets of GWs and UE beams, where each
GW/UE beam ranks the UEs’" beams/GWs (correspondingly) according to their utility functions.
Finally, the deferred acceptance algorithms have many practical applications such as the National
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Resident Matching Program of U.S. for medical school graduates and the school choice systems
in Boston and New York City [Roth08].

There are various classifications of matching models depending either on the agents’ quotas or
the construction of the agents’ preference lists. According to the agents’ quotas, which indicate
the maximum number of pairings that an agent can make, there is the one-to-one (020)
matching, such as classical marriage problem, one-to-many (O2M), such as college admission
problem and many-to-many matching models [Xull, Hamidouchel4]. Indicatively, in marriage
problem each man is matched with at most one woman and reversely, in college admission
problem each student is matched to at most one college and the latter is matched to at most its
guota of students and many agents of one set can be matched to many agents of another set, in
many-to-many pairings.

Based on the agents’ preferences, i.e. utility functions, there are two mostly used subcategories
[Gul5], the canonical matching, where the preferences depend solely on the information
available at each specific agent and the matching with externalities [Bando12, Namvar14]. In the
latter subcategory, there are interdependencies between the agents’ preferences, i.e. individual
agents’ preferences are affected by the other agents’ preferences and also by the current
matching. An indicative example, given in [Bayat16], describes a user-subchannel pairing in an ad
hoc network where a subchannel can be accessed by many users. A user may choose a specific
subchannel as its favorite, but as more users exploit the same channel the level of interference
increases and this user may choose another subchannel as most preferred. This means that the
preference of a user for a subchannel is directly related with other users’ preferences.

3.1.1 Capacity Allocation Scheme
Our objective is to propose optimal GWs-UEs pairings with low complexity in order to minimize

in each time slot, the total system’s capacity losses, L, defined as:

N
L =Y max{RC,-0C,,0} (1)
j=1

where OCJ. is the offered capacity to jth UE. From the analysis in Sections 3.1.1.1 and 3.1.1.2, we

conclude that our algorithm results in the minimization of losses, considering two basic factors:
a) the more demanding UEs are served by the GWs which offer higher capacities and b) this
matching is the same and unique for both sides of matching process [Eeckhout00].

3.1.1.1 Matching Theory Concepts

In the following analysis, we use the terms UE and UE beam interchangeably to have a more
compact and clarified analysis. Before presenting the proposed algorithm based on matching
theory, the fundamentals of matching theory are given using the terminology of the capacity
allocation problem under consideration.
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At this point some basic concepts of matching theory are provided. The matching theory is
applied to two different finite sets of agents, i.e. the set of GWs (GWs={GW,GW,,...,GWy}) and
the set of UE beams (UEs={UE4,UE,,...,UEy}) and is based on specific utility functions according to
their preferences. We examine the case where each GW is able to serve many UE beams

simultaneously (i.e. each GW has quota ¢, , which indicates the number of UE beams that can

serve satisfying the relation g, >1) in order to study the performance of HTS networks in more

realistic scenarios where the UE beams are more than the GWs, called as O2M matching
[Roth89]. Moreover, as special case of 02M matching we investigate the 020 matching [Roth89]
in which each GW can serve at most one UE beam (i.e. the GW’s quota satisfies the relation

Do =1).

The core of matching theory is the matching function u, which is defined as follows, considering

that |P| indicates the size of P:

Definition [Roth89]: A matching u is a function from the set GWs UUEs into the set of
unordered families of elements of GWs U UEs such that:

1. |,u(UE)| =1 for every UE € UEs and u(UE) = UE if u4(UE) ¢ GWs.

2. |,u(GW)| =q,, forevery GW € GWs and if the number of UEs in u(GW), say r, is less

than ¢, , then ©(GW) contains ¢, —r copies of GW.
3. H(UE) =GW ifand only if UEisin u(GW).

The matching u among the M GWs and N UEs depends on their utility functions which include
the UEs’ requested and GWSs’ offered capacities, respectively. In case that a GW is able to serve
simultaneously g, UEs then each of these UEs can exploit a portion of l/qGW of GW’s offered
capacity. Afterwards, the GW;'s/UE;’s utility functions for a given UE/GW,, with i =1,...,M and
j=1,..,N, are defined as (2)/(3), respectively, considering the aforementioned assumptions:

Ugw ;= RC;, (2)

1
UUE,ji =——0C,. (3)

1
dew i

According to the proposed matching scheme the GWs are more willing to serve UEs that request
higher capacities and the UEs want to be served by GWs which offer higher capacities, in order to
share smartly the system’s resources (i.e. OCs) based on the corresponding UEs’ beams demands
(i.e. RCs). Based on these remarks and the utility functions described above, the preference list of
GW,is defined as:

prefGW; ={UE,, 1\ iy, (4)

where o(e refers to a mapping function o :{l,..., N} > {l,..., N} that sets each UE in a descent

ordered list, based on each GW’s utility function according to the inequality (5):

U

ooy > U,

.o > > Usw iov) - (5)
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Moreover, considering the UE beams, the preference list of UE; is described as:
M
pl”erEj = {Gwl(k)}k:1 , (6)

where A(e refers to a mapping function A:{l,..,.M} —{l,..., M} that sets each GW in a descent

ordered list based on each UE’s utility function according to the following inequality:

U

vE. i > Y

UE.jAQ2) T U,

UE.jA(M) " (7)

where in the above notions the notation o(1) (A(1)) denotes the most preferable UE (GW), i.e.
the UE with highest RC (GW with the highest OC), for the corresponding GW; (UE)).

3.1.1.2 Proposed Matching Scheme

The corresponding GWs-UEs pairing can be found by the proposed matching algorithm, as
described in Figure 4 and afterwards this matching is considered in (1) to find the system’s
capacity losses.

It is noticeable that the solution of the GWs-UEs matching concept produces a stable matching
and has low complexity as it is based on the GS or DA algorithm, that leads to a stable matching
[Gale62]. Its runtime complexity is polynomial, especially O(N?), where N is the number of both
GWs and UEs in our system. Particularly, the matching is stable for the marriage problem when
there does not exist any other matching under which both matched agents would be more
benefited than current matching. An assignment of UEs to GWs will be called unstable if there
are two UEs a and b which are assigned to GWs A and B, respectively, although b prefers A to B
and A prefers b to a.

The matching process, based on the DA algorithm, can be started either by the GWs or by the
UEs changing the result of the matching algorithm while leaving invariant the core of the
algorithm’s formulation. Considering that the GWs’ and UEs’ preference lists are strict (as
expressed in (5), (7)), it is proven [Roth89] that if the GWs start the matching process (GW-
proposing matching) the result is the optimal stable matching for them, called as GW-optimal,
meaning that every GW likes this matching at least as well as any other stable matching. Finally,
the application of 02M matching algorithm, described in Figure 4, in the 020 matching is direct

with the only assumption that g, ; =1. Generally, it should be noted that in our system model

the GWs—UEs pairing, through the application of scheme of Figure 4, based on the DA algorithm,
is stable, as stated in [Roth89].

The system’s assumptions about the invariance among the conditions of user links, due to the
focus on the feeder links as stated in the beginning of this Chapter and the fact that each UE has
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Input: number of GWs (M), number of UE beams (N), GWs’ quotas (vector gew= [Gew,1.--
qew,ml)

Matching Determination:

Step a (Initialization)

1) Each GW; with j=1,.,M constructs its preference list prefGW, based on (2) and

preference relation according to (5).

2) Each GW,; is replaced by its replicas GVVI’,I’GVVi,Z'“GVVi,qGW “with the same preference lists

as determined in Step a.1.

3) Each UE; with j=1,...,N constructs its preference list prerE/. based on (3) and preference

relation according to (7).

4) Each UE; incorporates in its preference list, determined in Step a.3, the replicas
GW,

i1 GVK,szVK‘,qGWJ in the corresponding position of GW..
Step b (Matching Process)
1) Each GW proposes to its most preferred UE according to (4) that has not yet rejected it.

2) Each UE keeps the most preferred GW, according to (6), considering the proposed GWs
to this specific UE and its current matching u. The UE rejects the previous matching as
well as the rest of proposed GWs, if this is imposed by (7).

Step c (Iteration Step)

Repeat Step b for each GW that has been rejected in the previous step until

. |,u(GW)| >4q., (GW reaches its quotas) or

o u(GW)=GW (i.e. GW has made a proposal to all the UEs of its preference list and

results in remaining unmatched).

Output: stable matching u*

Figure 4: GWs to UE beams Matching Process (O2M Approach).

a specific requested capacity, results in an important characteristic for the preferences based on
(2)-(5). All GWs have identical preferences over the UEs and all UEs have identical preferences
over the GWs. Hence, the proposed algorithm results in a unique stable pairing [Eeckhout00].

3.1.2 Numerical Results
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Table 3: Gateway Locations

Location Latitude | Longitude

(degrees | (degrees
North) East)
Gateway 1 Nemea, Greece 37.81° 22.67°
Gateway 2 Sintra, Portugal 38.80° -9.38°
Gateway 3 Harwell, UK 51.60° -1.29°

Gateway 4 | SES, Luxembourg | 49.69° 6.27°

Table 4: Simulation Parameters

Parameter Value

Feeder Link Frequency V Band (50 GHz)
GEO Satellite Position 9° East
Bandwidth (B,) 1GHz

Clear Sky Uplink CNIR(CNIR ) 25dB

Clear Sky Downlink CNIR( CN[RCS,dn) 13dB
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Figure 5: A time series snapshot of (a) Total atmospheric attenuation for the four feeder links
and (b) end-to-end CNIR for the links from the four GWs.
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We investigate a GEO HTS system, assuming four gateways in locations shown in Table 3 and four
UE beams and the time series of total atmospheric attenuation derived using multi-dimensional
stochastic differential equations [Karagiannis12]. The simulation parameters are summarized in
Table 4. We assume constant links’ propagation conditions during the frame period of 1 sec and
the RCs in the same period are drawn from a uniform distribution, as in [Kyrgiazos14], in the

range (O,(Bc/q)log2(1+CNIRmm, max)) bps, where g=gsw is the number of simultaneously

served UEs by each GW and the upper bound CNIR,,, ... =CNIR,, +CNIRG . Thus the

capacity losses are estimated in this time duration. Finally the corresponding system’s
performance under different RRM mechanisms is investigated over a year.

In Figure 5 (a) the total atmospheric attenuation time series (correlated in space and time) are
shown for the four GWs, while in Figure 5 (b) the end-to-end CNIR is presented. Furthermore,
Figure 6 depicts the cumulative distribution functions (CDFs) of the gateways’ offered capacities
and proves that different atmospheric conditions, which characterize the four specified locations,
result in different values of gateways’ offered capacities. Thus, it is obvious that in general higher
capacity values are offered by the GW in Greece, followed by the GW in UK, the GW in Portugal
and finally the GW in Luxembourg.

10
“|=——Nemea
—Sintra
A Harwell
10

#|—SES-Luxembourg}:

P[Offered Capacity<abscissa)

1 2 3 4
Offered Capacity (Gbps)

Figure 6: Cumulative distribution functions of the offered capacities of each gateway
considering the corresponding GW locations given in Table 3.

We continue the performance analysis of the proposed matching scheme comparing it with the
following RRM schemes: Fairness method, the Exhaustive mechanism, a less sophisticated Fixed
scheme and a Random process. More specifically, the GWs-UE beams pairs are originated in

Fairness method by the objective:

max 4 min (mj , (8)

X |i1gj<N ch

where the appropriate matching X* that satisfies (8) is extracted from all the possible pairing
combinations of GWs and UE beams and then the losses are estimated for this specific X*
according to (1). Moreover, in Exhaustive techniqgue we examine all the possible system’s
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capacity losses, originated by all the possible pairing combinations among the GWs and UEs
beams, in order to find the minimum one. Additionally, in Fixed scheme different GW-UE beam
pairings are examined changing after equal number of frames, without requiring any particular
resource management and in Random mechanism the pairing takes place in a random way.

Figure 7 presents the total gateways’ offered capacities and the system’s capacity losses, based
on (1), over time for a time series snapshot of 3*10° samples. In the first subfigure the total
transmitted capacity by gateways is illustrated, while in the rest subfigures the capacity losses of
proposed 020 matching, Exhaustive and Fixed mechanisms are depicted. It is obvious that the
performances of 020 matching and Exhaustive mechanisms are the same and better than the
corresponding system losses of Fixed mechanism. Finally, the losses increase for all RRM
schemes in deep fades, however the system’s capacity losses are lower for the 020 matching
and Exhaustive mechanisms compared with the less sophisticated Fixed mechanism.
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Figure 7: A time series snapshot of (a) Total Offered Capacities, (b) Losses of 020 Matching, (c)
Losses of Exhaustive Mechanism and (d) Losses of Fixed Mechanism.

Figure 8 (a) presents the complementary cumulative distribution (CCDF) of the system’s capacity
losses for the proposed 020 matching, Fixed, Exhaustive and Fairness RRM algorithms as a
percentage of instantaneous traffic demands. Moreover, in Figure 8 (b), considering the same
metric, the performance of 020 matching is illustrated as the latter is implemented after, or
remains constant for, larger periods of time i.e. indicatively for two and four frames
corresponding to 2 and 4 seconds respectively. In terms of Figure 8 (a) the proposed 020
matching has identical performance with the Exhaustive mechanism. Additionally, the 020
matching scheme has slightly better performance compared with the Fairness method.
Furthermore, the Fixed allocation scheme has the worst performance. Finally, it is noticeable in
Figure 8 (b) that if the 020 matching is less “dynamic”, namely repeated less times, or repeated
after more frames, this leads to more capacity losses in the system.
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Figure 9 presents the CCDF of the system’s capacity losses as percentage of instantaneous traffic
demands for the 020 matching and a Random matching scheme as the number of active GWs in
the system decreases from four to three. We emphasize in the case that for some reason one
GW stops its operation, i.e. the system has three and not four active GWs and the remaining
GWs have to serve a larger number of UE beams. In this situation the capacity losses increase
because one UE beam remains unmatched, namely unserved, considering that each GW can
serve only one UE beam. Finally, our proposed sophisticated algorithm outperforms a naive
Random matching scheme, where GW-UE beam pairs are constructed in a random way, in both

cases as expected.

Figure 10 shows the CCDF of the system’s capacity losses for the proposed O2M matching and
Exhaustive RRM algorithms in three different cases, where each GW can serve simultaneously

q9=q, = {1,3,4} UE beams. At this scenario, without loss of generality, we consider that there

are two GWs and {2, 6, 8}, respectively, UE beams in order to study the realistic case that fewer
GWs have to serve a larger number of UE beams. The considered gateways are located in Greece
and Portugal, based on Table 3, respectively. It is obvious that in all three cases, where the GWs
can simultaneously serve different number g of UE beams, the performance of O2M RRM
algorithm is identical with the Exhaustive mechanism, while the former’s complexity is lower
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because the latter investigates all the possible GW-UE beams matching combinations, in order to

estimate the minimum losses.
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Figure 9: CCDF of the losses as the number of Gateways changes, for 020 and Random RRM
mechanisms.
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Figure 10: CCDF of the losses for different quotas, for the 02M and Exhaustive RRM
mechanisms.

3.2 Pairing Allocation based on Monge Arrays

In this Section we propose a theoretically optimal, based on Monge arrays [Villani03, Park91],
capacity allocation scheme for minimization of both total system’s capacity losses and rate
matching performance metrics. Moreover, we apply the same theory for maximization of
minimum and total system’s satisfaction ratios. These optimal schemes result in an appropriate
sorting of offered and requested capacities that has very low complexity.

39



A. J. Roumeliotis, “Optimization Algorithms for High Throughput Wireless and Satellite Networks”

Monge is connected with the general concept of optimal transport theory (OTS). According to
the Monge’s problem stated in 1781 [Villani03], given piles of sands and holes with the same
volume, we look for the best move to entirely fill up the holes with the minimum total
transportation cost. Another simple example is called as ore mining problem [Mozaffaril9].
Given a collection of mines mining iron ore and a collection of factories which consume the iron
ore that the mines produce, the target is to find the optimal way to transport the ore from the
mines to the factories. This is done under the minimization of a cost function that may contain
the costs of transportation, the location of the mines and the productivity of the factories.

The OTS can be applied to solve problems such as user association and resource allocation and
has already been used in wireless networks, such as UAV-enabled cellular networks. Specifically
in [Mozaffaril7a] a delay-optimal cell association in UAVs cellular networks is proposed. Authors
use the OTS to minimize the average network delay subject to arbitrary spatial distribution of the
ground users and the optimal cell partitions of UAVs and terrestrial base stations (BSs) are
derived. Finally, in [Mozaffaril7b] the optimization through the OTS of average number of bits
(data service) transmitted to users as well as the UAVs’ hover (flight) duration is presented.

3.2.1 Capacity Allocation Schemes

3.2.1.1 Losses and Rate Matching

Under the similar concept of Section 3.1.1 our objective is to propose low complexity optimal
GWs-UEs pairings, in order to minimize both the total system’s capacity losses, L, defined in (1)
and the rate matching, RM, defined as:

N
RM = Y'|RC, -0C,|, (9)
j=1

where OCj is the offered capacity to j"" UE. The aforementioned minimization problems can be
formally written as in (10) constituting linear sum assignment problems (LSAPs), considering the

constraints: (a) the N x N pairing array X" = (xl';) is binary and x: =1 only for the GW-UE; pair,

N N
(b) me =1, Vi and (c) me =1, Vj declaring (b)/(c) that each GW/UE is paired with one
ij y

Jj=1 i=1
UE/GW, respectively, and index m is L or RM representing problems (1) or (9), respectively.
N

N
min ZZc;xT, st. (a),(b),(c), (10)
ij

m
X =l

where the elements of N x N array C" = (c;) take the form (11), (12) considering the problems

(1), (9), respectively.

¢; =max{RC; —0C, 0}, (11)

y
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o' =|RC,-0C,|. (12)

Generally, solution of LSAP problems has more complexity than our scenario that belongs to a
special case in which the optimal pairing is easily extracted and known in advance, because the
cost array C", as shown in Appendix 3.2.3.1, has the specific formation of a Monge array.
Specifically, its elements satisfy the Monge property depicted in (13), described in (2.11) of
[Brucker07], for all iy, is, ji, j» with i <i, and j, < j,, namely for every 2 x 2 sub-array of c"
inequality (13) is valid.

"'+ <c' o+ (13)

Wy - Thiy T Thip o Thi

For proving that C" is a Monge array, based on (13), in order to solve optimally problems in (10),
we sort all OCs and RCs in ascending ordered lists, as follows:

0C, ., £OC, 5, <..<0C, ), (14)
RC,, < RC, ) <..<RCy ;. (15)

In (14), (15) o(+ and A(s refer to mapping functions o,A:{l,..., N} > {l,..., N} that set OCs
and RCs in ascending ordered lists, respectively. These can be also set in descending ordered
lists, without loss of generality. To prove that (14), (15) result in optimal solution for problems in
(10), we construct the arrays ¢, v assuming that 1,..., N rows represent the o(1),...,0(N) GWs

and the 1,...,N columns represent the A(1),...,A(N) UEs meaning that i" row corresponds to OC,;

and " column to RC e i= and j = in the following analysis. In the Appendix

AN’
3.2.3.1 we prove that these arrays are Monge arrays and their pth diagonal element corresponds
to the o(p) GW and A(p) UE. Hence considering the Corollary 2.3 of [Brucker07], presenting the
identical permutation as an optimal pairing in the assignment problem with a Monge cost array,
the optimal (GW,,), UEyy) pairing with p=1,...,N, originated by (14), (15) with complexity of

O(Nlog(N)), minimizes both systems’ capacity losses and rate matching, i.e. x- 2

3.2.1.2 Satisfaction Ratio

In this Section, similar to the process of Section 3.2.1.1, the maximization of minimum
satisfaction ratio considering the system’s GW-UE pairs and the maximization of system’s total
satisfaction ratio are examined. The former metric is generally described as fairness method,
called as FM, and defined as:

FM = min (ocj/ch), (16)

I<j<N

while the total satisfaction ratio, called as SF, takes the form:

SF=i(OCj /RC,), (17)
=1
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where OCJ. is the offered capacity to jth UE. The aforementioned maximization problems can be

formally written as in (18), (19) where they are also transformed appropriately to linear
bottleneck and linear sum assignment problems, defined in Chapter 1 of [Burkard09], called as
LBAP and LSAP respectively. In problems (18) and (19) we have W;l =0C, /RC]. , where index m

is FM or SF representing problems (16) or (17), respectively and the constraints (a)-(c) are the
same with the Section 3.2.1.1.

LAt U BN AU ECTCICIC
SR SF SF N" J SF SF
XSFXZZ{ A i :Z{ S st(a).0).0), (19)

=1 j=1 i=l j=1

where the elements of N x N array C" = (c;) are defined as:
¢ =—wl' =-0C, [RC, . (20)

Dealing with problems (18), (19), two strategies have been defined, namely Strategy A and
Strategy B, respectively.

Strategy A: We sort the OCs and RCs as follows:

OC,) <OC, ;) <..<O0C, \,, (21)
RC,, <RC,, <..<RC,, . (22)

Strategy B: We sort the OCs as in (21) and RCs as:

RC,, >RC,, >..2RC (23)

u(2) H(N)?

where o(s , A(s , u(s are mapping functions o, 4, u:{l,...,N} > {L,..,N} that set the
corresponding values in ordered lists as described in (21), (22) and (23), i.e. a(1), A(1) represent
the smallest OC, RC, respectively and u(1) the largest RC.

Same optimal pairings are extracted setting both of (21), (22) or both of (21), (23) in reverse
ordered lists. In Strategy A the optimal pairings are (GWo,),UE);)), while in Strategy B the
optimal parings come from (GWy,),UE, ;) considering in both that p=1,...,N. To show that
Strategies A, B are optimal for problems (18), (19), respectively, we construct the arrays ¢, ¢
assuming that in both the 1,...,N rows represent the o(1),...,6(N) GWs and the 1,...,N columns
represent the A(1),...,A(N) UEs for the €™ and p(1),...,u(N) UEs for the C respectively.

In both arrays the i" row corresponds to OC (i) 1€ is and the jth column to RCMJ.) in the

™ ie j2 andto RC_ . inthe €%, ie. j2 . In Appendix 3.2.3.2 we prove that ¢
J40))

is a bottleneck Monge array and C* is a Monge array. Considering the Proposition 6.14 of
[Burkard09] for €™ of problem (18) and Corollary 2.3 of [Brucker07] for C* of problem (19), the
Strategies A, B, both with very low complexity of O(Nlog(N)), result to optimal GWs-UEs pairings
in terms of problems (18) and (19), respectively, while the corresponding Exhaustive schemes
have to examine all the possible GWs-UEs combinations, to find the optimal result.
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At this point, we remark an important tradeoff originated from theory. On the one hand,
Strategy A that results in the maximization of minimum satisfaction ratio of a GW-UE pair, causes
minimization to system’s total satisfaction ratio as proven in the end of Appendix 3.2.3.2. On the
other hand, the application of Strategy B results in maximization of system’s total satisfaction
ratio and causes the minimum satisfaction ratio of a pair, i.e. minimization of FM in (16), that is

OCo1)/RCy1).

3.2.2 Numerical Results

3.2.2.1 Losses and Rate Matching
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Figure 11: CCDF of losses for different number of UEs for Sorting and Exhaustive mechanisms
in: (a) MEO and (b) GEO HTS systems.

We investigate Geostationary and Medium Earth Orbit, i.e. GEO and MEO, HTS systems. For MEO
satellite scenario we assume 2 GWs in Nemea in Greece and for GEO satellite scenario one in
Nemea and another in Harwell in UK. For the MEO scenario, an 8-MEO constellation at
equatorial plane is considered and the time series of total atmospheric attenuation are derived
using the multi-dimensional synthesizer presented in [Kourogiorgas17]. The separation distance
between the 2 GWs of the MEO scenarios is 20 km in the North-South direction. For the scenario
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of the GEO system, the satellite is in 9° East as also given in Table 4, where the values of current
simulation parameters are also provided. The total atmospheric attenuation time series are
derived by employing multi-dimensional Stochastic Differential Equations [Karagiannis12].

We study two different scenarios: a) with equal number of GWs and UEs, i.e. 2 UEs in the system,
and b) with 8 UEs in the system, where each GW serves simultaneously 4 UEs. The simulation
concept is similar to Section 3.1.2, where UEs’ requested capacities in bps are drawn from a

uniform distribution.

The CCDF of system’s capacity losses and rate matching for both scenarios are presented in
Figure 11 (a), Figure 12 (a) for MEO satellite and in Figure 11 (b), Figure 12 (b) for GEO satellite. It
is obvious that the same Sorting of OCs and RCs and pairing of GWs and UEs as proposed in
Section 3.2.1.1, has identical performance, as proven in Appendix 3.2.3.1, with the much more
complicated Exhaustive technique, which examines all the possible system’s capacity losses and
rate matchings, originated by all the possible GWs-UEs pairing combinations, in order to find the
minimum ones.
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Figure 12: CCDF of rate matching for different number of UEs for Sorting and Exhaustive
mechanisms in: (a) MEO and (b) GEO HTS systems.

3.2.2.2 Satisfaction Ratio
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Figure 13: A time series snapshot of links’ E2E CNIR from both Gateways.

We assume a GEO HTS system with two different GWs in Greece and Luxembourg, respectively,
that serve eight UEs, i.e. each GW serves g; ,=g=4 UEs, hence the system has N=8 GWSs-UEs pairs.
The system’s parameters, presented in Table 4 and simulation concept are similar with Section
3.1.2 and UEs’ requested capacities in bps are drawn from a uniform distribution in the range
(x,y), where x is maximum OC and y = (B,./q)log,(1+ CNIR

total _max

), considering without loss of

generality that OC/. SRC].,Vj [Leill].

In Figure 13, a snapshot of the E2E CNIR time series, being correlated in space and time, is shown
for both GWs. Moreover the CDF of FM and normalized, i.e. divided by N, SF is presented in
Figure 14 and Figure 15, respectively. In Figure 14 (a), Figure 15 (a) Strategies A, B result in
maximization of FM and normalized SF, respectively, and have same performance with the
corresponding Exhaustive schemes. Finally, assuming the tradeoff cited in Section 3.2.1.2 in
Figure 14 (b), Figure 15 (b) Strategies B, A result in minimization of FM and normalized SF,
respectively, compared also with the corresponding Exhaustive schemes.

3.2.3 Appendix

3.2.3.1 Losses and Rate Matching

Firstly, we prove that Cisa Monge array and to do that we show that its elements cl.jL. based on
(11) satisfy inequality (2.11) of [Brucker07], that is defined as follows setting w/v equal to
right/left hand sides of (24), respectively, for simpler mathematical notation:

L L L
.. - [
LW b2 hJ2 LV

SvEw, Vi <i & j<j, (24)

We prove (24) for random iy, i5, ji, j> with i;<i, and j;<j,, hence this can be generalized for all i;<i,
and j;<j,. Considering the specific construction of €* as described in Section 3.2.1.1 and that

is , = , we have for i;<i, that OC_.. <OC

o(iy) = o(iy)

and for j;<j, that RC;(;ySRCy; .
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Figure 15: CDF of normalized total satisfaction ratio SF considering (a) its maximization through
Strategy B and (b) its minimization through Strategy A, compared both with the corresponding
Exhaustive schemes.

Afterwards, the inequalities (25)-(28) are easily extracted.

Ry = Oy 2 RCy () = OCoy) (25)

RC,, ) —OC,\ 2 RC, ;) —OC, . ., (26)

RC,(;,—OC,. 2 RC, ;) —OC, .., (27)

RC}{(_;‘Z) — OCU(iZ) > RC/I(J}) - OCU(iZ) . (28)

Regarding (11), (24) and setting doinaiy = RCajy =OCq for a more compact analysis we
have:

v = max {da(l.] M(j]),O} + max {dcr(iz),l(jz)’o} , (29)

w = max {do,(il WAG)? O} + max {a’g(i2 WAG? 0} . (30)

We prove that w>v according to (24) starting without loss of generality from (30) and
examining all the possible cases.

Casel: d >0 (31) & d >0 (32)

o (4),A(J)2) o (iy),2(j)

From (32) and (25) we have d >0 (33) and from (32) and (28) that d >0 (34).

o (i),A(jr) o (i),2(j2)
Thus substituting (31), (32) in (30) and (33), (34) in (29) we conclude to w=v from the
commutative property.

Casell: (31) & d <0 (35)

o (i2),2(j)

Substituting (31), (35) in (30) we have w=d (36). Due to the fact that (31), (35) do not

o (i),A(j,)
influence (29), the different possible values of (29) considering four different cases of v and the
corresponding comparisons with (36) are:

1) For (33) and (34) and using commutative property we have v = da(il),l(jz) +do(i2),/1(il) , hence

v <w due to (31) and (35).

2) For (34) and da(il),/l(jl) <0 (37) we have v=d hence v < w, due to (26),

o(i),2() !

3) For (33) and 4 <0 (38) we have v=d hence v < w, due to (27),

o (i5),A(j>) o(i),A(;)
4) For (37) and (38) we have v =0 <w due to (31).
Caselll: d; ;. , <0 (39)

From (39) and (27) we obtain (37), from (39) and (26) we obtain (38) and from (37) and (25) we

47



A. J. Roumeliotis, “Optimization Algorithms for High Throughput Wireless and Satellite Networks”

obtain (35). Substituting (37), (38) in (29) and (35), (39) in (30) we conclude to w=v=0.

In all the above cases we have shown that v < w is valid for random iy, i, j;, j> with i;<i, and j;<j,,
hence the same happens for all i;<i, and j;<j,, concluding that €' is a Monge array.

Now, we prove that c™isa Monge array showing that its elements c;M , based on (12), satisfy

inequality (2.11) of [BruckerQ7]. In the following analysis we use the relations (40), (41):
RM __ _
e =|RrC; ~oc, | =2max(RC,.0C, )-RC, -OC, (40)
max (RC;,0C, ) =max(RC, —0C, ,0)+0C, . (41)

Considering the same sorting as in (14), (15) the array €™ is a Monge array if and only if for
random iy, iy, ji, j» With i;<i> and j;<j,:

RM RM RM RM
i j) bjy T Ty Ciz.fl ’ (42)
Substituting (40) in (42) we result in:
max (RC/.1 , OCI.1 ) + max (RC].2 , OCZ.2 ) < max (RC/H , OCI.l ) + max (Rle , OCi2 ) (43)

Continuing our analysis and substituting (41) in (43) we have:

max (RC; —OC, ,0)+max(RC; —0OC,,0)<
| | 44
< max (RC, -0OC, ,0)+max(RC, -0C, ,0) )

The inequality (44) is true because it is the same with (24) that was proven in the analysis for the
c* Monge array, considering the sorting in (14), (15). Due to the fact that (44) is true then (42) is
also valid for random iy, i, j1, j>» and consequently for all i;, i, j1, j, with i;<i; and j;<j, and thus we
have shown that ™ is a Monge array.

3.2.3.2 Satisfaction Ratio

Firstly, we prove that €™ is a bottleneck Monge array showing that its elements cifM based on

(20) satisfy (28) of [Burkard96] V 1<i, <i, <N, 1< j, < j, <N thatis defined as:
max(ciljI G )< max(cl.I 5o G ) (45)
We prove inequality (45) for random iy, iy, j;, j, with i;<i; and j;<j, hence this is generalized for all

1<i <i,<Nand 1< j, < j, <N. Considering the construction of c™, described in Section

3.2.1.2, and that i £ , j= , we have for i;<i; that OC, ;) <OC,, , (46) and for j,<j; that

@) = o

RC <RC

26 SRCy; (47). Thus, (48)-(50) are easily extracted.

(~0Cy s [ RC;(,)) < (<0C 5 [RC (1), (48)
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(=0Cy;) [RC,1)) S (<0C,, [RCy(, ), (49)
(~0Cy 4 [ RC,(;)) S (-0Cyq [RC(1,) (50)
From (48) and (50) we have that:

%S (zz>/RCﬂ~(/>)<( OCyi /RCA(/)) (51)

Inequality (45), considering (51), takes the form (52):

max( OCq i ~ 0C,,) y<o O0Co) (52)
Gy RCiy RCj,)

Inequality (52) is true because both —OC (i) /RCM ) and -OC (i) /RCM.) are smaller or
equal to —OC i) /RCM ) considering (49) and (48), respectively. Hence inequality (45) is also
valid and €™ is a bottleneck Monge array.

Secondly, we prove that € is a Monge array showing that its elements c , based on (20),
satisfy inequality (2) of [Burkard96] V 1< <i, <N, 1< j, < j, <N thatis defined as follows:

CSF +CSF < CSF CSF
i by ~ Thj i

(53)

We prove (53) for random is, iy, j;, j» with i;<i, and j;<j, and hence this is generalized for all

1<i <i, <N and 1< j, < j, <N. Considering the construction of ¢ as described in Section

3.2.1.2 and that i = ,j= , we have for i<i, that (46) is valid and for j;<j, that
RCﬂ(jl) > RC () (54). Thus, based on (20), (53), we have:
-1
OC 4 (RC,y ;) = RC,y ;1)) 2 O, (RC, ) = RC, ) (55)
From (54) we get RC uG) ~ Cﬂéj ) S <0and from (55) we conclude that (46) is valid, something

that is true. Hence (55) is valid and also (53) is valid, so € is a Monge array.

Finally we prove that Strategy A minimizes problem SF given in (17). To prove the minimization
of problem (17) by Strategy A we set cmmSF =0C,; /RCj (56). Afterwards we construct the N x

min SF min SF

= (¢
represent the A(1),...,A(N) UEs, i.e. i = , = , and based on (21), (22) we prove that

N array C ), where 1,...,N rows represent the o(1),...,6(N) GWs and 1,...,N columns

c"Fis a Monge array, by showing that (57) is valid for all i;<i, and j;<j, and so proving that this
happens for random i;<i, and j;<j,, similarly to proofs of (45), (53).

min SF min SF < min SF min SF
i hjy T i i

(57)

Assuming the construction of Cc™"F \we have for iz<i, that (46) is valid and for j1<j» that (47) is
valid. Thus based on (56), (57) and after a simple analysis we result in:

-1 1
)(RCM]) RCy(1,)) = 0C, >(RCA(1> Caiin) (58)

O'(l
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1 —1
Gy~ Rci(jz)

is true. Hence (58) is valid and also (57) is valid. Thus c""SF s a Monge array and from Corollary

From (47) we have that RC,, >0 and from (58) we conclude that (46) is valid, which

2.3 of [BruckerQ7] Strategy A minimizes the total satisfaction ratio described in problem (17).

3.3 Conclusion

In this Chapter optimal capacity allocation mechanisms with low complexity in multi-beam HTS
systems have been proposed considering the offered and requested capacities of GWs and UE
beams. Moreover, there is the assumption that every GW can serve every UE and every UE can
be served by every GW. We focus on the feeder links of the systems, hence the CNIRs of UEs’
links remain identical. To estimate the GWs’ offered capacities, a large-scale total atmospheric
attenuation model is applied by considering the dynamic variation of atmospheric conditions,
while the uniform distribution has been exploited for UEs’ requested capacities. Consequently in
our scenario we result in the case that every GW and UE offers and requests, respectively, a
specific capacity. Finally, for the pairings, we examine both the one-to-one and the one-to many
cases, where, in the latter, the number of simultaneously served UEs by each GW has been
determined before the allocation process.

In terms of system’s capacity losses firstly we present an algorithm of O(N?) complexity from the
matching theory. The factor N is the number of system’s agents. The main idea is that in the
proposed matching scheme the GWSs are more willing to serve UEs that request higher capacities
and the UEs want to be served by GWs which offer higher capacities. Then we go a step further
and prove that the sorting of offered and requested capacities solves optimally the minimization
of system’s capacity losses, using the theory from Monge arrays with O(NlogN) complexity.

Thereafter, we have theoretically shown that appropriate sorting solves optimally the problems
of minimization of rate matching and maximization of minimum and total system’s satisfaction
ratio. In the last case we state a dilemma for satellite operators, raising from theoretical analysis,
about giving priority to maximization of the total system’s satisfaction ratio or worst individual
pair’s satisfaction ratio. This is originated by the fact that the optimal pairing scheme for the
maximization of total system’s satisfaction ratio ends up in the least satisfaction of an individual
pair and the opposite is also valid.
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Chapter 4

Optimal Allocation Schemes Considering
Users’ Links *

In this Chapter we consider an HTS network with a GEO satellite that has M GWs offering
services to N UE beams, as depicted in Figure 16. The general assumptions of model are same
with the system model in Chapter 3, but now we include in analysis the UEs’ links. We repeat
some basic relations and notations here to be consistent with the specific problems’ formulation.
Assuming 020 pairings each GW;with i=1,..,M serves one UE and each UE; with j=1,...,N is served
by one GW in case of M=N (balanced problem), while in case of M<N (unbalanced problem)
there are N-M unserved UEs. For the unbalanced problem O2M pairings are also investigated,
resulting in a balanced problem, where each GW,; serves g; UEs simultaneously, satisfying

M

Zq:‘ = N and all UEs are served. In the latter scenario the existence of g; replicas for each GW;
i=1
is considered.

Moreover, the total offered capacity in bps from GW; to UE; is determined by Shannon formula,
similar to Chapter 3, as OC;. =B_log,(1 +;/ij) , but in current case Vi is the total carrier to noise
plus interference ratio CNIRj, including both the CNIR of feeder link i and the CNIR of downlink j,
i.e. 7/[;.] = CNIRJP'J + CNIR;H'J . The rest factors remain the same as in Chapter 3.

NIRgp, 1

I:'/___h'”\
CJE Beam 1)
~
/ CRRdn NV
" QIE Beam N>
A GW M ~

Figure 16: System Configuration considering the UEs’ Links.

4 Copyright © 2021 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. I. Kourogiorgas and A.
D. Panagopoulos, “An Optimized Simple Strategy for Capacity Allocation in Satellite Systems With
Smart Gateway Diversity,” IEEE Systems Journal, vol. 15, no. 3, pp. 4668-4674, Sept. 2021. Personal
use of this material is permitted, but republication/redistribution requires IEEE permission.
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4.1 Pairing Allocation based on Hungarian Algorithm

At this point we have to say that the crucial difference of current Chapter with the previous one
is that the assumption about identical user links is not valid anymore and different UEs’ links are
considered. Hence we apply the Hungarian algorithm (HA) in order to find optimal pairings.
Another significant advancement that must be considered is the provision of optimal solution
when there are also disallowed assignments, i.e. each GW can serve different pool of UEs. These
new assumptions are realistic in satellite systems and must be taken into account in capacity
allocation problems.

Generally, the HA, whose examples of execution can be found in [Winston04, Liang19, Zhul2],
has been implemented in different scenarios in wireless systems, to face resource management
problems. An indicative list follows. Especially, in [Zhang16] a Kuhn—Munkres, another name for
the HA, parallel genetic algorithm is applied to large-scale wireless sensor networks.
Furthermore, in [Mochaourab15, Zhoul3] the HA is used as centralized pairing scheme in
scenarios of (a) a distributed channel assighment scenario in cognitive radio networks and (b)
two-hop relay networks with multiple source-destination pairs respectively. Moreover, in
[Liang19] a modified distributed HA for workload balance, considering delay and energy
consumption constraints, is implemented in sensor-cloud systems based on urban fog
computing. Finally, in [Lagunasl7] the HA is exploited in hybrid satellite-terrestrial backhaul
networks, as part of a carrier allocation algorithm.

In our case the target is to provide optimal GWs-UEs assignments for minimizing total system’s
capacity losses, L, and rate matching, RM, and maximizing total system’s satisfaction ratio, SF, in
both balanced and unbalanced problems with 020 and O2M assignments. In case of 020
unbalanced problems only M UEs are served, while in balanced problems M=N in summations of
(3.1)°,(3.9) and (3.17) and all UEs are served. These problems are presented as unbalanced LSAP

in (1) with constraints: (C1) the M x N assignment array X" = (XZ’) is binary and xl’; =1 only for

N

the GW-UE; pair, considering that this pair is “active”, (C2) fo'le, Vi and (C3)
- y
Jj=1

M
fo’,’ €{0,1}, vj declaring (C2) that each GW serves a UE and (C3) that there are UEs
-1 Y

remaining unserved and index m is L, RM or SF representing problems (3.1), (3.9) and (3.17)
respectively.

M N
min Y > ci'x", st (C1),(C2),(C3) (1)
Xm

1
i =1 Y

where the elements of M x N cost array C™ :(cl;’) take the form (2)-(4) considering the

problems (3.1), (3.9) and (3.17), respectively.

¢ =max{RC, -0C,,0}, (2)

RM _
G = |RC.1' - 0G;

) (3)

> Notation (k.m) means that we make reference to m™ equation of K™ Chapter.
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SF
e =2§§«x%/ch—(x%/ch. (4)

In (4) we show a possible transformation of maximization problem of (3.17) to an equivalent
minimization problem, with same optimal pairing solution making the latter applicable for the
HA

implementation. Finally, in case of balanced problems, constraint (C3) of (1) becomes

M
Zx:; =1, Vj declaring that there are not unserved UEs.
i=1

Hungarian Algorithm

Input: N x N cost matrix Cm[i:j] of LSA problem
with1<i, 7N

Step a (Construct C" matrix):

1) c'=c”

2) C'[i.jl=C™[i. j]—min C"[L], Vi.j

3) C'i.jl=C"i,jl- mj_inC“[:: jl, Vi, j
Step b (Cover zeros in C" matrix):
1) cov_rows={i|3jstC"[i,j]l=0}

cov_cols = {j| 3i s.t C i, j] = 0}
intersect_entries = {(i, /) | i € cov_rows& j € cov_cols}
uncov_entries = {(i, j) | { € cov_rows& j € cov_cols}
2) Draw the minimum number (Lines) of non-
diagonal straight lines that cover each C"[i.j]=0
Step ¢ (Iteration Step):
If Lines<N then:
1) d= min__CTij]

(i, /)=uncov_eninies
2) C'i,j1=C"i jl-d, ¥(i, j) € uncov_entries
3) C'[i.jl1=C"i jl+d. ¥(i,j) e intersect_entries

4) Repeat the process from Step b.
Else If Lines =N then:

An optimal assignment is found among the

entries for which:
C"[i,jl =0, ¥(i,j) € uncov_entries
Output: An optimal assignment for the

minimization of the LSA problem that is
represented by the N x N C™ cost matrix.

Figure 17: Gateways to UE beams assignment process (Hungarian Algorithm)

The optimal solution in (3.1), (3.9) and (3.17) for the balanced problems can be provided by the
HA originally published by H. W. Kuhn [Kuhn55] and reviewed by J. Munkres [Munkres57]. Kuhn
is the godfather of the method, called as "Hungarian method", due to the fact that this algorithm
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is based on the earlier works of Dénes K&nig and Jend Egervdry who were Hungarian
mathematicians [Kuhn55, Kuhn56, Martello10].

The original HA has time complexity O(N?) and it achieves O(Ng) [Tomizawa71] with appropriate
modifications. Moreover, in case of large matrices this complexity is prohibitive and a series of
acceleration and parallel techniques are studied on [Cuil6]. Furthermore, the application of HA
can be represented either based on graphs, or on matrices. In Figure 17 we present a step-by
step algorithm, while a description of the algorithm that has as input the C”, follows:

a) For each row find the lowest element and subtract it from each element in that row and do
the same for each column of new matrix.

b) Cover the zeros in the resulting cost matrix using the minimum number of horizontal and
vertical lines. If N lines are required, an optimal pairing exists among the zeros and algorithm
stops. If less than N lines are needed, continue with c).

c) Find the smallest nonzero element (call it k) that is not covered by a line in (b). Subtract k from
all uncovered elements and add k to all elements that are covered twice. Continue with process
from (b).

The extension of HA to unbalanced problems needs the squaring N x N of the cost array C™ either
by adding N-M rows of dummy GWSs in 020 scenarios, or replicating g; times the row of each GW;

in O2M scenarios. Furthermore, in the scenarios of disallowed GW;-UE; pairings the missing c;'

values can be represented by large cost P like P > max c;'.z). Finally, we have to say that the

vl',j(
application of HA in satellite networks is straightforward through the appropriate construction of
C™ matrix, whose elements include the offered and requested capacities of GWs and UE beams
following different functions based on (2)-(4).

4.2 Numerical Results

In this Section we compare the HA with the corresponding Exhaustive schemes that examine all
the possible system’s capacity losses, rate matching and system’s satisfaction ratios, in order to
find the corresponding optimal performances.

We consider a GEO multi-beam HTS network with four GWs across Europe in locations Ancient
Corinth in Greece, Amadora in Portugal, Chilton in UK and the City of Luxembourg and also four
UE beams. The system’s parameters, presented in Table 4 and simulation concept are similar
with Section 3.1.2. However instead of a common CNIR for the downlinks, we consider that

CNIR are from [10, 13, 16, 19] dB. Afterwards the UEs’ requested capacities in bps are

CS,dn, j
drawn from a uniform distribution in the range (0, Blog,(1+CNIR ... ;) ), Where
CN]R; maxj = CNIR;;W +CN1R;;M,. is the upper bound.

In Figure 18 the CCDFs of Losses, RM and SF performance objectives are presented for the HA
and Exhaustive, called as Exh in all figures below, schemes considering balanced, with M=N=4
and 020 unbalanced assignment problems, where number of GWs in the system increases from
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one to three and remains less than the UE beams. The optimality of HA is obvious through its
identical performance with the corresponding Exh mechanisms.

Furthermore, in Figure 19 the balanced problem of 4 GWs and 4 UEs with different disallowed
pairs, called as “constrained”, scenarios is studied. The labels describe the number of GWs with
unavailable connections and the disallowed UEs’ number for each of these GWs. For a clearer
view of results, the CCDF of differences of the unconstrained scenario with the rest constrained
scenarios is presented for Loss, RM and SF objectives. The first red zeroed line is the bound
representing the difference of unconstrained scenario’s performance from itself. We have put
the red line to show that all the rest cases have a worse performance than the case with no
disallowed assignments. The positive difference among the objectives of constrained and
unconstrained scenarios for Losses and RM cases due to minimization problems and the opposite
difference for SF due to maximization problem, demonstrates a rational conclusion that the
optimum performance of HTS system is achieved, when there are not any payload or hardware
constraints (no disallowed pairs) in the system. Hence each GW can serve all UEs, namely all the
pairs are possible during the optimization process. Moreover, the optimality of HA is also
confirmed by its full matching with the Exh scheme. The conclusion is that the HA leads again to
the optimum outcome for the satellite system with the disallowed GWs-UEs pairs. Nevertheless,
this optimal result is not as good as the optimal result for the case without constraints (as
expected).

Concluding, in Figure 20 we consider indicatively 2 different GWs in Ancient Corinth (Greece) and
Amadora (Portugal) that each serves g; ,=g=3 UEs, hence O2M pairing is studied in system with 6
UEs and the RCs are drawn as described before, but the multiplying factor of upper bound
becomes B/q similar to Section 3.1.2. The downlink CNIRs are [10, 13, 15, 16, 17, 19] dB. Finally,
the results again confirm the optimality of HA compared with the Exh schemes in terms of CCDFs
of Losses and RM. We result in same conclusions for the SF objective. Hence we show that in
cases of unbalanced problems, where fewer GWs have to serve more UEs, the implementation of
HA is appropriate to find pairings to achieve the best systems’ performance in terms of Losses,
RM and SF metrics.

—_— HA (4 GWS)

100
o Exh (4 GWs)
----- HA (2 GWs)
+ Exh {3 GWs)
—-- HA {2 GWs)
s A Exh (2 GWSs)
_ 1 ——- HA (1 GWs)
E <> Exh (1 GWs)
g
=
=1
A10-2
Eh
o
[¥a]
5
=
102
10—
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Figure 18: CCDF of (a) losses, (b) rate matching and (c) satisfaction ratio for Hungarian and
Exhaustive mechanisms as the number of GWs decreases.
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Figure 19: CCDF of difference of (a) losses, (b) rate matching and (c) satisfaction ratio for
Hungarian and Exhaustive schemes assuming disallowed pairs.
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Figure 20: CCDF of losses and rate matching for Hungarian and Exhaustive mechanisms in 02M
scenario.

4.3 Conclusion

In this Chapter optimal capacity allocation mechanisms with polynomial time complexity in multi-
beam HTS systems have been proposed considering the offered and requested capacities of GWs
and UE beams. The GWSs’' offered capacities are originated by a large-scale atmospheric
attenuation model similar to Chapter 3 and UEs’ requested capacities are uniformly distributed.
The studied performance metrics are the minimization of system’s losses and rate matching and
the maximization of system’s satisfaction ratio.

Optimal assignments are originated by the proposed scheme, based on Hungarian algorithm, in
satellite networks scenarios where different UEs’ links are considered, focusing on both different
feeder links and downlinks. Moreover, equal and unequal number of GWs and UEs are examined,
assuming the logical case that UEs are more than GWs. In latter case there are UEs that remain
unserved. Furthermore in case of fewer GWs than UE beams, optimal pairings are also given
considering that each GW can serve simultaneously multiple UEs in order that all UEs be served.
In this case the number of simultaneously served UEs by each GW has been determined before
the allocation process. Finally, optimal pairing is also achieved in scenarios with and without
imposing payload or hardware constraints, i.e. the fact that each GW cannot serve every UE. This
means that disallowed GW-UE pairings are possible due to adverse links’ conditions.
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Chapter 5

Suboptimal One-to-Many Allocation
Schemes

In this Chapter same assumptions with the system model in Chapter 4 are considered.
Specifically, the most important points for the definition and solution of current capacity
allocation problems are repeated. A GEO HTS system is considered. There are M GWs that serve
N UE beams with M <N and k>0 UEs are served by each GW;with i=1,..,M, called as Vie M in

M
problems below and Zki=N. Hence, O2M pairings are assumed. Moreover, the requested

i=1

capacity RC; of each UE; with j=1,...,N, called as Vj € N in problems below, is served by exactly

one GW. Finally, the offered capacity, OC,, among GW; and UE; is determined by Shannon

ij’
formula and becomes OCij/ki, due to the bandwidth allocation of GW,, in order to serve

simultaneously k; UEs in the O2M case.

At this point we have to say that the crucial difference of the current Chapter with the previous
ones is that while the number of served UEs by each GW is constant and predetermined in
Chapter 3 and Chapter 4, here the served UEs’ number is part of the optimization problems,
making the latter scenario more complicated. This concept results in a two-step heuristic
solution process: (a) the continuous step that includes the relaxation of binary allocation
problems to continuous in [0, 1] and the application of iterative algorithms with approximations
from fractional programming and sequential convex optimization (SCO) [Mark78] to result in a
continuous solution and (b) the discrete step that includes the continuous to binary conversion
of pairing solution from step (a). Especially in step (a), based on the approximations, appropriate
convex/concave problems are solved in each iteration.

The concept of appropriate approximations of non-convex problems, in order to approach their
solution by iterative algorithms that solve convex problems in each iteration, has been used in
wireless networks. Especially, in [Li15] an iterative power allocation algorithm using sequential
convex programming is presented, for the maximization of energy efficiency of the worst-case
user in interference-limited wireless networks, while in [Efrem19] the SCO is applied in a multi-
objective approach that takes into consideration both the total and minimum energy efficiency
simultaneously, in device-to-device networks. Moreover, in [Huberman14] a sequential convex
programming for full-duplex single-user multiple input-multiple output systems is shown and in
[Tang17] the same theory is implemented in a scenario of user-centric joint admission control
and resource allocation for 5G device-to-device extreme mobile broadband.

Furthermore, in [Efrem20] a dynamic energy-efficient power allocation in multi-beam satellite
systems is described, to jointly minimize the system capacity and total radiated power using
multi-objective optimization. To do that a successive convex approximation algorithm is applied
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that results in a stationary point with reasonable complexity, making it appropriate for on-board
resource allocation. Finally, considering multi-UAV enabled wireless networks in [Wul8], the
maximization of minimum throughput over all ground users in the downlink communication, by
optimizing the multiuser communication scheduling and association jointly with the UAV’s
trajectory and power control is assumed, exploiting d successive convex optimization techniques.

5.1 Pairing Schemes for Satisfaction and Dissatisfaction
Ratios

5.1.1 Capacity Allocation Problems

We target to find GWSs-UEs assignments, i.e. x; €1{0,1}, Vi that are the elements of allocation

matrixXe{O,l}MXN, for approaching the maximization of both minimum and total system’s

satisfaction ratios, called as max min SF and max SF problems respectively. By setting c;=OC;/RC;
from the literature, the satisfaction ratio in O2M case is expressed in (1) and considering that the

vectors ¢; =[c C,-N]T and x; = [Xil’XiZ""’Xz’N]T have shape N x 1 and correspond to GW;

i1>Cinsees
and also e=[1,1,..,1]T is a vector of same shape then the max SF problem takes after some
transformations, the final form in (2). Moreover, its feasible set S is also given, where the
inequality constraint declares that each GW serves at least one UE and the equality constraint

that each UE is served by one GW.

N N
SF OCij _ 1
¢ = Xy = Xp | (1)
RC
y:] ] y:l
-1
M N M N N u T
SF G Xi
maxZZx[jcij :maxz Z)Ciy injcij = maxz — (2)
XeS i A = = XeSitl e x;

j=1 i=1

N M
where S:{léz)ci]_, vieM, ) x; =1, vj'eNandXe{o,l}M”N}.

Under a similar reformulation process the max min SF problem, i.e. the maximization of the
satisfaction ratio of least satisfied UE, is presented in (3), with its feasible set

M x.c.
S, = Zﬁzt,VjeN, XeSandteR
i=1 i

M

max min Zx = max min Z = max [ (3)
XeS j=1,. XeS j=l,. Nl 1 e x; (X,1)eS;

Continuing the description of problems and based on the definition of satisfaction ratio we
examine its multiplicative inverse given by p;=RC;/OC; as a possible alternative performance
metric, called as dissatisfaction ratio. Thus the dissatisfaction ratio in 02M case is defined in (4)
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and the minimization of both total system’s and maximum dissatisfaction ratios, called as min
DSF and min max DSF problems, respectively, is investigated in (5) and (6).

N N
= py E Xy s (4)
ij y=l y=l
M N N N Mo
min Zle Cij " = min Z E X E PiX; =m1ani D.x; , (5)
XeS = XeS ~ - XeS ©
i=l j=1 i=1 y=1 j=1 i=1
M M N
DSF
min max Zx = min max Xy | Py = min max X; D X, =
XeS j=1..N 5 XeS j=1,..N ‘5 g XeS§ j=1,. (6)
min f
(X,)eS,

In case of minimization of total system’s dissatisfaction ratio the reformulation of min DSF
problem is defined in (5), where eachjth row of matrix D;, with shape N x N, is v =[P;spys-Py 1,
Vj € N . Finally, for the min max DSF problem the appropriate reformulations and the final form

are expressed in (6), where the matrix D; of shape N x N includes only zeros, except for the j"’
row that is r; as before. Moreover the feasible set of problem (6) is also described as

M
={le.TDl.jxl. <t,VjeN,XeSandt, GR}.
i=1

5.1.2 Allocation Algorithms

The feasible sets S, S; and S, include the binary allocation matrix X, hence all the examined
problems in (2), (3), (5) and (6) are binary optimization problems, which are hard to solve in
polynomial time. To approximate these problems a heuristic two step approach is implemented.
In the first step all the aforementioned problems are treated as continuous optimization
problems with convex feasible S; that is equal to S with the relaxation of constraint

X e{0,11"" to X €[0,1]

its binary constraints are replaced by continuous ones. This results in iterative solution

MxN MxN

. In what follows, an optimization problem is called relaxed when

approaches based on sequences of solutions of concave in (2), (3) and difference of convex
problems in (5), (6). Then the continuous pairing solution from the first step is converted to a
binary one and the corresponding objective is computed.

Assuming the continuous case, the max SF and max min SF problems belong to multiple ratio
fractional programming (FP) problems and the concave approximation described in [Shen18] is

applied. Specifically, due to the fact that cl.Txl. >0 in (2) based on inequality constraint of §,

X;C; 2 0in (3) and eTxl. >0 in both problems, considering again the aforementioned inequality,

then the assumptions of transformation in [Shen18, p.3] for non-negative numerator and strictly
positive denominator are valid to our max SF and max min SF problems. Hence, problem (7) is
equivalent to the relaxed problem (2), while problem (8) is equivalent to the relaxed problem (3).
The solution of (7), (8), presented in Algorithm 1 of Figure 21, is based on the iterative approach
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Algorithm 1: Concave Iteration Process for max SF (7)
and max min SF (8) problems

1) Select e [0, 1]‘1'!““'\- to a feasible point basedon S; and
a tolerance >0

2) Repeat

2a) Update v, viz M by y, =

2b) Update X by solving concave problem s
(7) over X with fixed y;
|(8) over X, twith fixed y;

3) Until the values of objective in two sequential steps
have relative error £ ¢

Figure 21: Continuous pairing process for max SF and max min SF problems.

in [Shen18], where sequential concave problems are solved.

M

fT 2, T
max Z|:2yi ¢, x, —y; (e x ):|, (7)
XeS;yeR" 15
max f, (8)
(X=Y=t)ES4

M
2, T . M+l
where S4 ={2(2% Xy — Vi (e xi))Zf’VJ €N, XeS, () eR™ } The solution of min DSF and

i=1

min max DSF problems with the relaxation to continuous variables is based on the convex-
concave procedure (CCP) [Lippl6], a heuristic iterative method that converges to a stationary
point [Lanckriet09] of the relaxed problems (5) and (6). In order to apply the CCP mechanism the
problems are retransformed appropriately based on the following result, whose proof is given in
the Appendix 5.4.1.

Proposition 1 (Quadratic to DC form): Let D be a square (N x N) real matrix (not necessarily
symmetric) and let x be a N-dimensional real column vector. Then, the quadratic form

T T
x Dx=x Dsymx, where D" = (D+DT)/2 is a real symmetric matrix and T symbol declares

the transpose operation. In addition, let m 2 |ﬂmin| be a (non-negative) real number, with A_..

sym

being the minimum eigenvalue of D" (note that A, is a real number, because all the

n
. . . T ~sym T ~* T
eigenvalues of a real symmetric matrix are real). Then x D¥x=xDx-x Ax, where

*
D =D +ml and 4=ml are symmetric positive semi-definite matrices (I is the N x N identity
matrix). As a result, the initial quadratic form can be written as a difference of convex (DC)

. . . T T % T
quadratic functions, i.e., X Dx=x D x—x Ax.
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Algorithm 2: CCP Iterative Process for min DSF (9) and
min max DSF (10) problems

1) Select X'e [0, I]”' Y to a feasible point based on S, set

q=0 and a tolerance £>0
2) Repeat
2a) Set ffor (9) and substitute A, with A, inffor (10)

f= i,\':"" A xV +2i i-( A, xY )f (-“; - x 7 )]
= -

M
2b) Solve 1\nin {Z \'; D: x, :,f} for (9) and
O

\_min I, for (10) with convex feasible set S5
(X1, )es

M
S = {Z.\-I’ D_-‘,-"'.- -f<4,YeN, XeS; 1 ¢ R}
i=1
2¢) Update iteration q:=q+1
2d) Set the value of .1'|“" to the solution of corresponding
convex problems in (2b)
3) Unul the values of objective in two sequential steps

have relative error < ¢

Figure 22: Continuous pairing process for min DSF and min max DSF problems.

M M M
According to Proposition 1, the objective in (5) foDixl. is equal to Zx[TD[xi —le.TAi X,
i=1

i=1 i=1

M M
while the constraint in (6) becomes inTD;xi —inT A, x; <t;. As a result, we have the

i=1 i=1

following problems:

Moo M
min x; Dl.xl.—le. A x|, (9)
XeS | o i=1
min £, (10)
(X,1)eSs

M

M
where S = {inTD;.xi —inT Ai/. x, <t,VjeN, XeS,t e R} .
i=1 i=1

The solution process of (9), (10), presented in Algorithm 2 of Figure 22, is based on the CCP
iterative approach, where the linearization of subtrahend in the difference of convex functions
results in the solution of a convex problem in each iteration.

After computing the continuous pairing solutions from (7)-(10) problems the conversion to a
binary allocation matrix is made by the proposed heuristic Algorithm 3 of Figure 23. This
algorithm is one of the possible processes for continuous to binary conversion and results in
binary pairing solution based on S feasible set. Especially to explain the process of proposed
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Aleorithm 3: Continuous to Discrete Pairing Solution
1) Input: M, N and continuous painng solution
x€ e [0, l]""‘;\ from (7)-(10) problems

2) Compute k;= > x.. ViesM and separate it in

integer (int;) and decimal (dec, ) parts.
3) Sort values of X© in decreasing order and keep the

comresponding indexes

oy MEN L. .
4) Initialize the proposed xP {01} s paining m atrix

with zeros

-

5) Traverse %P based on sorted index es of (3)andff

N M

(o xP <int, & 3 x% =0) set x =1

6) Sort the M decimal parts in decreasing order and keep
the comrespondingindexes

M
7) Traverse the columns of X forwhich :1‘5 =0 and
set ID =1 to i* row based on sorted index es of (6).

8) Output: Feasible binary pairing m atrix X?

Figure 23: Continuous to discrete allocation matrix conversion process.

algorithm, in the continuous pairing matrix the number of UEs served by each GW, in total N and
at least equal to 1 due to the constraints, is separated in integer and decimal parts. Then we set
appropriately 1 in the initially zeroed binary matrix based on each GW’s integer part and keeping
the fact that each UE is served by one GW, described in steps 1-5 in Algorithm 3. After this point
there are unserved UEs because the sum of integer parts are less than N. Finally, we set 1 to
binary solution for the unserved UEs, given in steps 6, 7 of Algorithm 3. This process results in a
feasible binary pairing matrix solution to initial problems (2), (3), (5) and (6).

5.2 Numerical Results

For the evaluation of the proposed methodologies, a framework in the PYTHON programming
language has been developed and the CVXPY library has been used for the solution of
convex/concave optimization problems [Diamond16].

We consider a GEO multi-beam HTS network with system’s parameters presented in Table 4 and

simulation concept same with Section 4.2, but now the CNIR for the downlinks, CNIR are

CS,dn,j !

uniformly distributed between 6 and 24 dB. Moreover, the RCs for each UE are taken from a
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uniform  distribution in  the range (0, B_log,(1+CNIR bps, where

tot_max, j ) )

CNIRyy ;= CNIRGg,, + CNIRG 4, .

All graphs present statistical averages of examined metrics for 3500 independent simulation
scenarios, in order to evaluate the performance of proposed schemes. In each scenario different
sets of OCs and RCs are produced and the whole process described below is repeated for each
scenario to obtain average results. Due to the fact that the solution of iterative processes in
Algorithms 1 (Figure 21) and 2 (Figure 22) depends on the initial feasible point, in all figures the
comparison between the constant, called as Constant, feasible point (1/M)1y., Where 1y is
the all-ones M x N matrix and a random process, called as Random, is shown. Particularly in
random process 200 random initial feasible points are generated and that with the best value for
(2), (3), (5) and (6) objectives, respectively, is chosen as starting point to Algorithms 1 and 2.

Furthermore, for the Quadratic to DC conversion in Algorithm 2 we have set m = Hﬂmnﬂ = me‘

where H is the ceiling function and A4, is the minimum eigenvalue of corresponding matrices.

n
Moreover, the tolerance of these Algorithms is €=10™. Finally, the Exhaustive mechanism,
referred in simulations, is the optimization scheme that explores all the possible feasible
combinations, in order to find the optimum objective value for each problem.

In Figure 24 the average relative error (%) between Exhaustive and Proposed Allocation
Schemes is depicted for max SF, max min SF, min DSF and min max DSF problems. The factor of
relative error in each simulation scenario, with the value of corresponding objective called as obj,

is defined as ObjExhaustive _ObjProposed

/objEdwume. The performance of proposed methods has

been studied for constant and random initial feasible points in HTS systems with M=3, 4 and
N=[6-9] GWs and UEs respectively.

The examination of two different starting points is presented because the mechanisms’
performance depends on the initialization. Consequently a valuable performance indicator is the
maximum of best achievable relative error, comparing the performance of both initializations in
each system, across all systems. For example, in max SF graph this is higher than 0,15 % and
belongs to the system with 3 GWs and 9 UEs, i.e. 3x9 case. Especially, in cases of max SF and min
DSF problems this indicator is about 0,18 % in 3x9 case and 0,24 %, in 4x7 case, both in constant
initialization, while for min max DSF and max min SF is about 3,8 % in 4x6 case, with constant
initialization and 6,9 % in 3x9 case, with random initialization, respectively. The graphs show the
importance of choosing appropriate starting feasible point. For example in the most systems in
max min SF graph the constant feasible initial point results in average relative error higher than
15 %, but the same approach with a random starting feasible point has much better performance.
Generally, the simulation results show that the proposed allocation schemes have very promising
performance compared with the more complex optimal mechanism, even for random starting
feasible points.
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Figure 24: Average Percentage Relative Error between Exhaustive and Proposed Approaches,
initializing the latter with Constant and Random feasible points, in HTS systems with various
numbers of GWs and UEs for (a) max SF, (b) max min SF, (c) min DSF and (d) min max DSF
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Figure 25: Average Convergence lterations of Proposed Approaches, initializing the latter with
Constant and Random feasible points, in HTS systems with various numbers of GWs and UEs
for (a) max SF, (b) max min SF, (c) min DSF and (d) min max DSF problems.

Finally, in Figure 25 the average convergence iterations, with constant and random starting
feasible points, to compute the continuous pairing solutions for max SF, max min SF, min DSF and
min max DSF problems are presented. The iterations of Algorithm 1 are considered for max SF
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and max min SF problems and the iterations of Algorithm 2 for min DSF and min max DSF
problems. It is obvious in the results, for all systems, that the iterative processes have fast
convergence. They are terminated after a relatively small number of iterations. In case of HTS
systems with larger number of GWs/UEs, where a pairing allocation decision has to be done in
short time, it is practical to use an additional termination criterion with maximum number of
iterations in Algorithms 1 and 2.

5.3 Pairing Schemes for Rate Matching

In this Section the intention is to flnd appropriate GWs-UEs pairing matrices X € {0, I}MXN or

approaching the minimization of n" order rate matching (RM) [Kyrgiazos14]. We use the
property that |c|"=|c"| for any real ¢ and n (c must be nonzero for negative n). Following a
similar analysis with Section 5.1.1 the RM problem is presented in (11) where the offered

capacity from GW; to UE; is expressed as and models the O2M case. Moreover, we

io
o=1

assume positive integer n in order the binomial formula to be converged [Graham94]. The
feasible set S of constraints (C1), (C2) and (C3), given in (11), is the same as in Section 5.1.1.

n n

& ocC,
mln ZZx RC;———-| =min Zin]. RCi_TU
i=1 j=1 2 X ==l S oYx,
o=1
st 1< wa, Vi (C1) (11)
M

Y, =1, V) (C2)

i=1

x,; €401}, Vij (C3)

n n!
Considering the binomial theorem [Graham94] with = ——— we conclude in (12).
m m '(n m)!

oG | al, (n | OC,
RC, L =X 0T (c;) - (12)
o=1

Problem in (11) is appropriately transformed in (13a)/(13b) for even/odd n, respectively, by

adding T e RMXNauiniary variables. Specifically for even n we have the property that |c"|=c".

Continuing the retransformation of problem in (13a)/(13b), we consider the matrix Y e RMX2N

given in (14), where y, =[x, t,t t is a 2N x 1 vector related with the i GW.

il» 12""’XiN’ 127200 iN]
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M N
m1n ZZxU tU
X,T =|

st 1< Z x,, Vi (C1)
o=l

M
Zx =1, Vj (C2)

i=l1

x; € 40,13, Vij (C3) (13a)
oc,
t; 2| RC, —— =
o§1xi0
N . w(n . m 1-m N
= XXtz X (-1) RC, (Z x,,,) . Vij (C4)
0= m= m o=l
>y
min Xt
XT o =l Y
s 1< me, Vi (C1)
M

gx =1, Vj (C2)
x; € {0,1}, Vi, (C3)

n

. w(n N 1-m
= a2 )| Jremoc (Sa,) | vid e
= m=0 m : ’ o=1

oc,
t. >— RCj— N =
z xio
o=1
N n m - N 1=m
= Y, t,2 X [(—1) " (”ch/” ’"ocij’(z xw) } vij (cs) (13b)
o=1 m=0 m ‘ ‘ o=1
X Y Xy by Iy Liy
X1 Xuo Xunv b o Ly

0 0
Furthermore, we set D—LN"N ON"N:|, where 0y is the zero matrix and I is the identity main
NxN NxN

diagonal matrix both of shape N x N, and A; is a zero 2N x 2N matrix with 1 in row N+ till the first
0

NxN ONxN

. T
N columns, namely 4, = { :l Moreover assuming that e =[1,.,,0,,ox]

0y With 1N+j,1:N 0y

is a 2N x 1 vector, with 1 in the first N positions and 0 in the rest and relaxing the binary
constraint (C3) as in Section 5.1.2 the problems in (13a)/(13b) take the form in (15a)/(15b).
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M
min ZyiTDyi
Yoo
N .
st. 1< X2y, Vi (C])
o=l

M
Yy, =1 V<N (C2)
=l (15a)

0<y; <L Vi¥j<N (C3)

T n T n-1
-y, 4;y; +RC,; (e yl.)—nRCj ocC; +

+m12; {(—l)m (:JRC rocy (o yi)l"l} <0,Vi,Vj < N (C4)

M
min ZyirDyi
Y
N
st.1< Xy, Vi (C1)
o=1

M
Yy, =1, V<N (C2)
i=1

0<y, <L ViVj<N (C3)

—yiTA Vi RC<" (eTyl.) - nRCj"_10Cij + (15b)

+3 ( 1)'"( ch "oc) (eTyi)l_mj| <0,Vi,Vj< N (C4)

v 4,y, -RC" (e y)+nRC "oc, +

J
n m+1 n—m m 1-m
+3 (- oc) (e'y,) " [£0.vivi< N (C5)
m

Continuing the analysis and following the process described in Section 5.1.2 in Proposition 1
about the conversion of quadratic to DC form, we treat appropriately the quadratic forms in
objective and (C4), (C5) and the problems become:

. Mo Mo
min X y; Dy, =X y; Py,
Y -l i=1
N .
st. 1< Yy, , Vi (Cl)
o=1

M
Yy, =1 V<N (C2)
i=1 (16a)
0<y, <L ViVj<N (C3)

T T T -1
Vi Py -y Ay +RC_I." (e yl.)—nRCj" ocC; +

S mn n-m m 1-m X .
+n§2[(—1) (;j RC;"0C) (¢y, ) }s 0,Vi,¥j < N (C4)
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. Mo s M
min Zyl. Dy, > y; Py,
Y =l i=1

N
s 1< Yy, Vi (C1)
o=l

M
Yy, =1 V<N (C2)
i=1

0<y, <1, Vi¥j <N (C3)

T T * n( T n—1 16b
v Py, -yl 4y, +RC"(e"y,)-nrCOC, + (16b)
L m{n n—m m( T 1=m N
+2 | (-1)"| " |RCMocy (€y,) " [< 0.9V <N (C4)
o m i ij

VB y, -y 4y, ~RC;" (e y,)+nRC;""OC, +

> [(—1)"”1 (” ]RC rocy (e y,.)lm} <0,Vi,vj< N (C5)
P2y - |RC .

where D" = DY 441, A; = A7™ +r,1, P=rl and Pj=r|l with | the 2N x 2N identity matrix and r, r;

are originated appropriately by the eigenvalues of D™ and Ajy’", respectively as described in

Proposition 1 of Section 5.1.2.

m 1-m
Furthermore, we prove in Appendix 5.4.2 that the term (—1) (eTyl.) inside the summation of

m+1 1-m
(C4) is convex for even m and concave for odd m. Thus, in (C5) the term (—1) ’ (eTy[) is

convex for odd m and concave for even m. Hence the application of CCP method is
straightforward. Specifically, considering (C4), for implementing the CCP algorithm the part that
remains the same is defined in f; and the ‘convexified’ part in f,, while for (C5) these are
expressed in f3, f;.

n 1-m
£,=/ Py, +RC!(¢'y,)-nRCIOC, + % K”chj""”Oc;’ (¢"y,) } (17)

m=2,46,..| \ ' m

m=357....| \ m

* u n—m m 1=m
Lo Ay + X Kancj ocy (¢'v,) } (18)

n 1-m
f; =yl.TPjyl. —RC;l (eTyl.)Jr nRC;.HOCI.j + X (n JRCJ.n_mOC;.1 (eTyl.) (19)
m=3,5.7,... m

T * n n —n m{ T 1=m
£,=y, Ajyl. +m=ZZ4:6 . RCJ." 1OCZ.]. (e yl.) (20)

(q)

The convexification of f,/f, are shown in (21)/(22) where y;"’ is the solution of the problem in qth

iteration of the process and the general algorithm is the same as in Figure 22, where the convex
problems in (23a)/(23b) are solved in each iteration.
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m=3,57...| \m

EE T ————

* < n—m m 1=m
W=y Ay Y HanCf ocy (") L

* n n—-m m 1=
=y A" X Kn ]ch oy (¢'11”) m} '
(21)

m=2,46...| \ m

i) [, (2 )erocramiene)

(22)

—_

Vi~ z‘(q))

oMo« M M r )
min 3 3/ D'y, -y Py 23| (Po”) (3 -»")
Y =l i=1 i=1

N
sE 1< Y ., Yi(Cl)
o=l

M
Xy; =1, Vj<N(C2) (23a)
i=1
0<y, <1, Vi,¥j < N (C3)
fi-h <0,Vi,Vj <N (C4)
M * M M T
min $570, 350 i 28 (0 (30
Y =l i=1 i=1

Vi (C1)

N
SE1<S Yy,
o=1
M
Yy, =1 Vi <N (C2) (23b)
i=1

0<y, <1, Vi,¥j < N (C3)
fi-h <0,Vi,¥j < N (C4)
fy-h <0,Yi,¥j <N (C5)

Therefore, we see that the CCP method can be applied in order to find a continuous solution to
approximate the minimization of positive integer n" order rate matching function.

5.4 Appendix

5.4.1 Proof of Proposition 1

Firstly, the proof about the zero quadratic form of an anti-symmetric matrix is given. It is known
that any square matrix can be written as the sum of a symmetric and an anti-symmetric matrix.

Therefore, D = D" + D™  where D" =(D+D")/2 and D" =(D-D")/2. Notice

that (DY) =D and (D™™") =—D“™" . Finally, because the scalar
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T T T ~antisym
x D™

T 1is T i T ti; T 1is
X Dtm lsymx — (x Dan lfymx) — X Dan lsymx - x (Dan lsym) x — X = 0 . Hence

T

T T ~Sym T ~antisym Sym
x Dx=x D""x+x D""x=x D""x.

Secondly, it remains to show that the square matrices D" and 4 are symmetric and positive
semi-definite. Obviously, both matrices are symmetric due to their construction. Now, 4 =ml is
a positive semi-definite matrix since all its eigenvalues are equal to the non-negative number

sym

m >0 (because mZ‘ﬂmm‘ZO). Let us suppose that A is a real eigenvalue of D™, i.e.,
D”"u = Ju , Where wu is a non-zero N-dimensional column vector. Then
D'u= (D" +mI)u = Au+mu=(A+mu where 1+m is a real eigenvalue of D*. Due to the
fact that mz‘ﬂmm‘ = -m<A, <m = A+m=A, +m=>0, all the eigenvalues of D" are

real and non-negative, so D" is a positive semi-definite matrix. To conclude, both the square

matrices D" and A4 are symmetric and positive semi-definite.
5.4.2 Derivatives of Fractional Terms in Rate Matching

In the summation of (C4) in (16) all the terms are constant and positive except from the
fractional term that includes the variables. In order to prove that the fractional terms are convex
or concave we apply the rule about the composition with an affine mapping [Boyd04]. This rule
states that for scalar functions g, f and affine function Ax+b then g(x)=f(Ax+b) is convex if f is
convex and concave if fis concave.

m _l-m

In our case we set f(z)=(—1) z = and the fractional terms have the form

g =" (") " = s ) 1)

In order to check the convexity of f(z) we study its second derivative given in (22).

d’ -

L A= myemy (22)
4

2

The sign of d—‘zdepends only on term (<1)", due to the fact that m >2and z >1 (resulting by
Z

2

d
ery[ >1 given in (C1)). Thus d{ is positive for even m and negative for odd m. To conclude

zZ
from the rule about the composition with an affine mapping, f and consequently g, namely the
fractional terms in the binomial formula are convex for even m and concave for odd m.

5.5 Conclusion

In this Chapter suboptimal one-to-many pairing scenarios are examined in HTS system for various
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numbers of gateways and UE beams, where different UEs’ links are considered. The number of
simultaneous served UEs in the studied O2M cases is part of the optimization problems and not
predetermined. Especially, the complex problems of maximization of both minimum and total
system’s satisfaction ratios and minimization of both maximum and total system’s dissatisfaction
ratios are examined. A two-step heuristic approach with fast convergence based on simulations
is proposed, containing the relaxation to continuous case of aforementioned allocation problems
and the continuous to discrete conversion of pairing solution. For the satisfaction problems the
proposed mechanism is based on fractional programing theory, while for the dissatisfaction
problems the difference of convex programming theory is implemented.

Furthermore, considering the case of dissatisfaction ratios, we have shown a general method to
solve quadratic optimization problems that are non-convex, by applying the convex-concave
procedure. Especially, we process appropriately the eigenvalues of problem’s matrix and form
convex and concave functions, written as difference of a concave function from a convex one.
Hence the problem can be solved by the convex-concave procedure that results in a stationary
point.

Moreover, all the presented solution processes depend on the starting feasible point thus
different initial points, constant and random, are studied. In conclusion, the simulation results
for the proposed mechanisms are very promising, showing cases with small relative error in all
presented systems, compared with the optimal performance of the exhaustive algorithm that
checks all the possible feasible pairings.

Finally, we present a theoretical analysis to approach the minimization of n" order rate
matching, for positive integer n, by applying the convex-concave procedure. To do that we
exploit appropriately the quadratic forms and the convexity or concavity of terms inside the
binomial formula.
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Chapter 6

Thesis Summary and Future Work

In this Chapter the main contributions of this PhD thesis are given and a few points for future
work are stated. We must have in mind that this research is just a small part in the general
scientific concept of radio resource management in satellite networks, while the presented
mathematical theories can also be applied in other wireless networks.

6.1 General Conclusions

In Chapter 3 we focus on the feeder links and the different pairing theories, i.e. Gale-Shapley
algorithm and Monge arrays are applied in performance metrics that include minimization of
system’s capacity losses and rate matching and maximization of total and minimum satisfaction
ratio.

Specifically, from the Section 3.1 the main contributions are given below:

o A flexible resource allocation algorithm for HTS communication systems based on
principles of matching theory is proposed and the Gale-Shapley algorithm is used. Its objective is
to minimize the system’s capacity losses in multi-beam HTS system, considering different
scenarios, where one GW can serve one or more UE beams simultaneously. The second case is
examined to study the performance of the HTS system assuming that GWs are fewer than UE
beams, which consists of a realistic scenario for satellite networks.

o This algorithm considers realistic propagation attenuation channel conditions for the
feeder links, through a reliable large scale total atmospheric channel model. Consequently, the
connection among the GWs and UE beams changes periodically depending on the dynamic
atmospheric channel conditions of feeder links and the UE beams’ traffic demands. Hence, our
procedure is ideal for satellite systems with highly dynamic conditions.

o To provide a more robust system’s performance analysis, we make comparisons with
other RRM mechanisms, namely the more complicated exhaustive one, the fairness one, a less
complicated fixed one and finally a naive random mechanism. Specifically in both
aforementioned investigated scenarios the proposed matching mechanism has identical
performance with the exhaustive mechanism, which means that our process results to the
minimization of system’s losses. Additionally, in the former scenario where one GW serves one
UE beam, our RRM algorithm achieves better performance, compared with the fairness
mechanism, the less complicated fixed mechanism and the random pairing process.

. Consequently, the promising results of matching theory combined with its simplicity and
low complexity make it a possible ally for solution of problems in the RRM field in future HTS
networks.
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In terms of Section 3.2 the same general scenario is also used and the most important points are:

. A very low complexity optimal scalable dynamic resource allocation mechanism
between the GWs and UEs, considering the minimization of two different performance metrics,
i.e. the system’s capacity losses and the rate matching is presented. The optimality of the
proposed resource allocation scheme is theoretically originated by the fact that both
performance metrics constitute Monge arrays.

o Moreover, low complexity optimal capacity allocation schemes are proposed for the
fairness method, targeting to the maximization of minimum satisfaction ratio considering the
system’s pairs and the maximization of system’s total satisfaction ratio. Specifically, both
objectives, i.e. the fairness method and total satisfaction ratio, both after some transformation,
constitute problems with bottleneck Monge and Monge arrays.

o The application of Monge arrays results in appropriate sorting of GWs’ offered and UEs’
requested capacities, in order to solve optimally the aforementioned problems. Finally an
important theoretical tradeoff results: the optimal pairing scheme for fairness method causes
the minimization of system’s total satisfaction ratio and the inverse happens in terms of the
optimal pairing of latter objective.

The main contributions of the topic in Chapter 4 are:

o Optimal assighnments are originated by the proposed scheme in satellite networks
scenarios, where different UEs’ links are considered, focusing on both different feeder links and
downlinks. The Hungarian or Kuhn-Munkres algorithm is exploited resulting in a theoretically
optimal result in polynomial time complexity.

o Optimal assignments are achieved with equal and unequal number of GWs. In that case
there are UEs that remain unserved. In the case of fewer GWs than UE beams, optimal pairings
are also given in case that each GW can serve simultaneously multiple UEs, in order not to have
unserved UEs.

o The optimal pairing is also achieved in scenarios with payload or hardware constraints,
i.e. the fact that UEs cannot be served by all GWs. This means that disallowed GW-UE pairings
are possible due to adverse links’ conditions.

o The presented outcomes in all different studied optimization problems show that the
existence of constraints in the system, i.e. disallowed GW-UE pairings, result in optimal system’s
performance worse than the corresponding optimal performance, when there are no disallowed
assignments, i.e. when each user beam can be served by each gateway.

Finally, Chapter 5 is an extension of Chapter 4 and suboptimal assighments are presented. While
in previous Chapters constant predetermined simultaneous served UEs for each GW are
assumed, in current Chapter the number of GW’s simultaneously served UEs is part of
optimization problems, making the latter more complicated and heuristic solution methods are
examined. Specifically, the main contributions are:

o Except from the metric of satisfaction ratio, already defined in literature, a new
proposed metric is defined as the multiplicative inverse of satisfaction ratio and is called
dissatisfaction ratio. This new metric is examined analytically and provides a possible alternative
performance figure of merit in resource allocation problems.
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o Suboptimal one-to-many assignments for the considered metrics of satisfaction and
dissatisfaction ratios are originated by the proposed allocation schemes in HTS networks
scenarios, where UEs with different links’ conditions are considered, focusing on both different
feeder links and downlinks.

. The proposed two-step pairing process, for approximating the aforementioned binary
optimization problems, includes the relaxation of binary pairing to a continuous counterpart in
[0, 1], the application of appropriate non-convex optimization theories and the continuous to
binary conversion of pairing solution. Especially, the continuous pairing solution is based on
fractional programing theory for the satisfaction problems and the difference of convex
programming theory for the dissatisfaction problems. Moreover, the final outcome of this two-
step approach depends on the initial feasible point of first step algorithms.

o Furthermore, there is an important remark for the solution of the dissatisfaction ratio
optimization problem. In the solution of this problem, we have presented a simple
straightforward general method for approaching the optimization problems that contain
quadratic forms, that are non-convex, either in objective or/and in the constraints. The quadratic
form can be written, with an appropriate simple transformation, as a difference of convex
functions and the problem can be solved by the convex-concave procedure, that guarantees
convergence to a stationary point.

o Based on the extended simulations, the proposed allocation mechanisms result in
suboptimal one-to-many assignments with fast convergence. Finally, the presented results, for
different starting feasible points in all different studied optimization problems, depict the very
promising performance of the proposed pairing algorithms, compared with the corresponding
performance of optimal mechanism.

. To conclude, we have also presented the theoretical formulation of the minimization of
the n™ order rate matching, where n is positive integer. It has been approximated by the
difference of convex optimization theory. Specifically, the problem has quadratic forms that are
processed as described above and the terms inside the binomial formula are also convex or
concave. Hence the convex (concave) parts from the quadratic forms are grouped together with
the convex (concave) terms from the binomial formula and then the algorithm of difference of
convex functions is directly applied.

6.2 Future Work

Based on the assumptions of the models developed under this thesis, there are points that can
be considered for further research in the future, in the concept of RRM in satellite networks
[Kuangl7], [Kisseleff21].

To begin with, the performance of the method described for the minimization of n'" (positive
integer) order rate matching in Section 5.3 has to be evaluated and compared with the
exhaustive mechanism through simulations. The relative error and the iterations until the
convergence of algorithm have to be examined.

Moreover, we have a uniform distribution for UEs’ requested capacity. Even though the
presented mathematical analysis can be directly applied for different formulas of offered and
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requested capacities, it is valuable more realistic distributions for requested capacities [Al-
Hraishawi20], [Ortiz-Gomez21]. Furthermore, real satellite communication data are of utmost
importance and instead of using statistical models and distributions, the OCs and RCs can be
originated by them and make a study, e.g. about the system’s losses based on real data.
Additionally, except from the 020 and O2M cases, appropriate scenarios can be considered
where each GW can serve many UEs and each UE can be served by multiple GWs.

A direct extension of the system model in Chapter 5 is the assumption of payload constraints, i.e.
the case that a GW cannot serve all UEs. This is important and has to be considered appropriately
in the pairing allocation processes assuming also the UEs’ links and a not predetermined number
of the UEs that are served by each GW.

Finally, the study of joint resource allocation problems is crucial and of vital importance in next
generation satellite networks where there is need to use all the possible resources. As scenarios
become more complicated by considering more parameters, the employment of artificial
intelligence techniques is a possible ally to face up with these problems. In the latter case, the
training process is time consuming and can be made offline. Afterwards, the trained model
provides rapid solutions for the online operation. Even though Al models can capture complex
relations and are able to solve in an acceptable level many problems, in a wide range of scientific
fields, there are not theoretical guarantees about their performance, due to the formulation of
the functions that need effort to be approached and always there is a percentage of failure.
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