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Amayopevetal 1 avTrypan], amobfKevon kal dlavoun TG mTopovcag epyociag, €€ olokAnpov M
TUNHOTOC QTG Yl EUTOPIKO okomd. Emitpémeton 1 avatdmmon, anobnikevon kot dtovoun yuo
OKOTIO U1 KEPOOGKOTIKO, EKTALOEVTIKNG ) EPEVVITIKNG QVONG, VIO TNV TPOoHTOOEST| VO ovapEPETOL
N YN TPOELELGONC Ko Vo dratnpeital To mapov uqvouc. Epotipata mov agopodv T ypnon g
€PYOCIOG Y10 KEPOOGKOTIKO GKOTO TPEMEL VoL 0mevHHVOVTAL TPOG TOV GUYYPUPEQ.

Ol amOWYELS Kal TO GCUUTEPAGLOTO TTOV TEPLEXOVTAL GE AVTO TO £YYPOPO EKOEPALOVY TOV CLYYPAPE

Kot Ogv mpEmel va, epunvevdel 0Tl avTirpocwnevovy Tig enionpeg Béoeig Tov EOvikod Metoofiov
[Molvteyveiov.



Abstract

In the context of this doctoral thesis, the design and implementation of digital signal
processing algorithms and optical circuits in 5G optical networks is being investigated. More
specifically, the development of an end-to-end transceiver signal processing toolbox, that is
tailor made for the generation, demodulation, and treatment of multicarrier signals, that are
appropriate for converged analog fiber-wireless transmission schemes is presented. The
validation of the functionality of this toolbox, as well as the performance evaluation of CP-
OFDM signals propagated over different optical and optical-wireless layouts is showcased
within the current document, through the presentation of small-scale laboratory setups and
field-trials. In all cases, the bandwidth efficient Analog IFoF transmission scheme, along with
mmWave radio equipment have been employed. The DSP-assisted deployed testbeds emulate
transport alternatives, aiming to provide efficient solutions towards efficient future mobile X-
Haul infrastructures by focusing on the integrability of the investigated transport link into
actual Mobile Network Operators’ fiber deployments and mobile equipment.

Chapter 1 is an introductory chapter that lays the groundwork for understanding the historical
trajectory and transformative milestones that have shaped the mobile communication
ecosystem. Moving forward, the pivotal role of optical access network Interfaces in the era of
5G and beyond is illustrated. The exploration deepens with a dedicated focus on Future
mobile networks' applications and use cases providing insights into the anticipated
applications and performance metrics that will define the landscape of mobile networks in the
foreseeable future and pave the path towards future RAN evolution strategies. Chapter 2
investigates analog fiber-wireless links as a crucial element for efficient RAN extensions in
5G networks. This chapter covers various aspects, including the transition to C-RAN
architectures, optical transport for MFH, and DSP-assisted analog Fronthaul. Analog RoF-
based mobile Fronthaul, mmWave wireless technologies, and proof-of-concept experimental
evaluations are also explored. Moving forward, Chapter 3 delves into modulation and signal
processing techniques, elucidating the role of these techniques in supporting analog fiber and
fiber-wireless transport transmission. It encompasses an in-depth examination of digital
modulation schemes, OFDM modulation, multi-carrier candidates for 5G, and the integration
of DSP algorithms for processing CP-OFDM waveforms. Chapter 4 shifts the focus to analog
fiber-wireless downlink transmission of IFOF/mmWave over in-field deployed legacy PON
infrastructure, presenting a detailed analysis of converged PON/mmWave topology through
experimental evaluation. The dissertation culminates in Chapter 5, where a live demonstration
of an SDN-reconfigurable, FPGA-based TxRx for Analog-IFoF/mmWave RAN is
showcased. This chapter provides insights into the envisioned Fronthaul architecture, RFSoC-
based A-IFoF transceivers, SDN-powered Management & Control Plane, and the
experimental evaluation of the real-time analog Fronthaul topology. In the final chapter,
Chapter 6, the dissertation concludes by summarizing key findings and insights gained
throughout the exploration of analog fiber and fiber-wireless transport in the realm of 5G
networks, while also discussing future research extensions related to the presented work.
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Iepiinyn

210 TAaic10 TG TaPOVGOS SIOUKTOPIKNG SATPIPNC, EPELVATAL O GYEOIOGHOG KOl 1] VAOTOINoN
alyopiBumv ynelokne eneéepyaciog GNUOTOG Kol OMTIKOV KUKAOUATOV GE OTTIKA diKTLd
5G. Xvykekpyéva, mapovotdletar 1 avamtuén epyoleiov emeéepyaciog CNUOTOC TOL
poopifovTal yio ypnon 6€ avVAaAOYIKOVS TOUTOOEKTES, Yo, TN Opdpemon, Ty eneéepyacio
Kol OmodlOPPMOGOT KUUATOUOPPOV TOAAATA®Y GEPOLS®Y. Ol TOUTOOEKTES avTol €lvar
ovayKoiol Yo TNV VIooTHPIEN HETAGOONG TANPOPOPINS GE OVOAOYIKEG OTTIKEC 1 OMTIKEG-
acvppateg Cevéels. H moapovoa epyacio eotidlel otnv mopovsioon Kot EXKOP®ON NG
AELITOLPYIKOTNTOG AL TOV TV 0AYOpiOHmV, KaBmG Kol TV aEloA0YN oY TG TOOTNTOS ONUAT®V
nolanmlodv eepovomv (CP-OFDM) encita amd 6148001 0 OMTIKEG KOl OTTIKEG-OCVPUOTES
dwtaéets. [a 1o okomd avtd mapovstaleTar pid GEPA TEUPAUATIKOV dPACTIPLOTATOV TOV
Ehafav yopa gite o pyactnplokd TepPAAlov, gite o HeYOAVEPTG KATLOKOG TEWPAUATIKOV
eMOEileV 08 TPAYUATIKEG TNAETIKOIVOVIOKES EYKATOOTACELS. X& OAEG TIG MEPIMTMOELS,
YPNOWOTOMONKE TO  OYNUA  OVOAOYIKNAG — HETAO0ONG MAEKTPIKA  SOUOPPOUEVOV
KUHOTOHOPP®OV GE LYIGLYVO PEPOV Y10 TO KOUUATL TNG ONTIKNG (eVENG, GE GUVOLAGUO LE
acOPUATO EEOTMGUO YIAMOGTOUETPIKOD KOIOATOG Y1 TN LETAd00T 6ToV aépa. Ot SoKipuég mov
Egywav glyav oo otOX0 TV €MIOEIEN EVOALOKTIKOV VAOTOWCEMY JIKTVWOV UETAPOPES, LE
EQPAPUOYN O UEALOVTIKEG LTOdOUEC KIvNTOV SikTvmv TTpodoPacnc kivne X-Haul, evod
éupaon 060nke Kol TNV EMTLUYN EVOOUATMOON TOV VIO WHEAETN OVOAOYIKAOV SIKTO®OV
LETAPOPAC €ITE O€ TPAYUOTIKEG VTOOOUEG OMTIKMV WAV €lte og O106VVOEONG TOV
vrootpiloviat amd epmoptkd 100610 EEOTAMGHO KIVTAV THAETIKOWVOVIDV GE GUVEPYAGIN
HE POPEIS KvNTNG TNAEP®VING.

To Kepdiaro 1 glvar éva elcaywykd kepdroto mov Bétet T fACELS Yo TNV KATOVONGT TG
IGTOPIKNG TOPEING TOL OKOGLGTNUOTOS TV  KWNTOV  ETKOWOVIOV. Tovtdypova,
emonpaivetal o pOAOG TV SEMAPDV OIKTVOL TPOGPACTG OMTIKMOV GLVOECEWDY, TOGO GTNV
emoy” Tov 5G 660 kot oe pehlovtikég avaPaduicels tov dwtdmv Kivntav. To Kepdioo 2
EMIKEVIPMVETOL OTN YPNOTN OTPOCKONTNG OMTIKNG-AOPUOTNG HETAOOONS, MG M0 TOAAG
VTOGYOUEVT EVOALOKTIKY Y10, TNV KOTOOKELT OTOS0TIKMV SIKTOL®V TpodcPacnc 5G. Avtd 1o
KEPAAOLO KAADTTEL O1APOPES TTTLYEG TTOV APOPOVV GTO OTTIKA-OGVPUATO OTKTLO LETAPOPALS,
CLUTEPIAAUPOVOUEVIG TG EVEOUATOGNS TOVG GE KEVTPIKOTOMUEVES OPYLTEKTOVIKES SIKTOMV
acvppatng TPodSPacns, ™S TEPYPAPNS TOL KOPWKOL POAOL TOV GYNUOTOS OVOAOYIKNG
OTTIKNG HETAOOONG MAEKTPIKA OOUOPPOUEVOV KUUOTOUOPPAOV GE VYICLYVO QEPOV OTIC
TOMOLOYIEG AVTEC, KAOMDG Kot 6T YPNOT ACVPUATOV EEOTAIGUOD YIAOGTOUETPIKOD KOUATOG.
‘Enetta, 1o Kepdhato 3 avaivel Tic texvikeg S1apoppons Kol EneEepyaciag onUITOV Tov
elval omapaitnTeS Yo TNV EMLTLYY LETAGOGT TANPOPOPIOG GE AVOAOYIKES TOTOAOYIEG OTLTIKNG-
acvppatng Levéng. Xta mhaicta ovtd, Teplapupavel Aemtopepn e£€TAOT TOV SUPOPETIKMV
YNOIKOV SYNUATOV SAUOPPOONGS, TG SIUUOPP®ONG TOAAUTADMY PEPOVCHOV, KAOMDS KoL TNG
avamTLENG Kot aEOAOYNoNG alyopiBumy ynelakng enegepyaciog 61LLOTOG TPOOPIGUEVEMV Y1a
NV TEPITTOON ONUATOV TOAAATADV Pepovsmy. To Kepdrato 4 mapovotdlel v mpd
TEPLOUATIKY AELOAGYNOT| TOL GYNLOTOG LETAPOPAS TOV TEPTYPAPETOL TOPATAVED GE GLVONKES
TPAYUOTIKOV OTTIKAOV £YKATAGTACEOV Kol cuYKeEKpUéva oto [Tabntikd Ontcd Aiktvo Tov
Topivo. Xt ovvéyewn, oto Kepdhato 5 meprypdopetar 1 emideiln €voc oloKANp®UEVOL
YNOLOKOV TOUTOOEKTN KUUATOUOPPDV TOAAATADY PEPOVTI®V, O OTO10¢ LETA 0md cHVOEST LUE
TUTIKA  MNAEKTPO-OMTIKA  otolyeio  (Swoupoppopévo  Aéillep MAEKTPOATOPOENONG Ko
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PMTOOEKTNG), YPNOLOTOONKE MG AVAAOYIKT OTTTIKY JlEmaPY], cupPot pe kivnon Ethernet
TNV EVOOUATOON €VOC OVOAOYIKOD KOVOALOD HETAPOPAS, OTNV LITOOOUN €VOG LITAPKTOV
JKTVOV KvnThg TmAepaviag oty ABnva. Télog oto Kepdiaio 6, cuvoyilovtal ta kvpla
ATOTEAEGUOTO TNG TTAPOVoOG JOUKTOPIKNG datpaPne, eved emiong ocvi{nrodvion mbavég
HEALOVTIKEG EPEVVITKEG OPACTNPLOTNTEG TTOV GYeilovTal e TO TOPOVGLalOUEVO €PYO.

Aggarg Kherowa

5G, avadoyikn Hetddooon NAEKTPKA SIUOPPMUEVOL CNUATOG GE VYICLYVO PEPOV HEGH
tvag, ynowokn eneepyocio GNUATOC, OVOAOYIKOT OTTIKOT TOUTOOEKTES, YIMOGTOUETPIKA
unkn kouatog, X-Haul, kivntd diktva tpoécfaocng
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Evyaprotieg avti mporioyov

H ovyypagn tov Ke@aAaiov TV €uYOPIETIOV NTAV Eva omtd T To SVCKOAN KOUUATIO TNG
napovoos dakTopikng oatpiPnc. H oviioyn twv dedopévev kol g O0LAELLG oL
OLVTEAEGTNKE KOATA TN SLAPKELN TV TEAELTAL®OV 6,5 ¥POVOV GE Lo GUVEKTIKN Epyacio eival
olyovpa amontnTiky. AkOpa 1o S0oKoAN LTOBESN eival OU®S VO YOPECEL KATO10G G LEPTKES
TOPAYPAPOVS TO YPOVO, TIG KOWVEG EUTEIPIEC KoL TIC OYECELG TOL OMpovpynOnKay péca
o avtd o xpovia o€ Eva epyactnplo 0nwc to PCRL. 'Eva y®po mov moAlol uéypt onpepa Ko
HE O1pOopEG eVKALPiEg TOPOUOINGOV KOl Ol AOTKMOG LE OIKOYEVELD 1] LUE L0 OLAO0 TTOL OV
KATOL0 GTIY N YIVELS LEAOG TNG, OEV TTAELG VO 001 TOTE.
[Ipdta an’6la Aowdv Ba evyapioticm to PCRL avtd kb avtd. Eivar éva epyactiplo pe
TpopEP SLVOALIKN 6TO TOGA PUTopel va KAVEL, [LE TOCH SLOPOPETIKA avTiKeipeva pumopel vo
KOTOMOGTEL OMOTEAEGUOTIKG KOl VO TPOCAPUOGTEL TOGO OTIC EMTAYEG TNG EMOYNG OV
ouvéyeln aAAALoVY KoL TOL EXOVV L0 OLVOLLKT GYXECT LE TO EVOLUPEPOVTA TOV aVOpOTOV
nov 10 amaptiCovv. H duvapkn avty and v eikdvo Tov oynudtica ota ypdvic LoV 6To
PCRL ogeiletan o 3 mapdayovieg. [lpoto xou Pacikd cvotatikd g emttuyiog: mdvto To
PCRL gykoAnwve moAd a&loAoyovg epeuvntég e Opeén kot dvvatdtntes. Aedtepo kot iowg
akopa Bacikodtepo: mavta 10 PCRL gykdinmwve mpaypotikd agidhoyovg avOpdmovs. Olot
pog eiyope TIc Okég pHog wWwitepeg dvvaTOTNTEG Ko advvopies, eiyope OU®G Kol TO
EVOLLPEPOV VO PAETOVLE KO TIC WOLONTEPOTNTEG TV AAAWDV KOl VAL AELITOVPYOVLE OLaOIKA. Na
{nrdpue ko va divovpe pe kabe gukaipia Bondeta oe Omo0v TN YpealdTay, Le oTOXO EVa KOAO
OTOTEAEGLOL OALG KOL TO VO YVOPIGTOVUE VO, EPOOVLLE TTLO KOVTA Kot Vo, Opop@Uvovue T Lo
LG EVTOG KO EKTOG EPYOGTNPLOL.
[Tepvdvtog oto Tpito cvoTaTiKd NG emttvyiog, Oa apyicw TPAKTIKE TO KOUUATL KOl TOV TLO
TPocOTIKAOV evyapiotidv. To PCRL dev givar ovBOmapkto kot dev Ba Ty ciyovpa avtd mov
etvar 30 ypdvio tdpa xwpig Tov 10pLTH TOV, TOV K. HpakAn ABpapodrovro. [Ipdxettar yio Evav
dvBpwmo mov extind Pabvtarta. Tov ektipd yoti katdeepe kot €ptiace to PCRL, epyactiplo
TPOTLTO GTO, LATLOL LLOV Y10l TOVG AOYOVS TTOV TTPOAVEPEPN OAAE Kol £VOL EPYOCTIPLO TOL GE
EUEVA TPOCOTIKA £0MGE TNV gVKUPia VO KAV® TN SITAMULOTIKY] LLOL EPYOCIN TEAELOVOVTOG TN
OYOAN, VO EKTOVIG® TO SOOKTOPIKO LoV, Vo Labm éva cmpd TPAYLOTO KOl VO KOTATINGTO
HE (o 6Epd amd dpacTnPlOTNTES, OAAG Kol Vo TAEOEWM Kol VO YVOPIcH PEPIKOVS md TOVG
70 KOAOVG Hov ¢iAovg. Tov exTINd OU®G Kot Yot T GTAGCT] TOV OTEVOVTL OV KOl OTEVOVTL
oT0 LITOAOLTO LEAT TOV €pYacTNPiov Evav-Ttpog-Evay. [Ipokettat Yo évav dvBpwomo gvyeviKo
KoL GUEGO LE LEYAAES EVOCONGIEG, TTOL NTAV TAVTO EKEL Y10 OTL YPELAGTIKA KOl YD KOt OAOL
pog.
O&o emiong va evyaploTom Tov Anuntpn AmrootoldmovAio. Htav o supervisor pov yio tnv
eKTTOVNOT TOL S1OOKTOPIKOV OAAG KoL 0 TPATOG AvOP®TOG e TOV 0moio piAnoa yio tnv Eviaén
LLOV GTO £PYOCTNPLO. AVTN 1 TPATN GLINTNOT LE GIYOVPLE KOt OUEGHTNTA LE TPOOENTE OO
TNV TPAOTN GTIYUN OTL TO VO KAV® TO O100KTOPIKO oL 6€ avtd 1o gpyosthplo Oa givor o
OMOTN EMAOYN KOl TPAYLOTL UTOPD €K TOV VOTEPMY VO T® OTL NTOV U0 OVOVTIKOTACTOTN
eumepio {oMg. O ANUNTPNG TAVTO LLOL EVEMVEE EUMIGTOCVVT] KoL )TOV EKEL Y100 v, ETIo HOivEL
11



TIG dUVATOTNTEG KOl TIG OOVVOUIES L0V, UE TOPOKIVOVCE Kol NTAV TOAD VTOGTNPIKTIKOS GE
KG0e enduevo Prpa mov Expene vo KAVD 6€ OAL OVTA TO. XPOVICL.

[Tpwv ko amd avtd OPME 0 TPOTOG AVOP®TOG e TOV 0moio cuvepydotnka Ntav o NiKog
Apyopng. Me ) Ponfeta Tov 0AOKANP®GA TNV SUTAMUOTIKY LOV EPYACIO GTO TPOTTUYLOKO
LEPOC TV GTOVIMV KUl 1] CLVEPYAGIN QLT Pe £Kave va okéPpTopot 0Tt iomg Ba Taipala Kt
gy® omv opdda tov PCRL. Etvan évag avBpomog diaitepa tkavog kot EEmVog Kot Tov To
gpyaAeio TOL LOL £3WGE PAVIKOV XPTGLLOL Y10 YPOVIOL LETAL.

O I'dvvng TavvodAng ftav Kot avtodg omd o TPOTA ATOUN LLE TO OTO10 GVVEPYACTNKO GTO
gpyaotnplo. Agv umopet mapd va EExmpicel KOvelg To maB0g, To HEPAKL KL TNV oydmn ToL YU
avtd mov Kavel. [Ipokettar v évav AvOpomo Tov eKTIU® TOAV Yo T0 100G Tov, PHGEL
a161000E0 KOl TOL O YDPOS TOV TOVEMIGTNUIOV 16m¢ gival 10avikOg ¥dpog yi avtoév. Me
HEYOAN Opeln Kot evOlOQEPOV YloL Yvon, Tov [dvvn tov €x® 6T0 HVOAd pov cov i
aoTEIPELTN TTNYN WOEDV OV Pmopel var YEVVIGEL LAMKO Yo TapOTPLVOT) GE Lo GEPA amd
dpPACTNPLOTNTES TOV UTOPOVV VA YELIGOVY TOAAL SLOUKTOPK(L.

Tov emduevOo OKEPTOUOLV OPYIKE VO TOV 0QNO® Yo TO TEAOG, OAAL avVOQEPOVTOS HE
YPOVOAOYIKT KATMG GEWPA T LEAT TOVL £pYacTNPiov LE TO omToia cuvepydoTnKa, NPOe KaTOUL
€0 M oTyun ywo TV waitepn ovtn pveia. Tt va tpotond yia tov [avayidn Tovpdon. Oa
0V A&V oeAldEG OAOKANPES Yo TOV TOAD 13taitepo pOAO TOL 0g OAES TIG MTLYEG TIG CmNG
pov péoa kot €@ amd to PCRL 6Aa avtd ta ypdvia. Me tov [avayidmn cvvepyastrikope
YL TV EKTEAECT] TOV UEYOAVTEPOL UEPOVS TOV EPYACLOV TOL TEPLYPAPOVTIUL GTI GLVEXELD
NG TOPOVGAS JATPIPNGS, N EMITVY LA TOV OTOiV 0peileTal o€ peydro Babud otnv ToAD KoAn
yNUElD Kol AploTn cvvepyacio Tov elyopue gite HEcO G6TO EPYNCTNPLO gite PETA OTaV EMpENE
VoL EMEEEPYAGTOVLLE KO VOL KOTOYPAWOVLE TL EXOVUE KAVEL OAANL KOl VO GKEPTOVLE TO ETOUEVO
frua. Me tov [Havayudm évioba 6Tt pmopodue vo KoTta@EPOVUE OTIONTOTE YPEWCTEL KO
Ntav €vog KaAOg AGY0S va Tyoive e xopd Kot 0161000&i0 GTO EPYOCTNPLO KO KOl OTOV
01 OLGKOAIEG TTOV EMPENE VAL AVTILETOTIGOVE NtV peydles. Kavovtag €161 mo dpopen v
KaOnpepvoOTNTO LOL TOGO GTO EPYAGTNPLO OGO Kot EKTOS, Amd TO TEWPANATO, T TaEio aALd
Kot 11§ suinToels Ko Tig pumdpeg petd, o [avayimdtng eivor £vag amd tovug mo KaAovs Hov
@ildovg kat £xet o ToA Egxwplot BEom o1 Kapdd pov, eved enmnpéace oyt Lovo v £kPaon
TOV SOOKTOPIKOD HOL OAAG Ko TO Tolog vBpwmog gipor onuepa. Oo KAgiom avtr Vv
Tapaypapo Aéyovtag 0Tt o [lavaylidtng mépa and KaTamAnKTiKOg eilog, kavog va vrepPel
KéBe SvoKoMa pHe TNV OQUECOTNTA KOU TO YOOHOP TOL, €lval €vag TOALUNYOVOG KOt
EVPNUATIKOG AVOP®TOC OV A& OTOTEAEL TV KOPALA TOV EPYOCTNPIOL.

Mo éva peyddo ypovikd odotnuo, HEPOS TNG KAOMUEPVOTNTOS OV GTO EPYOCTNPLO
anotéleoe kol 0 Kmotag Toxag, mov pali pe tov [avayudmn Huactay Eva ToAd KoAd Tpidvpo
Yo o oelpa amd dpactnprotntes. [podxertan yia Evav dvBpwmo mwoAd vbh kot opyovoTiKd
oL énouée peydAo polo oto va HAbm TO TOS VO 0pYOvVMo® Eva TEIPOO OAAL Ko TAG Vo
EMKOWVMVIG® TIG OLGKOAIEG oV 6Tovg dALovS. [Tépa amd avtd OUMS, amd TNV TPMTN LOL
pépa oTo dOUKTOPIKO, e BonBNGE TOAD GTO VO EYKAMUOTIOT® KO VO, apYicm vo SEVOUaL LE
tov kOGpo tov PCRL, képdioe ypryopa TV EUTIGTOGUVI LLOL KO TAPOUEVEL EVOS TOAD KOAOG
¢ilog.

O I'dvvng Kavakng ntav o avBpwmog mov kabdtav yia ypdvia 6to dimia ypapeio Kot Op®g

TOV YVOpoo KoAOtepa HOMG Tov Televtaio ypovo. Tldvta gvyevikdc, Kahoouvdtog kot
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KOAOTPOOIPETOG TPOKELTAL Yot EVaV AvVOp®TO oL o€ KePAILel aUEo®S Pe TV adpa TOV, EVAD
Ao TIC TPMTEG POV PEPES e Ponnoe oto va vidbm dveta oto epyactiplo. ['vopilovtag tov
LE TO pOVIa S10TICTOON OUMS Kot TO TOGO £ELTVOG KoL IKOVOG ivat, e EVOLAPEPOV YL TOVG
YOpw ToL € A1 Ta emimeda. Eivan évag axopa amd toug avhpdmovg mov epmetedopot fobdid,
EVA O’ TN GTIYUN TOL TOV YVAOPIoO Alyo KAADTEPO 0 UTOPOVGE TOPA VO KEPOIGEL KL OVTOG
pa 0€om o Kapdld Lov Kot vor YIVEL KL 0TOG £VOG 0O TOLG M0 KOAODS LoV (IAOLG,.

10 Tp®OTO PEYAANS KAipakag meipapa mov éxava cvppeteiye ki o I'dvvng ITovAdmoviog.
"Evac moAv 1d1aitepog kat £Eumvog AvOp®TOC Le TOAA] QOVTOGIO KOl TPMTOTVTEG 10EEG TOL
HE EKOVE VO SLOMIOTOO® OTL T, TEWPANOTA TOV Tpafovv uéypt 11§ 12 10 Bpddv Ba sivar amd
TIG OpOPPEG eumelpieg mov Ba Exm va Bopdpan amd v ekmovnon Tov ddaktTopikov. Eivon
évag dBpwmog mov divel Lon oto gpyactnpio, eved e cuvovaouod pe tov Niko HAadn oto
TPAOTO £TOG TOV SOUKTOPIKOD OV ATOTEAECAY TPOTLTTO TEPOUOTIKO SIOVIO GTO LATLOL LLOV.
O Nikog HMéong etvan évag axdpun kavog epevvntig mov pe fondnoe mohd 6t TPOTO LoV
pruota oo epyactnpo.

H Evpvdikn Kvpaln kot o I'dpyog Mrpéotag pov €dmoay v gukoipio vo SOKIHLOCT® e
NV K000 YNON TPOTTLYLUKADV POLTNTAV Y10, TNV EKTOVNON SMAOUATIKOV pyocidv. Méca
OL®G amd TN JOIKAGIN VT AVAYVOPLGO, YPIYOPH TIG SLVOTOTNTEG TOVG KOl XAPT KO TOAD
otav Npbav, petd to T€Aog TG SIMAMUATIKNG TOVG, otV opdda Tov PCRL. Idwitepa tkavol
EPELVNTEG KO 01 000, e OPeEN KOl LEPAKL Y10 VTO TOV KAVOLV £QEPAV VEO OEPQ LLE TOV
gpYoud Tovg 6To £pyactiplo. H Evpitdikn pe To HepAKt Kot TO EVOLOPEPOV TNG Y10 VEEG YVMDGELS
KoL Yl TV amdKTNon Lo 6Epag de€lottov aAAd kot v evovvaicOnon mov dobétel amd
™ o, Kot o Fidpyog pe v empovn tov Kot v Padid apocinsct) Tov 6€ OTL KATOTAVETOL,
oALG Ko pe N S0 Tov va PAETEL [LE YLOVLOP KOt TO SLGKOAOTEPO TPOPANLOTA, NTAV KoL
01 600 oD duvartég Tpoctnkes oty opdda. Me v apoiPaio dpeén ko Tig deE1OTNTEG TOVG
TAOUGLOVOLV ONLOVPYIKA U0 GEPA amd dPACTNPIOTNTEG, EVA TOVTOXPOVO Eman&ay TOAD
KopPukd podAo 610 va deBol e Ta TeEAeLTAlN YpOVIQ GV TAPEa, VO YIVOLLE PIAOL Ko VoL EXOVE
pio ToAD Opopen KaONUEPIVOTNTA TA TPWIVA GTO £PYACTHPLO Kot Ta Bpddta EEw and avTo.

O INopyog Zvpromovrog kot 0 Apyvpng Ntdvog tav 000 akdpe amd Tig VEOTEPES OALA Kot
oAV KOAEG TavTOYpova mpocOnkeg g yevidg avtng. O TNowpyog eivar axoun évag moiv
aE1OA0Y0G EPEVVNTIG LLE EVOILOPEPOV KO LEPAKL, LLE TOV OTTOT0 U1 £XOVTOC CLVEPYOTEL AETT,
UTOP® KLPIMG Vo EMOTUEVE TO TOGO GUUPAAEL LE TOV EEYOPIOTO OEPA TOV GTNV EPYOCLUKN
poG Ko Oyt Hovo kafnueptvotnTo £VIOC Kol EKTOC EPYNSTNPIOV, VM NTAV ThvTa TPOOLLOG
yio Ponbewr oe otdNmote YPEBOTNKE. O Apydpng mépa amd @aviacio Kot
ATOPAGIETNKOTNTO £XEL £val 10104TEPO HEPAKL Kot EVOLOPEPOV Y10, OTL KOTATIAVETOL KO Y10,
euéva givorl omd o TPMTO GTOUN TOV CKEPTOUAL OTAV 0KOV® TN AEEN epyactiplo. Mall pe
Tov Apn Ztd0n, éva axopa oAy a&lOA0Y0 Kot ETILOVO EPELVNTY KAVOLV Eva poPepd didvpo
KOVO VoL QEPEL E1G TEPOS OTOLONTOTE, TEIPALOTIKY KO UT), dpacTnpdTnTa TOVS ovaTeDEL.

H Mapthb Zrvpomodriov sivor vopilw n fpeun dHvaun tov PCRL. Enipovn, Aentopepng kot
OLOGTNUOTIKY €XEL Yopa&el pio Wlaitepn mopeion Kot EYXEL APTOEL GNUOVTIKT TOPUKATOONKT)
07O £PYUCTNPLO, EVO cav didvpo pe tov ['dvvn Kavéxn andtedlovv pa akdpa amod Tig opdoeg
TPOTVTO, EMOEIKVVOOVTOS OMOTEAEGUOTIKOTNTO HECOH OO TIG IKOVOTNTES TOLG OAAL Kot T
ocvvepyoaoTiKOTTo Ko tov apofaio oefacpd. O Xdapng ZepPog pe tov pyoud TOL GTO
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EPYOOTNPLO £PEPE KL OVTOC VEO AePQ, e TOALEG 10EEC KOL SUVOLLLKT] VO KOTOTLOGTEL e Lol
oEPd amo VEQ OVTIKEILEVO KO dPOGTNPLOTNTEC.

OéLm va evyoplomom akopa to I'iavvn Aaldpov, Tov mapd 1o Yeyovog 6Tt cuvuTnpEapLe Yo
HIKPO YPOVIKO SLUCTNUO GTO EPYUCTNPLO, TOV EKTIUMD TOAD Y10 TNV OUECOTNTA TOL KoL TNV
npoBupia Tov va pov Tpoceépel anrdyepa ) Pondeta tov. H Oévia [Ipovoalidn and v
AN gtvor n vedTepN TPOSHNKN G6TO £PYAGTNPLO, AAAL YVOPILoVvTAg TNV €3G KOl TOAAY YpdVIaL
elpon otyovpn yia v moAL koAn mopeia Tov Ba axolovOnoet Kot OEA® vo TG evyMOd Ko
apyN Kol KoAr otodiodpoptio.

Emumiéov 0ého va gvyapiomiom v Bdowa Aounporoviov, v I16Av BAdon, t Mapia
Kopurira kot v 'EAeva Maptovidov, yia tnv moAvtiun forfeia kKot ompién o kabnuepva
nmuata 6da avtd ta xpdvia. Ididutepa n ' Edeva eivan po omd T1g vedtepeg Tpochnkeg otnv
opdoa tov PCRL kot woAd ypryopa £ytve KOUUATL Ot LOVO TNG OUASOS, OAAG KO TNG TOPENS
oV Onwg mpogina divel avTh TNV WOLTEPT), ELXAPIOTN TIVEALL TTOV EKOVE QKON TTLO OLLOPON
™V KaOnpepvotTa HOg.

[Tpwv Kheiow avtd TOV 1816TLTO TPOLOYO, BEA® VO ELYOPICTHOW® UIA GEPA ATd AVOPMTOVG
TOV OV KOl Ol AGYOMES oG OEV GUVETEGAV 1| GUVEPYOUOSTHKOUE AUESH GE UIKPO Pabuo, £xovv
ocuouparer onuovtkd oty mopeio tov PCRL. Ipdkerrar yuo tov Kwot) Xpiotoydvvn, tov
Xpnoto Koviovpévra, tov I[Tavo I'kpodpua, tov Agutépn ['ovvapidn, v Mapia Macaov,
tov Xpnoto Todko, tov Adap Pamtdkn, tov Niko Avpa, tov Z1d0n Avoplavomovro, tnv
Adapovtio I'pappatikdkn kot tov Niopyo Méya. Ot avBpwmot avtol cuvolapopedvovy Kot
ot 10101 v mopeia tov PCRL kot étol popastikape por Kown kadnuepvotnta, ORLopeeg
oL{NTNOELS Kol GE KATOLEG TEPMTMGELS dednKape og Kowvd Ta&ida, 6mwg pe o Niko kot to
21a0m.

devyovrog and tov otevo mupnva tov EDE, 6a n0ela va evyaptotiom moAd Tovg ¢pilovg pov
7oL KaO’OAN TN S1IPKELD TOV OOOKTOPIKOL NTAV EKEL Y10 VO LOPOGT® TIC KAADTEPEG CTIYIES
pov oAAG Kot yuu va pe otnpi&ovv oTig Mo SVOKOAES. OEA®M v €VYOPIGTHCW® £TGL TN
Aéomowa, v Avva, To Anuntpn, v Evayyeiia ko v Hp® aAAd Kon ToALL GALa Gtopa
TOL OHOPPOIVOVTAG TNV KAONUEPVOTNTA MOV, HOVL divay KOLPAY0 VO TPOCTEPACH TIC
OVOKOAEG HEPEG KOl VO KAAOOEXTO Le arclodoia Tig endueves. [daitepeg svyapiotieg BEA®
va dwow oty Mapio Maotpokdota. [Ipdkettar yio v kaAvTep LoL OIAN Kol TAEOV etvan
v gpéva 1 adepen mov moté dev eiya. Tnv ayomd woAd Kot givat éva amd o LeyoAdTEPA OV
omplypata, OVTog mévto kel Yo vo akoVoEL Kol Vo KaBVoNYACEL TIG OvNGLYIES LoV, VOl LoV
dMGEL TOADTYLEG CLUPOVALS, Kot TOAAEG POpES va xapel kol v cuykivnOel mpwv amd guéva
Yo guéval OTIG KOAVTEPES OTIYHES HOov. Ofhm okdpo va evyoptotiow tov [dvvn
Mniabovakn, o omoiog e GLVIPOPEVCE GTO UEYOAVTEPO KOUUATL TNG TOPEiG LoV GTO
PCRL. [Tpoxertar yia éva avOpwmo pe Eexwpiot 06om oty kapdd pov. Me v KaAoovvn
TOV KOl TNV VTOROVH TOL €manée Ki avtdg HeYOAO POAO GTO VO aVTEE® TIG OLGKOMES, Vo
e€elMybd kot va yiveo o dvBpwmog mov eipon onpepa.

Téhog BEA® va guyaploTHom TV 01KOYEVELD pov. Tnv untépa pov AAedvopa, Tov Tatépa
pov Xaparopmo kot tnVv yoyld pov Abovocio. Apkel vo avagépm 0Tt TOVG 0PEIA® G€ PeyAAho
Babuod v mopeia pov. Me apbovn aydnn pe otypiéov Ko pe Bondnoav ce kabeti and v
TpdTN oTrypn g Lwifig pov.
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Y.I'. Av éyo Eexdoel KAmTO0VE amOAOYOLLOL YU OTO Kot EDYOMOL VO UMV LoV KPOTHGOLV
Kakio yloti 0ev NTav €KoVcto!
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Extevig Ilepiinyn

Ot 0oVPHOTES EMKOVOVIEG EKOVOV TNV EUEAVICT TOVS YOp® oto 1895 pe ) petdadoon tov
Kdowa Mopg péom g Padiotnieypagiog, ¥pnotomotdvtoc nAeKTpopoyvnTika Kopota. Ot
OVYYPOVEG OGVPUOTES EMIKOIVOVIEG YPNOCLUOTO0VV (o Topopolo HEBodo peTddoons e
TANPoPopiag Tov otnpiletar TN HETAGOGT KO ANYN NAEKTPOUAYVNTIKGOV KOHATOV. Q0Td60,
N €€EMEN TOV CLGTNUATOV OGVPUATOV ETIKOWVOVIOV EXEL TPOYWPTOEL CNUAVTIKE UE TNV
népodo tov xpoévov. H e&éMEN vt onNUOTOdOTEITOL GO TNV EUPAVION TOV GOYYPOVOV
KOYELMTOV SIKTH®V KIVNTAOV ETKOVOVIOV. H teyvoloyia KoyeA®TOV SIKTO®OV KIvNTHG £KOVE
™V epeavnon g Yopw oto 1980, pe ta diktva Ing yevids. Qotodco, | padyaio adénon g
TNAETIKOWVMVIOKNG KIVIONoNG KOTA TIG TEAELTOUES OEKATIES, OLEAVEL GUVEYMG TIG OTOLTIES
oo T, OIKTLO AGVPUATOV EMKOVMOVIAOV, T 0Ttoia EeAiYON KV e TOAD Yp1yopovs puOpovG,
QTAVOVTOG TAEOV OTNV EUPAVIOT] TOV JIKTO®V SMG YEVIAS, VD GE EPELVNTIKO €Mimedo 10M
HeleTdTon Ko TpoeToaleTol 1) emkeipevn petafoon otny emodpevn yevid (6G).

H cuveymg emrayvvopevn avantoén tov Siktvmv SG oe maykocuio eninedo, 1) omoio KaAgiTot
va 06c€l AOGN GTIG OAO KOL O AVGTNPEG OMOLTHGELS TOV XPNOTAOV TOV JIKTVOV KIVNTNG,
CLUTEPTAOUPAVOUEVIG TG VTOGTNPIENS TOAD UEYAA®V TOYLTATOV UETAO0ONG OedOUEVOY,
YopUNAEG TpéS Kabuvotépnong, svpld kdAvym, vynAn aflomotio kot yopnAod KOGTOLG
npocPacies vanpecieg vYNANG ToldtNTaG. Ta TopaTdve KaTNYOPOTOLOVVTUL OTIS EENG TPELG
TEPUTTAGELS VINPECIDV:

. Evpvlovikn ovvoeocipwomra (eMBB):  Zmpiletor oe  pn-owtovopeg
OPYLITEKTOVIKEG OIKTOOL Y10, TNV TTAPOYN VYNANG ToyvTNTaG ovvoeonsg 6to AtadikTvo,
pétpla Kabvotépnon kot avtiotolyel og vnpecieg OTmg (wvtovn petddoon Pivreo
UltraHD kot €Qappoyéc  €IKOVIKNG  TPOYUOTIKOTNTOG KOl ETOVENUEVNC
npaypotikomrog (AR/VR).

. Awobvdeon peydrov apubpov cvokevawv (eEMTC): Tlpdkertan Yoo peyding
euPéretag evpulovikn emkovovio TOHTOL GLGKELN-LLE-CLGKELT], TOL oTnpileTal e
TEYVOLOYIES TTOV TPOCPEPOLY YOUNAO KOGTOG Kot YOUNAN Katavdiwon evépyelag. To
KOPLO YOPAKTNPLETIKO 0LTOV TOL TOHTOV GLVOIEGLOTNTOG Eval 1 E£ACOAAGT LYNAOD
pLOLOY dedopévev, N YOUNAY] KATOVAAMGT EVEPYELNS KOL 1 EKTETAUEV] KAALYN LE
LELOUEVT] TOALTAOKOTNTO GLOKELMV. 2G €k TOLTOL &ivan Wwitepa EMOEEANG Yo
eQapuoyéG AladikTvov tov mpayudtov (10T).

. ZuvdeooTNTO VONANG AS0TIOTIOG He TOAD YapUnAEg THES kabvuotépnong
(URLLC): H mepint®won ot GKOTELEL GTNV TOPOYT YOUNANG KabvoTtépnong Kot
e€apetikd vynAng alomotiog, SceoAilovtag £T6l LYNAN TOLOTNTO TOPOYNG
vmpectov (Q0S), kdtt mov dev umopel vo emitevybel pe TIC TOPOSOGLOKES
OPYLITEKTOVIKEG OIKTHOV KIVITNG TNAEP®VING. ZKOTEVEL GTNV EEVTNPETNON EPAPLOYDV
OTMG M ATOUAKPLGUEVT] YEPOVPYIKN, N EMKOW®Via amd dynua-pe-oynuo (V2V), n
Bropnyovia 4.0, Ta £Eumva diktva Kot To EELTVO GLGTIHHOTO LETAPOPDV.
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Enhanced Mobile Broadband
®© @} a

* Increased capacity

* Increased connection speeds

* Surveillance

* Cloud computing

* Virtual Reality / Augmented Reality

Ultra-Reliable
Low Latency Communication
D S
& °F Tt
= Autonomous Vehicle
* Drone delivery
* Industrial automation

= Smart manufacuring
- Facial recognition

Massive Machine-Type
Communications

P == O S 2

* Public safety and security
* Transport & logistics

* Environmental monitoring
* Smart energy networks

* Agriculture

* Kiosk and retail

Figure 1. Baoixéc vmnpeoics kar epoppoyés mov vwootnpilovwtar amd 1. OIKTVO. ELOUEVNS PEVIAG.

Ta tehevtaio xpoévVia, 0 HETACYNUATIOUOS TV SIKTVOV TPOGROCNG KIVIAV EMKOWVOVIAYV,
TPOKELEVOD VA TPOGOPUOGTOVV GTIG OAOLTIGELS TMV GUYYPOVAOV VITNPECLAOV KOl EPOPLOYDV,
elvar oto emikevipo TV evepyeldv mov Aapfdvovv yopa yu v gykadidpvon tov 5G
OKTOV. g ot TV KATELOLVGN, N VIBETNON VEOV KAVOTOU®V OPYLITEKTOVIKAOV KO 1|
avamtun  KatdAANAov  texvoloyiwv eivar amopaitn. H vioBémmon og oepdg
AELITOLPYIKAOV O10pEG®V 6Ta dikTva TPOGPaong etvar pa amd Tig pefddovg Tov aglomotoHval
LLE GKOTO TMV LETACTUOATIGHO TV OIKTO®V aVTAV. ETmAE0ov, KOVOTOUESG APYLITEKTOVIKES TTOL
otmpilovronr ot ypnon véwov tomov (gvéemv mov opilovror ¢ Fronthaul, Midhaul kot
Backhaul yia ) d1060vdeom Tov d1KTHOL KOPLOD UE TIG amopakpLouéves kepaies. To vymid
KOGTOG Kot 1) TOAVTAOKOTNTO TOV GLVOEOVTAL [LE TNV TANPT avafadion Tov eE0TAoHoD TV
dwtowv  mpdoPacng pe  xpnom  VE®V  TEYVOAOYIDV, 00Nyncoe otV viobétnon
Kevipuomomuévov dwtdéemv diktvav tpocPfacng (C-RAN). Tavtdypova, n aSlomoinon
VEOV OTTIKOV OETOPOV GTO KOUUATL TNG UETAPOPAS TANPoQopiog omd Kol TPOG TIC
OTOLLOKPVGUEVES KEPOTES, SLUTEPIAUUPAVOUEVOY TV avaBaduiceny Tmv 11ON VTAPYOVCHV
dtemapmv (CPRI), aAld kol TG ¥pMong EVIEADS VE®V TEXVOAOYLOV UETOPOPAS OEOOUEVDV,
amoteAEl POl TOALG VTTOGYOUEVT ADON YO0 TV LIEPPOCT TOV TEPLOPICUDY TOV PEPOVV Ol
VILAPYOVCES LTOJOUES SIKTV®V KIVNTNG TNAEP®VING. Xtnv KatebOuvorn auth, M TELVIKN
LETAO0ONG OVOAOYIKMV, NAEKTIKA SIOUOPOOUEVOV CNUATOV GE VYIoLYVOL PEPOVTA, HECH
onTkNG tvag etvan pio amd TIG KUPLOTEPEG EVOAAAKTIKES VAOTOMCELS OIKTOMV UETAPOPES
dedopévmv mov pedetdror To tedevtaia ypdvia otn PifAtoypapia.

210xebovTag oTNV HEIMON TOV KOOGTOVG EYKOTAGTUONG VEMV DTOOOUMV Y10 TV VITOGTNPIEN
TV SIKTVOV TPOcPaong SG, 1 ETavoypNGYLOTOINCT) TV 101 VTAPYOVGDV OTTKDV VITOSOUDV
etvar o oo pa TapAUETPOS TOL TOUlEL CNUAVTIKO PpOAO GTO GYESOCUO TOV SIKTVMOV KV TOV
EMKOWVOVIOV €mOpeVNG yevids. H emavaypnoiponoinon tov vrodoudv tov Iabntikdv

29



OtV AIKTO®V GTIG UNTPOTOAMTIKEG amoTeAel o Thovr AOon Tpog avt Vv katevBuvvon,
YGPM OTNV TPOGPOPE LEYAANG TUVOTNTOG EYKATAGTAGEMV OTTIKAOV VAV Kot Leydlov mAnfovg
onTIK®V Topumodekt®mv. H moAvmie&io pkovg kbpatog kot 1 moAvmAe&ion xpovov givat ot 600
Baoukéc TeyVIKEG TOV UTOPoHV VA XPNGILOTOM B0V Yo TNV TAVTOYPOVY| LETAGOCT CNUATOV
5G péom TV TaNTIKOV OTTIKOV SIKTOH®V.

To 6popa ™¢ pHeTAPaong otV EXOUEVT YEVIA SIKTVMOV KO VINPEGLOVV EMKOWVMVING TOL Oa
TapExouv gvpeia, EEPETIKA YPIYOPT KOl OTPOCKOTT) GUVOEGILOTNTO, 0ONYEL GTNV VALK
OYEOOGLOV KOl VAOTOINGCNG LITOJSOUDY SIKTV®V TPOSPAcTS, VYNANG YOPNTIKOTNTOS Kot
vynAng eveléiog. Ot vmodouég véag yevidg Ba mpémel va. Lmopovv va Tpocapuoélovviol og
po oelpd amd VINPECIEG OV EXOVV EVIEAMG OLOPOPETIKES OMOITGEL TPOKEYEVOL VO
UmopohV vo. AEITOLPYNOOLY ampOcKOoTTo. [ 10 okomd avtd, 1M YPNON OLVOLUKA
EMOVOTPOYPOUUOTICOUEVOV  TOUTOOEKTOV Tov  Pacifovion o6& TAATQOPUES  TOL
TEPLAUPEVOVY GLGTOLYIO-TVADY TPOYPUUUATICOUEVT] GTO TESTO Elvat o TOAAE VITOGYOUEVN
AOOT, P0G KO ETLTPETEL TNV EVEAIKTY] OVOKOTOVOUT TOV SIHOEGIL®V TOPOV Y10 TH LETOPOPA,
OpPOUVOLOYNON Kol AmOONKEVOT] OEOOUEVDV, OAAG KOl YLl TNV EMITEAECT] TOV YNOLOKOV
dePYacidV oL VITOGTNPILOVV TIG TAPUTAV® AEITOVPYIES.

Tavtoypova, o1 TOAD QVOTNPES OMALTNCES YOPNTIKOTNTOG Kot KoBvoTEPNONG 7OV
emPaALovTot amd TOVG OEIKTES ATOSOCNG TOV VANPECIMOV TOL KAAOHVTOL VO EEVTNPETHGOVY
to diktva  5G, emPAALOVY OLGLOGTIKG TNV ECOYOYN TOV QACUATOS YIAOGTOUETPIKOV
Kopdtov (mmWave) ota diktvo TPOGPAoNS KIVNTOV ETKOWVOVIGY. 26TOGO0, 1| TOToEToN
KOWEADV TPOSPaomg 6 TOGO LYNAES GUYVOTNTEG, ATOITOVY TV £YKATACTAGT E0TAGILOD
KEPALDV GE TOAD KOVTIVI] OomdoTacn HETOEDL TOug OAAG kot omd TOvV TEMKO YpNoTh
TPOKEWEVOD Vo vtdpyovv Kevd oty kdAvym. To mpapndve avopévetar vo ennpedost
cofopd T0 KOGTOG TV UEAAOVTIKOV SIKTV®V TPOSPAoNG, KOTE GUVETEN OVOUEVETOL VO
odnynoet ota e€Ng Tpia peydio mpoAnpoTo:

e H dwndvoeon towv kevipikaddv otabumv PAone He TIG AMOUOKPVOUEVEG Kepaieg dgv
uropet vo otnpiletor povo o omtikég (evéets, dmmg cvpPaiverl péypt onpepa, Kabmg
avtd Ba amortovoe TV gykoTdon VIEPPOAIKE pEYOAOL aplBpoL ETTAEOV OMTKMOV
Cevéemv.

o O ythootopeTpikég Kepaieg mpocPaong Ba mpémel va yivouv moAd amAiég 6Gov apopd
TN AELTOVPYIKOTNTO, TO DAKO KOl TNV EVEPYEIONKT] amddoon Yo va dtotnpn et epiktod
T0 KOGTOG EYKATAGTACTG KOl AEITOVPYING.

e O ytmootopetpkéc kepaieg mpocPaocng vmootnpilovy v HETAO0OT HEYOAW®V
ToayLTNTOV dedopévev (taEemg Gbps), xapn omv evpuvlovikottd tovs. To
TPOTEPNHOL OVTO TNG TEXVOAOYING VNG, WGTOGO EMPEPEL L0 GTLAVTIKY] TPOKANOT).
O1 Tapad0GLOKEG OEMOPES TTOV YTNPLLOTOIOVVTOL Y10, T S10GVVOEST TV KEPOLADV UE
TOLG 6TaOOVE BAonS adLVAUTOVV VO, LTOSTNPIEOVLY TOGO PEYALO OYKO SEGOUEVOV KO
®G €K TOVTOV KOVOTOUEG ADGEIS OMTIKNG HETAPOPAS TANpopopiag Bo mpémer va
OVTIKATOGTHGOLV 1 VAL EVEOUAT®O0VV TapdAANAa L TIG Tapadootakés pebddovg ota
diktva TpdoPaong.
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Onwg avaeéphnke Kot mo move, yioo TV vrootpEn YoOUnAng kabvotépnong, LVYNANG
YOPNTIKOTNTOG, OIKOVOULKNG OmdO00NG KOl YOUNANG KATOVIA®ONG EVEPYELNG, OAOKAN PO T
diktva TpodcPaonc, amd Akpo o€ akpo, O Tpémel va emavacyedlonctovy. AKoAovdmvTag aVTd
TO GKEMTIKO, 1 100 TNG GVYKEVTPOTOINOTG TV TOP®V TOV OIKTOOV EUPUVIGTNKE EK VEOL GTNV
enoyn v OIKTVOV 5G, kabMG Tapovctdlel oNUAVTIKO TPOTEPUATO GE GUYKPIOT UE TIC
TOPUOOGLOKEG TOTOAOYIES, OTIS 0moiec ot otabpol Pdong eivan Kataveunpévol e d1dpopa
onueia tov mediov. H mpocéyyion ot g GLYKEVIPIKOTOINONG TOV ENEEEPYACTIKOV TOP®V
TOU OIKTOOV, €LVOEL TOV JlYWPIGUO TOV padlocTolyeimv tov otabuod Pdong (wov
ovopalovton Remote Radio Heads, RRH) kot tov ctoyegiov mov eneepydalovtal to onua
(mov ovopalovtor Baseband Units, BBUS). Onwg paivetat kot 6to Figure 2, ta otoygio mov
avaAiapBavoov v enefepyacio Tov onpatog pmopel vo Ppiokovior KeEVIPIKA og pia
tomobfecia 1 akoun Kot ewkovikd oto cloud.
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———_ VIRTUAL (V)-
FRONTHAULLINK _ —_—— R Upt)(OL) .

K Ip
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ETHERNET/ EVOLVED
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= - \4
i i?‘ (EPC)
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\ NETWORK
J\\
SERVERS
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Figure 2. Evieirctiki kevipikomomuév opyiteKtovikj mov mpoopiletal yia JiKToo. Tpocfocns KIVITMY EXLKOIVOVIDOY KoL EXEL
npotabel ard ) FUJitSU yio mokvokatotknuéves aotikéc meployéc.

H petagopd g tmiemikowwviakng kivnong petaéd tov otafudv Bdong Kot tov Kepoumyv
QOIVETOL VO ETIPEPEL CNUAVTIKES TPOKANCELS OTIS TomoAoYyieg SG, mov oyetiCovion pe v
AVTILETOTION SPOP®V CNTNUATOV TOL APOPOVY GTNV JETOPY| TOV ONTIKOV KAVOIAMDV LE
SLPOPETIKOD TOTTOV TOAVTAOKEG PUSIOOETAPES. AVOT G€ OV TA TO TPOPANOTA KOAEITOL VO
d0cel M PéEBOSOC OMTIKNG UETAOOONG OVAAOYIKMV CNUAT®V, NAEKTPIKA OLUHOPPOUEVE GE
vyiovyva eépovta. Me TV eVGOUAT®OON 0VTNG TNG TEXVIKNG OTA OTTIKG dIKTLO LETAPOPAC,
EMTLYYAVETOL 1 OTMTIKN UETAGOOT KLUOTOUOPPDOV TOV givol KoTtdAANAES yio acHpuatn
petadoon ympic v meportépm enefepyaio Tovg otV TAevpd Tev keparmv (Figure 3). H
TEYVIKN OVTH] EMUIPEMEL  TOVTOYPOVO TN UETAOOGN peydhov pvOBuod mAnpogopiog
YPNOUOTOIOVTOG OTAOVS KOl OIKOVOLKOVG OTTIKOVS TOUTodEkTeC. 'Eva emmAéov mpotépnua
TOV OVOAOYIKOV OUTOV VAOTOMGE®MY €lvol OTL TPOCPHEPOVY TN SLVOTOTNTO OPLOVIKNG
ocvvomapEng e SG kivnong pe GAAOL TOTOV OEOOUEVA, GTNV 1O EYKOTEGTNUEVT] VITOOOUY|
OTTIKAOV VOV Tov vtoatnpilovv ot tororoyieg [Mabntikdv Ontikedv Awtdmv g otabepng
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EVOUPUATNG YPOUUNG OTIC UNTPOTOMTIKEG TEPLOYES. 20TOGO TO TAEOVEKTNUOTO TOV
avaEPONKAY TOPUTAVED ETPEPOV TO KOGTOG TG ALENUEVNG TOAVTAOKOTNTOG VAIKOD GTIV
mAevpd TV oTabu®V PBaong, ot omoiot EIAOEEVODV TO GUVOAD TMV AEITOLPYIOV YNOLOKNG
enefepyaciag oNUOTOG TOV glval avayKoieg Yoo T OpOPEM®ON Kol COOTH AYN TOV
OVOALOYIKOV Kupatopop@wv. EmumAéov, n omtikn| petddoon avoloylkdv onudtov etvol
evaicOn oe po oepd amd eovopeva LTOPABUIONG TG TOOTNTOC LETAOOOTG, Ol OTTOTEG LE
elvarl vtevBuveg yio v TpocHnkm BopHRoL Kot TN YPOLUIKT ) U1 YPOLUIKY] TOPOUOPO®CN
TOV ANEOEVTOV KOUATOLOPODV.

Centralized
DSP engine

Analog
E/O TxRx

I Remote

Radio-Head

I
_______________________ 4 b e o o o -

i — _ @ — |

SCM SCM A-RoF SCM @ RRH

Figure 3. Evieiktirij tomoloyio wov mepilopfidvel Ty PETAOOGN avaloyikmdy KOUOTOUOPPOY GE OTTTIKY Ve, kol otnpiletal o)
APNON TEYVIKDOV WHPLOKNG EXECEPYOTIOS THUATOG.

Ta ootk TpotepnpaTa TG TEXVIKNG LETAGOCNG OVOAOYIKMY KUUATOUOPPDV UEGH OTTIKNG
tvog elvan ta TopoKdTo:

o XounAéc TIHEG OMOAELDV

e  XounAn TOAVTAOKOTNTA GUGTIIATOG

o  Xounio K66T0G LAOTOINGNG

o AwypovikdOtnta

e ElKkoAn eykotdoTOoon Kol GLUVTIPNON

e Evpulovikomta

o  AvBekTikOTNTO 0E TAPEUPOAES POSIOCLYVOTHTMOV

o  XoaunAn Katovalwoon EVEPYELOG

Q61000, OTOS OVOEEPONKE O TAV®, 1| TOLOTNTA peTddoomng vrroPaduiletol amd o cepd
amd TAPAYOVTIES, Ol KUPLOTEPOL EK TMV OTOIMV €lval 01 600 TapPUKAT®:

o  XpOUOTIKN O106TOPd, KOTA TN LETAOOT GTNV tva
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o  Mn YPOUUK TOPAUOPP®CT TOV OPEILETOL GTO EVEPYH MAEKTPOVIKA KOl NAEKTPO-
ontikd ototyeio g {evéng

‘Evag tpoémog va vrepPodv ta diktva mpdofaocng emduevng yeVIAS TO TEPACTIO KOGTOG
€YKATACTOONG HEYAAOL aplBpod Vvéwv omtikev (evéemv, elvar M ¥pnon oCLPUATOV
KOTELOVVTIKOV KOVOALDV Y10 TNV O10GVVIEST] |01 VIAPYOVIMV OTTIKMOV TEPUATIKMY UETAED
toug. Ot véeg avtég (evéelc mov otnpilovtal otV ceplaky tomobétnon KoTebvTVTIKOV
ONUEIO-0E-ONUEID ONTIKOV KOU OCVPUATOV KOVOMOV UTOPOLV V. Ol0GLVOECOVY TOVG
otafuobg Pacelg pe TIC amOUAKPLOUEVEG KEPOIEG e OIKOVOKO kol €véMkto tpdmo. H
HETASOOT] OVOAOYIKMV KLLOTOUATOUOPPOV TPMTO GE tval Kot ETELTA GTOV aéPa EIvat pLict TOAD
amodoTIK] HEBOOOC VAOTOINOTG TETOLMV SLUGVVOIEGE®Y. AVAAOYO LE TO EDPOC GLYVOTNTOV
TOV VTOGTNPILEL O ACVPUOTOG YIMOGTOUETPIKOS EEOTAMGOC 6 avToV TOV TOHTTOL TIS (EVEELG,
TO. GUGTNHOTO OTTIKNG-AGVPUATNG HETAdOONG Ywpilovtar e 600 Katnyopiec. TtV TpOTN
nepintomon, petadidovtol oty iva onpote o omoio ivol amd TPy SUHOPPOUEVO GTNV
ocvyvotta Agttovpyiog TV ocvppdtov kepawv (RoF). v devtepn mepintoon
a&lomoteiton pia EVOLAPEST PEPOLGO GLYVOTNTA YO TNV UETASO0T 6TV {va Kot TPV TV
acVPUATH 01400GT TOV GHLATOC TPOGTIOETOL VAl EMTAEOV GTASIO AVOAOYIKNG OLLUOPPOONG
og aKkOpo vyMAGTEPT PEpovca cLuyvOTNTO (TN TOL VITOGTNPIlETOL A TIC TOV OGVLPUATO
e&omhopo), (IFoF).

Yto mhaicto TG Tapovoag JaTPIPNS, LAOTOMONKOY KATOES TPMTEG OOKLUEG TOV GKOTO
elyav v mepopatikn enioen g mapandve 1046. o o okomd avtd, vAomodnke i
TOTOAOYiOL OVOAOYIKNG HETAOOONS OOUOPPMUEVOL CNOTOS GE {va KOl GTN GLVEXEWNL GE
YIMOGTOUETPIKN acVppatn (evén pe cuyvotnta Asttovpyiog oto 60GHz. H Agrtovpyia tng
Cevénc avtg otnpiyOnke ot xpnon ahyopiBuwv ynoerokng eneepyosiog onUAToc 1060 6TV
TAELPA TOL TOUTOV OGO Kot GTOV OEKTN. Ta oyfuate SopdpPMONS TOV ¥PNCILOTOONKaY
nrav g popens: Kwdwonroinong ariayng ¢dong (PSK) kot dtapdppwong mAdtoug Kot
eaong (QAM), evd TtavtdHxpove OOKIUATNKE M YNOUIKN TOAVTAESIOG TOAAATADY
OLHLOPPOUEVOV CNUATOV GE OLPOPETIKEG (PEPOVGES CLYVOTNTES, GTOXEVOVIOG OTNV
Bértio alomoinon Tov d1abéaiiov vpovg {dvng kat oty avénor tov puhpov petddoong
dedopévav. Ot onTIKEG AmOGTACEIS TOV EMTEVYONKAY GE VTN TNV TEWPOUATIKY GAGT NTOV
peypt 25km ko o péyiotog puluog petddoong dedopuévav mov emtedyOnke Nrav 24Gbps.

Ot emopeveg mapdypapot enyelpov va eLPadivovy 6To KOUUATL TOV TEYVIKOV SIOUOPPOONG
KO YNOLOKNG EMEEEPYACIOG TOV GNUAT®V OV £lval KATOAANAQ Y10 LETADOOT) GE AVAAOYIKEG
ontcég-acvpuateg (ev&els. 'Etot, yio v vmootnpién TV TPEYOVCOY KIVITMV EMKOWVMVIOV,
VILApPYoVV 600 KHPLOL TOTTOL TEYVIKAV SOUOPPOONS TNG TANPOPOPING: SUHOPPADCELS EVOG
QEPOVTOC KOl SLOUOPPDOGELS TOAATADY PepOvI®V. H dapopd tov 600 avtdv pedddmv
EYKELTAL GTO OTL TO. GLGTHHOTO JSOUOPPOONG EVOG PEPOVTOG YPNOUOTOOVV i Kot UOVO
QEPOLGO GLYVOTNTO. CTIUOTOG Y10 TN HETAO0CT OANG TNG TANPOPOPING, EVAD TO CLGTHHOTO
SLUOPPMONG TOAAATADY PEPOVTOV Olapovy 1o dlabécio evpog (dvng o€ mOAAE vmo-
QEPOVTO. TN GLVEYELX, 1] POT} SEGOUEVAOV VYNANG TaxOTNTOS YOPIileTon G€ TOAMOTAES POEC
YOUNANG ToyhtTag, ol omoieg petadidoovtor TopdAANAM TOALTAEYUEVEG GTO TESO TNG
oLYVOTNTOG, HECH TNG SLOUOPPM®GT) TOVG LE XPNOT TOV SPOPETIKMOV VIO-PEPOVI®V. Ot
TEYVIKEG SOUOPOMONG EVOG PEPOVTOG EYOVV Ypnotpomombel evpémwe 6e TOALL GLGTHUATO
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acHpuatng emkowvoviag, cvuneptlapfavopévov tov ocvuPatikov 1G, 2G, 3G kou g
avepyouevng Levéng taov diktdmv 4G. O AOYOg TOV 1 ¥PNOT OLTNHG TG TEYVIKNG NTAV TOCO
OL0OESOUEVT] GTOL ALGVPLOTH GUCTHUATO LETAOOGNC TV TPONYOVUEVOV EOTKA OEKATIOV Eivarl
OTL &youv o oepd and mpotepnuota. Ilpdta am '0ha, Exovv TOAD YounAd Adyo 16yHOC
Kopueng mpog péco opo oyvoc (PAPR), o omoiog eivar evvoel ) otabepdtmta tov
CLUOTNUATOV KOl TNV VI0OETNON GLOKEVOV YOUNAOD KOGTOLG GTO GYESIOGUO GUGTNUAT®V
acvpuatng entkowvoviog. Emmiéov, ta cvotnuata dStapdpeoons evog eopéa etvar Ayotepo
evaicOnTa 0TN HETATOTION GLYVOTNTOS Kol 6TO BOpVPO PACN G, KAOIGTOVTOG EVKOAOTEPO TOV
CLYYPOVIGUO XPOVOL KOl GLYVOTNTOS, EO01KE Y10l GUCTHUOTO EMIKOWVMVIOG ONUEIOV-TPOG-
onueio.

Qo1060, G GUYKPIOT HE TIG TEYVIKEG OLUUOPPMOOTC TOAAATADY QEPOVTI®V, Ol SIUUOPPDCELS
eVOG PEPOVTOG TOPOVGTIALOVY GNUOVTIL LKPOTEPT] OMOTEAECUOTIKOTNTO GTNV OVTILETMTION
TOV QOLVOUEVOL ££0GHEVIONG TOL GTLOTOC AOY® TOAALUTAGY S100POUDY TOV TPOKVITTOVY OO
OVOKAOGTIKES ETIPAVELEG KOTA TNV OGVPULOTN UETASOOT), 0dNYOVTAS TEMK(O G HEWOUEV
QoopoTikn amodoon. H petopévn avt gacpatiky anddocn opeileTor 6Ty avaykn ypnong
HEYOA®V KEVAV SLOGTNUATOV OVALESH GTO GEPLOKA UETAOOOUEVO GUUPOAN, TPOKEEVOL
va amo@evyBel N TopapOPE®OT TOV GUATOS 6TV TAELPA ToL déKTT. 'ETot ta svotiuota
SWUOPO®ONG TOAAATA®MY PEPOVTOV QoiveTol vo elval por TOAD €AKLOTIKN) AVCT Yo
LEALOVTIKEG VAOTOMGELS TOV OKTL®OV TPOGROCNG KIVNTAV EMKOWVOVIOV, AOY® NG
KavOTNTaG TOVG Vo EemepvoHV TIG TPOKANGELS oL Tifevtan amd T acVppaTe KAvAALL TOV
enpaviCouv e£acbévion Adym moAhamdodv dtodpopmy. Meta&d auTtdv TV GLGTNUATOV, 1
texkn opboyaviag moAvmiesiog dwoupepévng ocvyvotntag (OFDM) givan n mo yvoot) Kou
KkaBepopévn pEB0d0g SIUOPPMOTG TOAALATAGY PEPOVT®V. ATO TN PVGT TOVG, TOL GUGTNHLOTA
SWHOPP®ONG TOALATADV  QEPOVI®MV TOPOLGLALOLY VYNAN avOekTIKOTTO EVavTl TNG
TAPOUOPPMOTG TOV GNUOTOS AOY® TaPEUPOANG HeTalD d1adoykd dtaddonevev cLUPBOA®Y
(ISI) og ovykpion pe cvoTiraTa SpOPpPong evog popéa. EmmAéov, 0w 1 xprion g
opBoydviog morlvmAegiog drapeprévng cuxvoOTTaG ATAOTOEl CNUAVTIKA TO GYEOIOGUO TOV
OEKTN Kot LELDVEL TO KOGTOG VAOTOIN oG TOV. AVTO 0pgideTal 6TO YEYOVOG OTL amA&g péBodot
enelepyaciag Tov Anebévtog onfupatog, ot omoieg ompilovror oty ypnon omA®OV
wootafuotdv mov enegepydlovionr To oMU 6TO TEHIO TOV GLYVOTNTMOV, GAAL KoL GTNV
TpocONKN evOc KukAkoD TpoBEpatog avipesa oto PeTadOOpeEVH COUPOAN, EVOL OPKETES Y10
TNV EXTUYNUEVT] AVAKTNOT TOV GLLOTOG.

Yav endpevo Prpa, o GEPA omd EVIALUKTIKEG KUUOTOUOPPES TOALATADY PEPOVTI®V, TEPQ,
amd TV KAAoUKY| TeYXVIKN opBoydviag molvmAeEiog, Exovv eppaviotel ta telgvtaio ypovia,
®¢ TOAVEG OEMAPES Y10 TNV OMTIKY] SVVOEST] TOV ATOUOKPVOUEVOV KEPOIDV UE TOVG
otafuotg Pdong, t16co ota mAaido ™ SG emoynNg OALL KOTOVTAG KOl TPOG TIG EMOUEVES
YEVIEC SIKTO®V KIVIITOV emkovovidv. Koppdtt g mapovcog dtotpiic nTav Kot 1 HeAé
TOV TO O00E00UEVAOV KULOTOLOPP®OV TOAAATADY QEPOVIOV KOONDS KOl 1) GUYKPLIGN TOVG,
TPOKEWEVOD VO TPOGIIOPIGTEL 1| KLUATOLOPPY] 1 omoia TeEAMKE VIOBETHONKE Yot TEPUUTEP®
avamtuoén kot mepapatikeés peréteg. Ot mo afloonpeimteg eVOAAUKTIKEG TPOGEYYICELS
TOAALOTAGDV PEPOVTMOV, Ol OTOlEG TPOSTAOOLV HE JAPOPES TEYVIKEG VO EEMEPACOVYV TOVG
TEPLOPICUOVE TS KAOGOIKNG  opBoymviag moAvmAeliog  dwoupepévng  ocoyxvotntog
ypnoporoov cuvnbwg (owvomepatd eiltpa 1 EIATPO SIOUOPP®CNG TOAUDY KOl £ivor ot
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axoAovleg: n moAlvmAeLio pepdvimv pe xpnon ovotoyiog giltpeov (FBMC), n teyxvikn
TOMOTADY QEPOVIOV LE HOVOIIKO @iATpo, KOl M yevikevpévn moAvmielio daipeonc
ocvyvotntag (GFDM).

Metolh TV SopOpOV  KLUHOTOUOPO®OV TOAAATADV (QEPOVIOV TOL TPOTEIVOVTIOL Y10
epappoyég SG mov peretnOnkav ota TAaiclo g TapoHoos SoTpiPrg, 6TO EMIKEVTPO YL TOV
oxedl0GHO oAyopiBu@V yMelokng enesepyaciog GNUOTOC PE GKOTO TNV LAOTOINGN &vog
AVOAOYIKOD TOUTOOEKTY TEONKE N KAOGGIKT TtepinTmon opboydviag moAvmAe&iag dtaipeong
ovyvomtag. H emhoyn avtig g xopotopopene Paciommke ot copPatdtntd g Ue TIC
topwvég 4G viomomoels, Kabiotdviag T €va mlavd evolueco Prua Y T0 6TodKO
LETOCYNUOTIONO TOV OIKTO®V TPOGPAcNC KIVIITOV EMKOWVOVIOV, KOONDC Kol 0T YOUNAN
TOAVTAOKOTNTA VAOTTOINGNG TNG KO AP0l GTIV KATOAAANAOTITA TNG Y10l XPNION OE€ TOUTOOEKTES
mov omnpilovtar o enavampoypappatiiopeves TAateopuec. Onwg Ba eénynbet ko otig
EMOUEVEG TTAPAYPAPOVS, Ol TAATOOPUES OVTEC OMOTEAEGOV GNUOAVTIKO €PYOAE0 Yoo TNV
nepapatiky agloddynon g Avong avtgc. Ot alyoptBpol ynelokng eneepyaciog oNUATOG
OV VAOTTOWON KAV Yio TN dNUIOVPYIR EVOC AVAAOYIKOD TOUTOJEKT IKAVOD VoL LITOGTNPIEEL
N UETAS00T KLUATOLOPPOV opBoydviag moAvmieiog dlaipeons cuyvoOTNTAG G OMTIKEC-
acvpuateg Levéelg ansoviCovtat oto Figure 4.
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Figure 4. AlyépiQuor ynproxic exelepyaciog onpoTog yia tm Onuiovpyio. Vg avoroyikod TOUTOIEKTI IKavoD Vo, DTOCTHPICEL
0 LETAOOTN KOUOTOUOPPWY 0pBoymdvias molomleclog O10ipeons avyvOTHTOS

Onwg paivetal Kot 6TO G, TPOKTIKA LEAETHONKAY TPLOV E10MV adydp1OuotL: ot adyopiOuot
OV GTOYEHOLV OTN JSUOPEMOT] KOl OTOSOUOPPOCT TOV CNUAT®V, Ol 0AYOplOLOoL oV
OTOXEVOVV GTO GLYYPOVICUO KOl TEAOG 01 AAYOPIBLLOL TOV TTOL XPNGIUEVOLV GTNV 1600TAOLIoT
TOV MNEOBEVTOV onudtov. ZuyKekpéva, ol AELITovpYyieg mov aeopobv 6T dnuovpyio TV
GLUPBOA®V TOALATADY PEPOLGAOV, EVaL 1] SLAUOPP®ST TOV GUUPOA®V aPYIKE e S1pdpPYmOT)
TAATOVC/PAGNG, 1) AVTIOTOT(ION TOV GLUPOMV AVTMOV GTA 0OPHOYDOVIL VTTO-PEPOVTA LLE YPNOT
petooynuoticpod Fourier kot 1 €160ymyr Tov KLKAMKOU TPoBERaToc oty TAELPA TOL
TouTov, KABmG Kol o1 avticTolyeg AErTovpyieg otV TAELPA TOL OEKTY. X& OTL QPOPH TO
OLYYXPOVIGUO, YOPILETOL GE CLYYPIVIGUO XPOVOL Kol GUYYPOVIGUO GLUYVOTNTAS. ZTNV TPAOTN
TEPIMTOON, Ol YPNON YNOK®OV OAYOpiOU®V OTOYEDEL OTNV OTUAEIPT] TOV ATOTLYUDV
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GLYYPOVIGLOV YPOVIGHOV OVAPEPOVTOL, AOY® OTEAOVS OVIXVELONG TMOV TPOTOV OEYHATOV
ekdBe cvpporov, mov odnyel otV gpappoyn tov petacynuoticpov Fourier e elappidg
LETATOTMIGUEVE.  XPOVIKA Tapdbupa, mov AovOoouéva mepiiapfavovv osiypato mo
wponyovueva N enduevo cupPora. v 0e0TEPN TEPIMTMOOT, GTOYOG EIVOAL 1) OVTIILETOTION
NG HETATOTIONG TNG KEVIPIKNG CLYVOTNTOG TOV VITO-PEPOVIMV TOV TPOKAAOVVTOL OTO KUK
evBvypappon petald TV GLYVOTHTOV TOV TOTIKAOV TOAAVTOTOV TNG KEPOINS TOUTOD KoL TNG
kepatog 0éktn. TéAog, Y TO KOUUATL TNG 100GTAOUIONG TOV GNUOTOC, XPNCIHLOTOMONKE M
EVPEMG OLOOEOUEVT TEYVIKT ELOYIOTMV TETPAYDVAV, 1| 0TTOi0 TOPOVCIALEL 131aTEPA YOUNAN
TOAVTAOKOTNTO VAOTOINONG,.

INa v =#epopatikn  aloddynon  TOV  TOPATAVO,  YPNOLomomonke o
EMOVOTPOYPOUUOTICOUEVT] TAATOOPUO GTNV TAELPA TOV TOUTOV Yio TN ONUIOVPYid TV
SVUPOLOV TOAOTADY PEPOVIMV KO EUTOPTKO SLOEGIULA, YOUNAOD KOGTOVG OTTO-NAEKTPIK(L
KOl NAEKTPO-OTTIKA GTOlYEl0 TOL AglTovpyovoay og ToyvTnTeG g 10Gbps. [N v omtikn
Spodpemon ypnoporomnOnke éva A&lep SLOUOPPOONG LEGM NAEKTPOUTOPPOPNONG KO LLLOL
@®T0di0d0¢ yovootolBadac. H aviktnon tov onudtov €ytve petd omd Aym pe xpnon
TAALOYPAPOL Kot EQaproyn adyopibumy enelepyaciog péow g mAatedpuag MATLAB. H
emttuyng Aettovpyio ™G cuvolkng LevENg Tov TeEPLAUPave TO OTTIKO KAVAAL KO ETELTOL LLLOL
KkatevBuvTikn acvppatn (evén pe Aettovpyia ota 60GHz, emainBevnke Yoo onpata 0povG
Covng 200MHz kot 400MHz. H péyiom taydtmra petdadoong dedopéve mov deiydnke rav
1.6Gbps. Toco n mepapotikn ddtaln mov ypnopomodnke 060 Kot KATOW EVOEIKTIKA
amoteAéopato Qaivovtol ota exouevo oynuata (Figure 5, Figure 6).
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Metd amd Vv mepopoatiky aSlohdynon g TopOmTave oVOAOYIKNAG OTTIKNG-OCVPUOTNG
Levéng, 1o emduevo Prpa nTav 1 SOKIUN EVEMUATOGNS TG G€ £VOL TPOYUATIKO OTKTVLO OTTIKMV
emkovoviav. o 1o okond avtd adlomombnke to [Tabntikd Ontikd Aiktvo g TIM, to
010{0 010oVVOE0L TOVG 6TaEPOVG YPNoTEG 6TV TOAN ToL Topivo. H Tomoioyia mov deiybnke
wpoopileTon yoo TNV VTOGTHPIEN OMTIKNG-OGVPUATNG OlaoLVOESTG otafumv Pdong pe
OOLLOKPVGUEVES KEPAIEG KOl GLYKEKPIUEVA aVTIoTOLXEL 0T0 KaBodkd Koppatt g (evéng
TOL UETAPEPEL TNV TANPOoPopia TPog Tig Kepaies. Ta avadoyikd OmTIKG GHHOTH, OpyIKd
petaddnkav 6to ontikd diktvo Tov Topivo, Tawtdxpova pe Vv kivnon twv ctabepmv
YPNOTAOV NG TOANG KL £Metta 6TAAONKAV GTOV aépa pe ypron acHppatov eEomiicpuol ot
60GHz. H moAvmAielio ko amomoivmiesio g kivnong 5G €yve pe ypfon tov e€omAicpon
ontikng moAvmAe&io/anorodlvmiesiog Tov [Habntucod Ontikod AkTvov, HECH TNG TEXVIKNG
noALTAEEIOG UKOVGS KOUOTOC. LT EMOUEVE GYNUOTO AMEIKOVILETAL 1] TEPOAUATIKY O1ATOEN
KaODG Kot evdelkTikd amotedéopota. To amoteAécpata avtd deiyvouv emtuyn AMym tov
LETAOIOOUEVOY ONUATOV UHETE amd OMTIKN-AcVPUAT O1dd00T HEGH Omd TIG OMTIKES
gykataotdoels e TIM, mov emPePordvetanr amd TG YOUNAES TWEG TOV OLVUCLATIKOV
pey€0ouvg cAALOTOC TV ANEOEVTOV GUUPOAWV.
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Figure 8. Iapovoioon amoteleoudrwv omTikiG-ao0pUOTNG UETAOOONS, LE YPHON OLOYPOLUUGTOV ACTEPIGUOD KOL THLDV

diavoouoTikod peyéfovs opaluarog.

H mpom ovty peyding xAipoxog meipopotiky enidelén g peietBeicog avaAoyikng
OTTIKNG-00VPUATNG VAOTOINONG €VOC OIKTOOVL UETAPOPAS Yo dikTva TPdGPacng Kvntov
EMKOVMOVIDV GE GLVEPYAGTN LLE £VOL EYKATEGTNUEVO STKTLO OTTIKAOV VMV 1TAV TO TPMTO Pripo
v v &&étaon ¢ SLuVOTOTNTOS EVOMUATOONG TETOLMV POVTOVPICTIKMOV AVCGEDV OE
TPOYUOTIKEG VOO UES S1KTVOV. AKOoAoVOMVTAG 0V T TNV KotevBuven, To EmOUEVO Prpa fTav
N emideldn ™G EVOOUATONG TOV VIO PEAETY] OVOAOYIKOD TOUTOOEKTN GE [0 TTPOYLLOTIKN
VTOSOUTN KIVNTOV EMKOWVOVIOV, gykatestnuévn oty AbBfva. H enideién avt €yve ota
mhaicla Tov gvpomaikod €pyov SGPHOS kot m vmodoun mov a&omomOnke mpocoepe
npocPacn ce mopaypotikd eComAopd mpocPacng texvoroyiog 4G. H evooudtoon tov
OVOAOYIKOD TOUTOdEKTN otV mpoavagepbeica eykatdotoon £ytve pe ypnon oG
EMOVOTPOYPOUUOTICOUEVNG TAATQOPLOG, 1KAVY] VO EKTEAEGEL GE TPAYHATIKO YpOVIO
Aertovpyieg ymouaxng emeCepyaciog ko cvpuPatng emmAéov pe kivnon Ethernet yuo v
enelepyacia mpayuakav dedopévov ypnotaov. H tapoandvve tlateopua, 6 cuvepyoasio pe
évag eheyktn dktvov, dAlale duvapkd to puOUd PETADOOTG OEOOUEVO, TPOPEPOVTAS ETCL
TPOCAPLLOYY| TOL TOUTOOEKTT OTIS OMOLTHGELS TOV VINPEGLOV TOV EELTNPETOVGA AVH TACH
otiyuwny. H mepopatiky] d1dtaln mov viomombnke kabdg kol £vOSIKTIKE omoTeAEGHOTA
eaivovtat ota emopeva dvo oynuoato (Figure 9, Figure 10).
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Figure 10. ITapovcioon evOeikTIK®OY amoTEAEGUATOV THE TEIPOUOTIKNG ETIOEILNS, UE Yo JlAYPOUUATOV 00TEPIGUOD Kal
TV OLoVVoUaTIKOD UEYEHovs opiiuaTog.

Me Aiya Aoy, m mpot emPePaivon g ow®OTNG AEttovpyiag NG LVTOOOUNG EYIVE UE
LETPNOELS OE EMMEOO PLGIKOD GTPAOUOTOS, HECH OYPOUUUATOV OOCTEPIGUOD KOl TIUOV
Stavvopotikov peyébovg cpdipatos. H adidieurtn Asttovpyia g o1dtaéng emkupmdnke
EMMAEOV OE EMIMEDO EPAPULOYDV, LEGH TNS AEIOAOYNONG TNG ATOO0GNG O10POP®Y VINPECIDYV,
Om®G Ol €POPUOYEC EMOVENUEVIG TPOYUATIKOTNTOG/EIKOVIKNG  TPUYUOTIKOTNTOS TTOV
EKTEAESTNKOY HECH® TNG VLAOTOMUEVNG LTOOOUNG, KAOMG Kot Ue UETPNOES OmAS00TG,
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YPNOOTOUDVTOS EpYaAEia TapakorovOnong KukAopopiog, Tapovotdlovtag Léyioto puiuod
dedopévav avd ypnot g 474 Mbps.

SOUTEPACUATUKG, 1 SVVATOTNTO XPNONG KOWVOTOUMY TOUTOOEKTMOV Y10 TNV VROGTNPIEN
LETAO0OMNG OVOAOYIKOV KUHOTOUOPPAOV GE OTMTIKEG KOl OTTIKEG-aVppateg (eVEelg eviog TG
emoyns 5SG kot mépa, eEETAGTNKE AETTOUEPDS GTNV TPEYOLGO SaTtpIPr). Lt TAAIcIY AVTA 1
napovoo OtpPn emyeipnoe vo mEPLYPAWEL O OPYLTEKTOVIKY TPOGEYYIGN Yo TNV
TPOYUOTIKY] avATTUEN KOl EVEOUATOON TNG (QOTOLPICTIKNG OLTNHG AVONG € KAUOGGIKEG
VTOOOUES OIKTVOV KOl VO, EMIKVPMOCEL TNV 1060 QT HE O GEPE Omd TEPOLOTIKES
dpacTNPOTNTEG OE €PYAOTNPOKO TEPPAAOV OAAL Kol o€ peYAANC KApokog emoei&els.
Qo1060, 1| GLVOTOPEN YNOLIKAOV KOl AVOAOYIKOV pO®V OEO0UEVOV KIVITNG TNAEPOVING G
EVOTOMNUEVEG TOTOAOYIEG OTTTIKOD SIKTHOL TOPOUEVEL Lo, TPOKANOT). TNV Katevhuvon avty,
N XPNON EVEPYDV, TPOYPOUUUATICOUEVOV OTTIKOV KOUP®V Y100 TV TOLTAOYPOVT EELTNPETNON
ETEPOYEVMV TEYVOLOYIDV UETAOOONG O€OOUEVAOV KIVINTAOV ETIKOWVOVIOV €ivol o ToAD
EAKVOTIKY TPOGEYYIoT oV €xel culntnoel extevmdg To TeElevTaia ypovia ot PifAtoypapio.
Tavtdypova oe pia Tpoomdbeia Teptypaens Hebddmv mov Ba eVioyLGOLY TEPUITEP® TNV
ATOdOTIKOTNTO TOV OVOAOYIKAOV OIKTO®MV UETAPOPAS SEdOUEVOV, N EVOOUATMGY TOVG UE
omtukég Cev&elc eAeBepov xdpov elvar Eva avorytd BEpa culiTnong vioc TG EMGTILOVIKNG
KOWwOTNTOog T TEAELTOiO YPOVIOL KOU OVOUEVETOL VO TOPOUEIVEL GTO EMIKEVIPO KAOMDG
BadiCovpe ot petd 5G emoyn.
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CHAPTER 1.
Introduction

This section lays the groundwork for understanding the historical trajectory and
transformative milestones that have shaped the mobile communication ecosystem. Moving
forward, the pivotal role of Optical Access Network Interfaces in the era of 5G and beyond is
illustrated. Here, the nuanced details of Optical Interfaces tailored for 5G X-Haul, shedding
light on the technological advancements that facilitate the seamless integration of optical
solutions into the evolving mobile network architecture are explored. The exploration deepens
with a dedicated focus on Future Mobile Networks' Applications, Use Cases, and Key
Performance Indicators (KPIs), providing insights into the anticipated applications and
performance metrics that will define the landscape of mobile networks in the foreseeable
future and pave the path towards future RAN evolution strategies.

1.1. Evolution of mobile networks

Wireless communication made its debut around 1895 with the transmission of Morse code
through Radiotelegraphy, utilizing electromagnetic waves. Contemporary wireless
communication employs a comparable phenomenon in transmitting and receiving signals
through electromagnetic wave transmission. The evolution of wireless transmission has
progressed over time, transitioning from radio telephones to the advent of cellular networks
in mobile communication. The field of wireless communication has experienced exponential
growth over the years.

The initial phase of mobile cellular technology, known as the first generation (1G), emerged
in the 1980s with Nordic Mobile Telephone (NMT), primarily catering to voice services. The
subsequent generation, 2G, introduced around the 1990s, transitioned to digital systems
exemplified by Global System for Mobile (GSM) communication. 2G expanded service
offerings to include voice, Short Messaging Service (SMS), and Multimedia Messaging
Service (MMS). Among the 2G variations was General Packet Radio Service (GPRS),
facilitating customer access to internet services.

The third generation (3G) of mobile communication systems, introduced around the 2000s,
aimed to enhance services by providing faster voice, SMS, MMS, video calling, and internet
capabilities. This period witnessed exponential growth in data bandwidth and throughput,
resulting in improved customer services. Currently, the fourth generation (4G) system is still
present, inaugurated in 2010, showcasing substantial advancements over its predecessors. A
key differentiator is 4G's superior bandwidth and data throughput when compared to 3G and
other technologies [1.1].
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As a step forward, LTE-A is an enhanced iteration of the standard 4G LTE, which leverages
MIMO (Multiple Input, Multiple Output) technology to integrate numerous antennas for both
transmitting and receiving functions. Through MIMO, LTE-A achieves threefold increased
speed compared to standard 4G, as multiple signals and antennas can operate concurrently.
This advancement in LTE-A translates to a heightened system limit, reduced latency in the
application server, and the ability to access triple traffic (Data, Voice, and Video) wirelessly
from any location globally. LTE-A demonstrates speeds surpassing 42 Mbps and reaching up
to 90 Mbps.

To sum up, over the past three decades, significant advancements have occurred in wireless
communication, in the transition from 1G to 4G, to meet the demands for high bandwidth and
extremely low latency. The advent of 5G is driven by the continuous tightening of mobile
networks’ requirements by offering extremely high data rates, enhanced Quality of Service
(QoS), low latency, extensive coverage, high reliability, and economically feasible services
[1.2].

Categorized into three main types of services, 5G provides (Figure 11):

e Extreme Mobile Broadband (eMBB): This employs a non-standalone architecture
to deliver high-speed internet connectivity, increased bandwidth, moderate latency,
and services such as UltraHD streaming videos, virtual reality, and augmented reality
(AR/VR).

e Massive Machine Type Communication (eMTC): Released in the 13th
specification by 3GPP, eMTC offers long-range and broadband communication for
machines at a cost-effective price with minimal power consumption. It ensures a high
data rate, low power usage, and extended coverage with reduced device complexity,
especially beneficial for Internet of Things (IoT) applications.

e Ultra-Reliable Low Latency Communication (URLLC): Designed to provide low-
latency and ultra-high reliability, URLLC ensures a rich Quality of Service (QoS) that
traditional mobile network architecture cannot achieve. It is tailored for real-time
interactions on demand, including applications such as remote surgery, vehicle-to-
vehicle (V2V) communication, Industry 4.0, smart grids, and intelligent transport
systems.
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Figure 11. Key 5G advancements.

The next paragraphs focus on the evolution of the optical RAN infrastructures, as well the
available optical interfaces and technologies that can support the migration to future mobile
networking. Moreover, indicative applications and use case that drive the need for
transformation of current deployments are being elaborated on.

1.2. Optical access network interfaces in the 5G and beyond era

Examining the targeted mobile networks’ advancements outlined in the previous paragraph,
particularly focusing on latency, bandwidth, and reliability, imposes stringent requirements
on the architectures and specifications of the radio access network (RAN) [1.3], [1.4]. The
RAN equipment has adopted innovative designs to address these challenges. To alleviate the
demands on these specifications, diverse functional splits of the RAN machine have been
established [1.5], [1.6]. Additionally, novel network segments, namely fronthaul, midhaul,
and backhaul, are now defined as X-Haul links connecting the radio equipment to the core
network.

The 3GPP 5GRAN architecture outlines the structure of 5G radio base stations (gNBs),
comprising three primary functional modules: the Central Unit (CU), the Distributed Unit
(DU), and the Radio Unit (RU). The deployment of these modules can vary based on the
intended network topology, the specific services, and their constraints, as well as the
configuration and location of antenna sites. Two contrasting architectures, Distributed RAN
(D-RAN) and Centralized RAN (C-RAN), are proposed to accommodate these variations.
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DRAN represents the most traditional and widely adopted configuration, wherein the
functions of the CU, DU, and RU remain at the antenna site. A straightforward backhaul link
connects this configuration to the 5G core network (5GC). On the other hand, C-RAN offers
the potential to reduce the footprint of antenna sites by centralizing and pooling the CU and
possibly the DU at a remote location (central office or main office). The adoption of local C-
RAN fronthaul is often driven by considerations such as the high cost or complexity of hosting
fully updated RAN equipment at the antenna site (due to factors like limited space, energy
constraints, or complicated facility access). However, depending on the selected functional
split [1.6], transport networks will feature various interfaces designed to carry different traffic
types, such as Common Public Radio Interface (CPRI), Open Base Station Architecture
Initiative (OBSAI), Open Radio Equipment Interface (ORI), Radio over Ethernet (RoE), or
Ethernet-based eCPRI, along with Open-RAN 7.2, each with its specific transport
requirements.

In any of the X-Haul segments, it is anticipated that the throughput will range from 10 Gbits/s
to 100 Ghits/s. This expectation arises due to the quantization of mobile signal samples in the
time/frequency domain, the application of aggregation rates in various RAN equipment, and
the choice between high or low layer split implementations [1.6]. Taking the example of the
RU, the CPRI/eCPRI throughput is contingent on the radio settings, including factors like
frequency range, bandwidth, number of frequency carriers, and MIMO configurations. CPRI
traffic encompasses synchronization features crucial for RAN fronthaul, and the latest option,
"CPRI10," has been defined with a line bit rate of 24.3 Gbits/s. In comparison to CPRI
interfaces, eCPRI employs an Ethernet protocol for data fronthaul with interfaces at
10G/25G/40G/100G base [1.7]. This Ethernet encapsulation enables a reduction in the data
rate requirements for fronthaul through flexible functional decomposition while keeping the
complexity of the RU in check. For instance, with a high layer split, a majority of
functionalities reside in the DU, simplifying and reducing the footprint on the tower or within
the building of antenna sites.

The broad spectrum of constraints associated with various X-haul interfaces is not the sole
factor driving operators to extend their optical networks beyond simple high-capacity pipes.
Within the optical domain, different service classes can already be implemented using legacy
equipment to cater to diverse requirements such as bit rates, latency/packet jitter, and service
availabilities across various 5G verticals. However, the introduction of network abstraction
through Software Defined Networking (SDN) has the potential to be a game-changer,
facilitating slicing and fixed access network sharing. SDN could significantly streamline
equipment configuration automation by providing vendor-agnostic solutions from the outset.
Over time, software-based network abstraction and orchestration could enable practical
implementations for scenarios involving multitenancy and multi-operator use cases. This
approach aligns with the ongoing trend of virtualization in the mobile domain, supporting
intelligent and cooperative fixed-mobile convergence. Ultimately, an intelligent and generic-
hardware-based optical node could address the stringent latency requirements of diverse 5G
services. This could be achieved by hosting, for example, virtualized RAN functionalities,
content platforms, or multiaccess edge computing [1.8],[1.9].
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Furthermore, it is essential to address congestion in optical aggregation equipment to ensure
the appropriate quality of service for proprietary flows. Indicatively, In France in 2020, over
88% of Orange's antenna sites were linked through Point-to-Point (PtP) optical fiber for fiber
to the antenna (FTTA) connections between a central office (CO) and the antenna site. The
remaining sites utilized microwave wireless links. With the deployment of 5G's new mobile
technology, there is an increased demand for fiber resources, prompting discussions on
utilizing fibers deployed for fiber to the home (FTTH)[1.10].

1.2.1 Optical interfaces for 5G X-Haul

PtP networks, which are the prominent interconnecting method between CU/DU/RU
equipment, are exclusive links that connect the terminations of two networks and serve as the
primary optical connectivity in mobile networks. These networks depend on optical
transceivers integrated into the host RAN equipment. Between the DUs and RUs, the majority
of fronthaul links are localized, typically situated at the antenna site. Consequently, DUs and
RUs are furnished with transceivers featuring limited fiber reach (2 or 10 km) to accommodate
this standard FTTA implementation. In the near future, these fronthaul links are expected to
support capacities up to CPRI10 (25G) or eCPRI, depending on the RU technologies and
radio configurations deployed. This adaptation is essential to address the significant
bandwidth expansion required by 5G to realize its full potential. However, it's worth noting
that no CPRI interface has been defined beyond 25 Gbit/s to date, and transceivers operating
within the outdoor industrial temperature (I-Temp) range (-40°C to 85°C) are imperative at
the antenna site.

PtP interfaces are currently experiencing deployment across numerous network segments,
with a substantial and expanding presence in the DATACOM sector, constituting over 40%
of the optical component volume in 2020 [1.11]. The forecast indicates significant growth in
25G interfaces, particularly for fronthaul applications (CPRI or eCPRI). These interfaces are
expected to emerge as the predominant market for fronthaul optical interfaces in the upcoming
years.

In line with the prevailing trend and the overall expansion in bandwidth and bit rates, the
IEEE and ITU-T are introducing new standards for single-fiber transceivers operating above
10 Ghit/s. There are ongoing efforts for standard convergence aimed at proposing harmonized
physical layer parameters. Specifications for 25 Gbits/s have been outlined, with these
technologies relying on the same wavelength pair assigned for both upstream and downstream
transmissions (1270 nm and 1330 nm 10 nm). Two primary optical budget classes have been
defined to meet the requirements for 5G X-Haul: BR20 or Class S (0-15 dB) for a reach of
20 km, and BR40C or Class B- (10-23 dB) for a reach of 40 km. For transceivers operating
at speeds up to 25 Gbit/s, the non-return-to-zero (NRZ) modulation format has been selected.
Conversely, the four-level pulse amplitude modulation format (PAM4) has been chosen for
50 Gbits/s by both IEEE and ITU-T. The adoption of PAM4 modulation facilitates the use of
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lower bandwidth optical components, allowing the reuse of 25G electrical interfaces and
optics.

C-RAN architecture employed D-RoF techniques within the Fronthaul network to eliminate
much of the electronic processing in the RRHs, including tasks like MIMO processing and
up-conversion. Subsequently, the 5G RAN adopted the functional split concept, redistributing
certain electronic functions such as modulation to the RRH to alleviate the bandwidth
requirements imposed on the fiber-link fronthaul. The employed Fronthaul standard is eCPRI.
The evolution of the RAN has been largely influenced by its bandwidth requirements,
particularly in the context of massive-MIMO and mmWave communications. A-RoF, with its
considerably lower bandwidth requirements and reduced power consumption compared to D-
RoF based Fronthauls, presents itself as a promising RAN solution. Within the A-RoF
framework, there is no need for analog-to-digital conversion (ADC) and digital-to-analog
conversion (DAC). In the A-RoF's CU, data bits undergo modulation and undergo MIMO
processing, followed by up-conversion. The resulting signal is then converted from electronic
to optical (E/O) [1.12]. A more comprehensive explanation of this alternative transport
scheme, which forms the foundation of the Fronthaul architecture envisioned in the present
thesis, will be provided in the subsequent chapters.

Affordable optical components such as directly modulated lasers (DMLs) and PIN receivers
enable reaching distances of up to 10 km without the need for digital signal processing or
amplification. However, for extended reach requirements, external modulated lasers (EMLS)
and/or avalanche photodiode (APD) receivers become necessary, albeit with additional costs.
EMLs, known for lower chirp compared to DMLs, contribute to reducing transmission
penalties caused by chromatic dispersion in the fiber. The development of APD receivers has
resulted in enhanced achievable bandwidth, typically reaching up to 17 GHz, and superior
sensitivities compared to PINs, thereby providing greater optical budgets for longer fiber
distances.

Having gained a comprehensive understanding of PtP transceiver technologies and the
market, there exists a multitude of optical solutions to cater to the requirements of 5G RAN
optical transport. In scenarios where operators face high costs associated with renting or
deploying new fibers, alternative optical transport solutions become viable options. Aiming
to explore RAN optical transport solutions that optimize fiber sharing, the utilization of WDM
and TDM interfaces is of vital significance.

Over the past few decades, Wavelength Division Multiplexing (WDM) has undergone
development for access networks but has not achieved widespread adoption in the mass
market [1.11]. This limited popularity can be attributed to the cost of colorless modules, which
have not been competitive with alternative fiber-sharing solutions like Passive Optical
Networks (PONs). Additionally, upgrading the technology to high bit rates (>10 G) has posed
challenges. In recent times, there has been a development of tunable optics capable of
delivering 25 Ghits/s in the C-band, specifically designed for 5G X-Haul and, more notably,
for fronthaul applications. The demand for such technology has risen with the deployment of
the fifth generation of mobile networks, emphasizing the need to optimize and share optical
fiber resources while maintaining PtP logical connectivity with N-to-N terminations. WDM
is currently in use in metro and core networks, employing passive optical components to
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achieve multiplexing. In this setup, N wavelength channels are transmitted in a shared "trunk"
fiber by inserting a Multiplexer (MUX) with N fiber inputs to a single fiber output.
Subsequently, demultiplexers (DMUXs) restore the N channels, each over a separate output.

On the other hand, TDM-PONSs are extensively deployed in the FTTH and FTTE markets.
Commercially available PON solutions now offer bit rates compatible with the transport
requirements of 5G traffic [1.13]. Figure 8 illustrates a potential implementation of TDM-
PON for backhaul. By sharing the optical fiber with passive optical splitters and deploying a
single OLT port for typically 64 ONUs, TDM-PONSs are also well-suited to handle the
increasing cell density anticipated with the deployment of 5G small cells [1.14]. XGS-PON,
which provides 10 Gbit/s symmetrical line rates, has been proposed as a significant candidate
for 5G backhaul [1.15] and fronthaul [1.16]. However, it's worth noting that XGS-PONSs share
a maximum of 8.5 Gbit/s Ethernet actual throughput capacity. The OLT PON port can be
accommodated in standard OLT shelves or in any RAN transport equipment, thanks to the
development of Smart Fiber Passive Component (SFPC) OLTs. The creation of these
intelligent transceivers has been facilitated by recent advancements in virtualization,
miniaturization, and Software-Defined Networking (SDN) [1.17].

1.3. Future mobile networks’ applications, use cases and KPls

Towards moving from the existing (even in 4G) network-specific definition and provisioning
of applications/services to the 5G envisioned application-driven, flexible, dynamic network
services instantiation, the technical activities of 5G are interrelated with the activities focusing
on the analysis of stakeholders and their service requirements. The existing (5G-ready),
under-development, planned, or even predicted 5G services/applications are versatile in terms
of functionality, resource and performance requirements as observed from the large number
of technical and market reports by application developers, vendors, consultation services,
standardisation organisations and various stakeholders’ forums.

To this end, in order to address 5G applications in a coherent manner, 5G-related activities
are converging to mapping applications to specific major verticals ([19], [20]), and more
specifically to:
. Automotive, especially focusing on services provided in high mobility
scenarios, 10T applications/services etc., such as Automated driving, Road safety and
traffic efficiency services, Digitalization of transport and logistics, Intelligent
navigation, Information society on the road, and Nomadic nodes;
. eHealth, especially focusing on remotely provided health services with high
latency and reliability requirements, such as Assets and interventions management in
hospitals, Robotics (remote surgery, cloud service robotics for assisted living),
Remote monitoring of health or wellness data, and Smarter medication;
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. Energy, especially focusing on loT-based energy monitoring, management,
and network control scenarios, such as Grid access, Grid backhaul, and Grid
backbone;

. Media and Entertainment, especially focusing on next generation
applications/services provisioning such as UHD media, Cooperative media
production, highly interactive services, On-site live event experience
(Augmented/Virtual Reality video content), Immersive and integrated media etc., as
well as,

. Factories of the future, referring to Industry 4.0 setups and
applications/services such as Time-critical and Non time-critical process optimization
inside factory, Remote maintenance and control, Seamless intra-/inter-enterprise
communication, allowing the monitoring of assets distributed in larger areas, and
Connected goods.

It becomes obvious that the two categorisations of 5G services based on (1) performance and
(2) verticals’ requirements, respectively, comprise the two sides of the same coin, and shall
be considered in any 5G system specification, development and deployment processes.

Moreover, the current section aims to address some main and indicative 5G Use Cases (UC)
for which the 5G and beyond-oriented RAN transformation shall provide suitable network
solutions capable of efficiently supporting the telecom demands of all potential stakeholders
(subscribers/individuals, fans, tenants/verticals, infrastructure owners, etc.) under (ultra) high
traffic demands e.g., when specific crowded events (e.g., football match, concert) are taking
place in a specific and usually limited geographical area, while meeting the strict performance
QoS requirements (bitrates, latency, reliability, etc.) of the 5G services that are concurrently
utilized. Advancing in this direction, the fiber and fiber-wireless transport segments based on
A-RoF can present appealing solutions for the practical deployment of Fronthaul, specifically
tailored to the scrutinized use cases, as will be detailed in the subsequent sections. To this
end, three (3) use cases will be discussed: (a) dense area UC, (b) ultra-dense area UC and (c)
hotspot area UC, along with representative usage scenarios.

e Dense areas, which could be served via PON optical access networks, through
identifying PON-overlaid and compatible 5G network deployment as the closest to
realization. Adapting to the rapidly emerging trends for 25Gb/s and 4x25Gb/s PON
access [1.18], 25Gb/s transceiver and interface technologies could support such
implementations.

e Ultra-dense areas can be deployed in environments like main city squares, sightseeing
sites etc., via dedicated Local FiWi C-RAN infrastructures. Here the high-capacity
traffic provision can rely on SDM optical technologies as the intermediate step prior
the transition to WDM, in order to enable the rapid adoption of the simplified and
mature SDM solutions by equipment vendors and by third-parties willing to install
their own small-cell network, like municipalities, universities, etc. This approach can
also rely on the modular, flexible and broadband characteristics of MIMO antennas,
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targeting Gbps scale wireless data rates through the usage of evolving 5G key
technology enablers.

e For_Hot-Spot areas, private FiWi C-RAN infrastructures owned by third-parties are
probably the business model to be followed, as for example in stadiums, airports,
museums, shopping malls etc. To support such densified traffic demand, the ultra-
dense deployments need to go one step further, and scale to higher capacity setups by
adding wavelengths, benefiting from the potential of A-RoF scheme to be
implemented via low-cost, energy-efficient, high analog bandwidth transceiver units,
the investigation and implementation of which is main focus of the current thesis.

The rest of this document is organized as follows:

Chapter 2 investigates analog fiber-wireless links as a crucial element for efficient Radio
Access Network (RAN) extensions in 5G networks. This chapter covers various aspects,
including the transition to Centralized RAN (C-RAN) architectures, optical transport for
Mobile Fronthaul (MFH), and Digital Signal Processor (DSP)-assisted analog Fronthaul.
Analog RoF-based mobile Fronthaul, mmWave wireless technologies, and proof-of-concept
experimental evaluations are also explored. Moving forward, Chapter 3 delves into
modulation and signal processing techniques, elucidating the role of these techniques in
supporting analog fiber and fiber-wireless transport transmission. It encompasses an in-depth
examination of digital modulation schemes, OFDM modulation, multi-carrier candidates for
5G, and the integration of DSP algorithms for processing CP-OFDM waveforms. Chapter 4
shifts the focus to analog fiber-wireless downlink transmission of IFoF/mmWave over in-
field deployed legacy PON infrastructure, presenting a detailed analysis of converged
PON/mmWave topology through experimental evaluation. The dissertation culminates in
Chapter 5, where a live demonstration of an SDN-reconfigurable, FPGA-based TxRx for
Analog-IFoF/mmWave RAN is showcased. This chapter provides insights into the envisioned
Fronthaul architecture, RFSoC-based A-IFoF transceivers, SDN-powered Management &
Control Plane, and the experimental evaluation of the real-time analog Fronthaul topology. In
the final chapter, Chapter 6, the dissertation concludes by summarizing key findings and
insights gained throughout the exploration of analog fiber and fiber-wireless transport in the
realm of 5G networks, while also discussing future research extensions related to the
presented work.
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CHAPTER 2.

Analog Fiber-Wireless links in support of efficient
RAN extensions in 5G networks

The 5G-PPP vision towards the next generation of communication networks and services that
will provide ubiquitous super-fast connectivity and seamless service delivery in all
circumstances requires a very high-capacity mobile infrastructure, with ubiquitous
capabilities for both last-mile fixed and mobile access. The envisioned network shall be based
on general purpose, (field) programmable high-performance hardware that will dynamically
offer a range of resources for transport, routing, storage and execution while the network
entities will be computing elements gathering programmable resources, interfaces and
functions based on virtualization technologies.

The 5G KPIs are highly ambitious and generally sum up to the following:

e Providing 1000 times higher wireless area capacity and more varied service
capabilities compared to Fourth Generation (4G).

e Saving up to 90% of energy per service provided. The main focus will be in mobile
communication networks where the dominating energy consumption comes from the
Radio Access Network (RAN).

e Facilitating very dense deployments of wireless communication links to connect over
7 trillion wireless devices serving over 7 billion people.

The very strict capacity and latency requirements imposed by 5G’s KPIs stated above are
essentially enforcing the introduction of the millimeter wave (mmWave) spectrum in the
access part of the network. Placing, however, mmWave access cells in very close proximity
to the end-user is expected to severely impact deployment costs, since it demands the
antennas’ densification by several orders of magnitude and consequently translates to three
major fronthaul (FH) problems:

o The Next Generation Fronthaul Interface (NGFI) deployments cannot rely exclusively
on fiber connections reaching every mmWave Service Access Point (SAP) in urban
areas, since this would require expensive brown-field fiber deployment.

o The mmWave access antennas must become very simple in terms of functionality,
hardware and energy efficiency to maintain feasible investment and operational costs.

o Fronthauling multi-Gbps mmWave data links makes digitized Common Public Radio
Interface (CPRI)-based communications infeasible; vyielding intolerable FH
requirements as mmWave mMIMO (massive Multiple-Input Multiple-Output) is
entering the field.
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Incentivized to optimally address the above issues, the investigation of an analog
optical/wireless fronthaul/backhaul (FH/BH) solution that targets to meet the ambitious 5G
requirements, has been the pillar of this phD thesis. The targeted solution is based on a low
Physical Layer (PHY) split (split-PHY), placing most of the hardware on the centralized unit,
while at the same time employing Digital Signal Processing (DSP) assisted Analog-Radio-
over-Fiber (A-RoF) transmission that allows for high-order advanced modulation formats that
can support ultra-high bandwidth data transfer. Native Ethernet-packet transport over the
proposed FH/BH is a crucial parameter towards holistic cross-medium administration of the
optical/wireless/time resources.

The above architecture has been extensively investigated within the European H2020 project
5G-PHOS [2.1]. 5G-PHOS aimed to architect and evaluate 5G broadband wireless networks
for dense, ultra-dense and Hot-Spot area use cases drawing from recent results in the area of
optical technologies towards producing and exploiting a powerful photonic integrated circuit
technology toolkit. It aimed to streamline advances in multi-format and multi-bitrate optical
communications, in InP transceiver, in Triplex optical beamformers and in integrated optical
add/drop multiplexers in order to migrate from CPRI-based towards integrated Fiber-Wireless
(FiWi) packetized C-RAN fronthaul supporting massive mmWave MIMO communications.
It pursuesd: a) a set of SDN-programmable units, called FlexBox and FlexBox-Pro,
compatible with the emerging 25Gb/s PON access networks and can deliver FiWi traffic
ranging between 25-400Gb/s, b) a set of three different 64x64 MIMO Remote Radio Head
configurations exploiting analog optical beamforming and producing 25Gb/s,100Gb/s and
400Gb/s wireless data-rates, c) an integrated FiWi packetized fronthaul for supporting
Medium-Transparent Dynamic Bandwidth Allocation mechanisms and cooperative radio-
optical beamforming, d) a converged FiWi SDN control plane for optimally orchestrating
both the optical and the wireless resources.

The envisioned architecture exploits integrated optical technologies towards enhancing FiWi
convergence to realize cost-effective and energy-efficient 5G network solutions for high-
density use cases. More specifically it benefits from existing scientific results in the area of
photonics in order to architect 5G networks for dense, ultra-dense and hotspot areas
incorporating Photonic Integrated Circuits (PICs) in optical mmWave signal generation, and
DSP-assisted optical transmission, in view of a seamless, interoperable, Radio Access
Technology (RAT)-agnostic and Software Defined Networking (SDN)-programmable FiWi
5G network. The innovation potential of FH/BH implementation approach can be summarized
in the following bullets:

e Advancing 5G system, functional, logical and physical architectures. One of the
most valuable innovations introduced by the envisioned architecture relies on the
design and evaluation of a RAT-agnostic PON-overlaid integrated FiWi fronthaul.
The proposed architecture promotes the network sharing paradigm by combining
wavelength/frequency/time/space domains and supporting Over The Top (OTT) and
Mobile Virtual Network Operator (MVNO) services.

e Involving technology enablers for 5G RAN Platforms (HW & SW):
o novel PICs for 5G RANSs, and
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o advanced antenna systems employing MIMO arrangements at mmWave
frequencies.

e Advancing 5G integrated FH/BH transport network systems by defining and
implementing intelligent and co-operative integrated FiWi fronthaul.

Targeting to support the described architectural approach for future mobile networks, the
presented research work focuses on the concept of Digital Signal Processing (DSP)-assisted
optical transmission capable to support analog mobile fronthauling (MFH). This RoF concept
aims to alleviate the bandwidth limitations of the 5G MFH through the use of analog optics,
which can carry native wireless data signals via installed fibers. This ambitious analog
concept within the 5G landscape is introduced, emphasizing the structural changes and
challenges that analog MFH attempts to address. In the next paragraphs, the architectural shift
towards Centralized Radio Access Network (C-RAN) topologies, which put the traditional
digital MFH transport on the question, is thoroughly discussed. The DSP-enabled Analog
architecture supporting the MFH is then presented, focusing on the digital functions
undertaken from a powerful centralized DSP engine. Preliminary experiments that provide a
proof-of-concept validation of this A-RoF concept are also discussed.

2.1 Mobile Network Expansion and Centralized Topologies

2.1.1 The transition towards C-RAN architectures

The exponential growth of the number of femto-cells to meet the demands of mobile traffic
is one of the prominent features of 5G architectures that are still under investigation. To
support low latency, high capacity, cost-effectiveness and low energy consumption, the entire
end-to-end network should be overhauled. In 4G mobile networks, many Mobile Network
Operators (MNOs) operate using a Distributed Radio Access Network (D-RAN), in which
the 4G radio at the macro site tower consists of a collocated Baseband Unit (BBU) at the base
of the tower [2.2]. The main advantage of D-RAN is the efficient use of backhaul bandwidth
which can be achieved through various well-established technologies (Ethernet, Passive
Optical Network (PON), etc.) [2.3]. However, dense 5G cellular topologies apply significant
pressure on the static nature of D-RAN where BBUs are assigned statically to a number of
cells. The spatial and temporal volatility of mobile traffic makes the static D-RAN topologies
suboptimal and new flexible topologies are needed to obtain energy and cost savings for the
MNOs [2.4].

Following this rational, the idea of centralization has been re-invented in the era of 5G
networks, since it presents significant offerings compared to traditional D-RAN topologies
[2.5]. The C-RAN approach favors the separation of radio elements of the base station (called
Remote Radio Heads, RRH) and the elements processing the base band signal (called BBUS),
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which are centralized in a single location or even virtualized into the cloud. This approach,
which has become a hot research topic in both academia and industry [2.6], benefits from
simpler radio equipment at the network edge, easier to operate and cheaper to maintain, while
the main RAN intelligence (BBUS) is centralized in the operator-controlled premises. The
centralization is further enhanced with cloud computing [2.4], providing elasticity, and
virtualization with possibility for multitenancy among MNOs. Several main 5G use cases,
such as Virtual Reality (VR) applications, which require the real-time processing of massive
amount of data, can push much of the processing from a local server to the cloud [2.7]. This
practically means that the computational resources can be pooled and dynamically allocated
to a virtual BS, which brings cost-effective hardware and software design [2.8]. Figure 12
provides a practical implementation of the above architecture showing a small-cell based C-
RAN approach proposed from Fujitsu in a dense urban environment [2.2]. Beyond the
software-centric solutions, the C-RAN approach needs also a paradigm shift on the hardware
side to meet the challenges for the centralized baseband processing that serves a large number
of RRHs. At the heart of this change, powerful Field Programmable Gate Array (FPGA)
boards can offer the capability to implement high-throughput 5G transceivers for the data
plane while they can also realize the Software Defined Network (SDN) functions described
above for the software-centric architecture [2.9]. It should be noted that since the D-RAN
remains the dominant deployed architecture of the antenna sites, research efforts should be
considered that target a smooth transition towards 5G RAN ecosystem, supporting the
coexistence of D-RAN and future C-RAN topologies [2.10].
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Figure 12. C-RAN architecture that has been proposed from Fujitsu for mobile scenarios within dense urban environment
[2.2].
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2.1.2 Optical transport for MFH

The fronthaul mobile traffic transport between the BBUs and RRHs seems to be a significant
challenge for 5G topologies, since it needs to address several issues related to the convergence
of optical channels with complex radio interfaces. In the C-RAN architecture designed for the
Long-Term Evolution-Advanced (LTE-A) mobile network, the fronthaul interface is based
on Common Public Radio Interface (CPRI). This Digitized-RoF (D-RoF) interface which
relies on a link transmitting In-phase and Quadrature (IQ) data of the baseband signal
components, suffers from low bandwidth efficiency since it uses the available bandwidth to
send 1Q data samples, decreasing thereby the effective data rate of the transport [2.11]. In this
context, several solutions have been proposed to overcome this bandwidth wall, which mainly
focus on compressed CPRI techniques with minimal impact on the optics and fiber network.
The emerging need for fronthaul compression has been addressed in the current LTE-A
fronthaul links, through a large set of CPRI compression algorithms [2.12]. Compressed CPRI
links in a high-speed Pulse-Amplitude-Modulation-4 (PAM-4) are actively investigated,
offering a 2x rewards on bandwidth efficiency of the D-RoF approach [2.13].

The CPRI compression techniques offer remarkable bandwidth gains without any structural
shift on the current C-RAN architectures. However, the cost of increased complexity at the
BBU side needs to be considered, while bandwidth limitations still come from digital
electronics and their interfaces at the BBU side [2.14]. To overcome this challenge, Physical
(PHY) functional split has been proposed as a possible solution for the MFH by shifting some
DSP operations from BBUs to RRHs. This functional split between BBU and RRH relaxes
the BBU digital overloading and lowers the fronthaul bandwidth requirements on the optical
link. However, it faces great challenges when advanced coordination functionalities are
required for a large number of RRHs while the latency budget is also affected through extra
processing burden [2.15], [2.16]. An alternative D-RoF concept can be implemented through
Open Base Station Architecture Initiation (OBSAI) which is also implemented through a
packet-based interface [16]. Since the mapping methods of CPRI are more efficient than
OBSAI [2.17], most global vendors and MNOs have chosen CPRI for deployed C-RAN
topologies.

A-RoF revolutionizes the MFH landscape by fully releasing the bandwidth capabilities of
mmWave bands, requiring only simple functions to exploit the offered bandwidth of the
fronthaul part. Moreover, Analog MFH implementations for 5G services can harmonically
co-exist over the installed fiber infrastructure supporting PON topologies of fixed wireline
services [2.18],[2.19]. These unique benefits come at a cost of increased hardware complexity
at the BBU since it hosts the entire set of DSP functions. In addition, the optical distribution
of radio signals over Intermediate Frequency/Radio Frequency (IF/RF) carriers is susceptible
to a number of generation and transmission impairments, which in turn add noise and
distortion due to channel nonlinearities [2.20].

The A-RoF approach described in the current thesis aims to address the above challenges
through the use of powerful DSP engines implemented at ultra-high-speed FPGA boards. The
proposed DSP-assisted A-RoF solution, proposes a structural shift in the current MFH
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deployments since it aims to combine the implementation of DSP-based functions for ultra-
broadband radio signals (covering the entire unlicensed 57-64 GHz band) with the electro-
optic conversion and transmission through installed fiber infrastructure.

2.1.3 DSP-assisted analog Fronthaul

Several studies explore the advantageous approach of DSP assisted A-RoF fronthaul
approach. In the technique presented in [2.21], a number of 1Q data channels, each of them
corresponding to a single CPRI stream, are multiplexed and transmitted through the fronthaul
link in an Intermediate Frequency-over-Fiber (IFOF) scheme. Such implementations combine
commodity optical transceiver modules, carrying low bandwidth components (~10 GHz),
with high-speed Digital to Analog Converters (DACs) and Analog to Digital Converters
(ADCs) [2.22]. Build upon this concept, an A-RoF architecture with DSP functionalities is
presented in Figure 13.
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Figure 13. DSP-enabled Analog-RoF concept.

The core of the proposed BBU architecture is a centralized DSP engine, which is responsible
for implementing the physical layer functionalities for the fronthaul link. The set of these
functions covers all the necessary coding/decoding, modulation and MIMO processing of the
wireless channel signals. These radio signals are generated by high-performing DACs, first
transmitted through the installed fiber and eventually over the air interface at the mmWave
frequency band. Such an A-RoF/mmWave Fronthaul approach realizes actual centralized-
RAN, since the complete set of baseband operations are digitally performed in the BBU,
removing thereby any processing stage from the RRHs. A first advantage of this approach is
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the advanced implementation of inter-cell coordination. As the baseband processing for the
radio signals to/from different RRHSs is done at the same engine, tighter coordination of
neighboring antennas becomes more feasible. As an example of advanced inter-cell
cooperation, it is possible that two (or more than two) radiowave signals are jointly received
and processed in the BBU pool so that so-called network MIMO can be achieved. Moreover,
it ensures scalability since many RRHs can be placed when the capacity demands are
increased in a plug-and-play manner. Besides, advanced inter-cell coordination enables better
management of interference between adjacent cells, a critical point for 5G ultra-dense cellular
networks [2.23]. Finally, the centralization of DSP engine in the BBU pool can also offer
significant energy and cost savings using coordination schemes among them [2.24], while the
hardware resources at the RRH side are practically minimized.

2.2. A-RoF-based mobile Fronthaul, using a centralized DSP
engine

Looking into more detail on the core blocks of the centralized DSP engine, the one that lies
closer to the RRH is the Modulation and Channel Mapping block. In this stage, the digital
sequences are mapped into the appropriate waveforms that will be transmitted over the
Fiber/Wireless link. Digital modulation techniques support the generation of any Single-
Carrier (SC) or Multi-Carrier (MC) scheme (e.g. Orthogonal Frequency-Division
Multiplexing (OFDM)-like waveforms), thus allowing for compatibility with the current LTE
standards, future upgrade to 5G candidate waveforms (eg. Universal-Filtered Multi-Carrier
(UFMC), Filter Bank Multi-Carrier (FBMC), General Frequency-Division Multiplexing
(GFDM) [30]) as well as more forward-looking approaches thanks to the arbitrary waveform
generation capabilities of the engine. A higher bandwidth efficiency is achieved compared to
D-RoF approaches of CPRI and Physical Layer Split (PLS) where the bandwidth is utilized
for serial transmission of digitized 1Q waveforms. In the A-RoF scheme low Intermediate
Frequencies (~5 GHz) are employed to carry the modulated radio signals, resulting in
bandwidths which are accommodated by typical low-cost transceivers.

Moreover, the use of Digital Sub-Carrier Multiplexing (SCM) techniques can also be adopted
to further increase the bandwidth efficiency. For the SCM generation, digital upconversion
schemes are employed to obtain the appropriate IF frequencies for A-RoF transmission,
eliminating the need of external analog mixers and local oscillators. An additional advantage
of employing SCM schemes, we fully utilize the bandwidth offered by the A-RoF
components.

As the “DSP-free” RRH units are not capable of baseband signal processing, the centralized
DSP engine serves on a two-fold dimension. For the downlink direction, digital pre-distortion
based on the fiber/wireless channel response is performed. Channel estimation methods based
on training sequences determine the magnitude and phase response of the FiWi link. Thus,
the response of electrical and optical components such as DACs, RF drivers, modulators,
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filters and photoreceivers of the optical part and RF mixers, up/down converters of the
antenna subsystem is reversed using linear equalizers implemented with Finite Impulse
Response (FIR) filters. Figure 14 illustrates a channel response extracted by a real
experimental testbed with both optical and RF frontends. In the uplink, equalization stages
are enhancing the demodulation and detection of the received radio signals after
Wireless/Fiber transmission.
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Figure 14. FIR equalizer is implemented by the Frequency Response of the A-RoF link.

Since the A-RoF based MFH scheme appears to be significantly more efficient compared to
D-RoF approaches, accommodation of multiple RRHs’ traffic can be achieved. In the special
case where two or more RRHs serve the same small cell or coverage area, the DSP engine
can be employed to perform equalization utilizing the spatial channel characteristics and
antenna diversity, thus realizing a DSP MIMO system. Such MIMO processing capabilities
along with robust coding schemes offer significant reduction in operational margins in terms
of required Signal-to-Noise-and-Interference-Ratio (SNIR) and received power levels [2.25].

The implementation of the above rich digital portfolio within the centralized BBU will be
undertaken by powerful FPGA boards. The use of these powerful FPGAs is to accelerate the
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critical functions of the baseband chain and sustain the necessary throughput to meet the
bitrate and latency requirements within 5G. Since the FPGA boards becomes the essential
part of the envisaged digital engines, the design, implementation and validation of real-time
testbeds has become a significant point of interest for the 5G hardware research community
[2.26], [2.27]. Through the literature, several works have been conducted setting key
specifications for FPGA implementation and proposing efficient implementations to meet the
5G network goals [2.28], [2.29].

2.3. Analog RoF-based Optical Transport links

Radio over fiber represents an analog optical connection employed for transmitting
information through optical fiber. It accomplishes this by sending modulated RF signals
between a central station and a base station. This modulation can occur either directly with
the radio signal or at an intermediate frequency. RoF systems are favored primarily due to
their minimal signal loss, exceptionally broad bandwidth, and robustness. Additionally, radio
over fiber can harness millimeter waves to function as a high-speed wireless network, either
locally or within a personal area. Within buildings, RoF systems are increasingly employed
to enhance cellular coverage. RoF serves to reduce the costs of radio systems by streamlining
remote antenna sites and facilitating the efficient sharing of costly radio equipment situated
at central stations. The radio signals distributed by RoF systems span a wide frequency range,
typically within the GHz) region, depending on the specific applications.

In contemporary times, the expansion of wireless communication data capacity has been
dramatic, driven by the diverse demands of system users. This expansion has evolved from
handling basic voices and simple messages to accommodating multimedia and future services
with advanced capabilities. Radio over Fiber (RoF) systems offer a promising solution to
address numerous pressing needs within telecommunication networks. These systems have
the potential to deliver the required bandwidth for efficiently transmitting broadband data to
end-users. Additionally, RoF systems offer advantages such as low attenuation loss and
immunity to radio frequency interference [2.30], [2.32]. In a RoF system, the majority of
signal processing tasks, including coding, multiplexing, RF generation, and modulation, are
centralized within the Central Office (CO). This centralized processing approach contributes
to cost-effectiveness for Base Stations (BS). Consequently, RoF technology is poised to play
a pivotal role in the upcoming generation of mobile communication systems [2.33].

RoF technology is employed in various fields, including optical signal processing, as well as
applications such as broadband wireless access networks, electronic warfare, imaging,
spectroscopy, and radio astronomy. In these scenarios, an optical fiber is utilized to transmit
a radio signal, usually in the millimeter-wave band, using laser sources and electro-optical
devices [2.34]. In a nutshell, RoF is a crucial innovation that seamlessly merges wireless and
fiber optic networks. It plays a vital role in providing wireless broadband connectivity across
various applications, including last-mile solutions, expanding existing radio coverage and
capacity, and facilitating backhaul solutions [2.35].
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2.3.1 Concept and Architecture of RoF

Radio-over-Fiber technology leverages optical fiber connections to transmit modulated RF
signals from the Base Station (BS) to the Remote Antenna Unit (RAU). In the context of
narrowband communication systems, tasks such as frequency up-conversion, carrier
modulation, and multiplexing of the RF signal are traditionally handled at the BS before being
transmitted to the antenna. However, RoF introduces the capability to centralize these RF
signal processing functions at a single shared location known as the headend. Subsequently,
it employs optical fiber for distribution, benefiting from its minimal signal loss characteristics,
which include 0.3 dB/km for 1550 nm wavelengths and 0.5 dB/km for 1310 nm wavelengths,
to transmit the RF signals to the RAUs [2.36].

Through this approach, RAUs undergo substantial simplification since they are tasked
primarily with optoelectronic conversion and amplification functions. The consolidation of
RF signal processing functions allows for shared equipment usage, dynamic resource
allocation, and a streamlined system operation and maintenance process. These advantages
can lead to significant cost savings in both the installation and ongoing operation of the
system, particularly in the case of wide-coverage broadband wireless communication
systems, where a dense network of Base Stations (BS) or Remote Access Points (RAPS) is
essential, as previously mentioned.

Typically, RoF transmission systems can be categorized into two primary groups based on
the frequency range of the radio signal they are designed to transport:

e RF-over-Fiber (Radio Frequency over Fiber)
e |F-over-Fiber (Intermediate Frequency over Fiber)

In the RF-over-fiber architecture, a high-frequency RF (radio frequency) signal, typically
exceeding 10 GHz, is superimposed onto a lightwave signal prior to its transmission through
the optical link. Consequently, wireless signals are directly distributed optically to base
stations at these high frequencies. At the base stations, they are subsequently converted from
optical to electrical signals, amplified, and then transmitted via an antenna. This approach
eliminates the need for frequency up and down conversion at the individual base stations,
simplifying the implementation and resulting in a cost-effective solution [2.37].

In the IF-over-fiber architecture, an intermediate frequency (IF) radio signal with a lower
frequency, typically below 10 GHz, is employed to modulate light before it is carried over the
optical link. Consequently, prior to being transmitted through the air, the signal needs to
undergo up-conversion to reach the RF (radio frequency) range at the base station [2.38].

The architectural layout of a bidirectional A-RoF-based transport network, enabling the
interconnection of CUs/BBUs to the remotely located RRUs, is depicted in Figure 15.
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Figure 15. The Radio over Fiber System Architecture [2.30]

The primary benefits of RoF technology can be summarized as follows:

e Low attenuation

It is widely recognized that signals transmitted via optical fiber experience significantly
lower attenuation compared to other transmission media, especially when contrasted with
wireless mediums. Employing optical fiber enables signals to traverse greater distances,
thereby reducing the requirement for signal repeaters.

e Low complexity

RoF technology incorporates the concept of a remote station (RS), which comprises solely
of an optical-to-electrical (O/E) converter (with an optional frequency up or down
converter), amplifiers, and an antenna [2.39]. This approach allows for the relocation of
resource management and signal generation components from the base station to a
centralized site, facilitating shared usage among multiple remote stations and resulting in
a streamlined architectural design.

e Lower cost

A more straightforward configuration for the remote base station translates to reduced
infrastructure expenses, decreased power consumption by devices, and simplified
maintenance, all of which collectively contribute to lowering the overall installation and
upkeep costs. Additional cost savings can also be achieved through the adoption of
budget-friendly graded index polymer optical fiber [2.39].

e Future-proof

Fiber optics are engineered to accommodate gigabits per second speeds, ensuring their
capacity to support the speeds anticipated in future network generations for an extended
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period. Additionally, RoF technology is both protocol and bit-rate agnostic, making it
adaptable to utilize existing as well as forthcoming technologies.

e Easy Installation and Maintenance

"In RoF systems, the headend hosts sophisticated and costly equipment, simplifying the
Remote Antenna Units (RAUSs). The modulation and switching equipment is centralized
at the headend and is shared among multiple RAUs. This configuration results in more
compact and lighter RAUs, ultimately reducing the costs associated with system
installation and maintenance [2.40].

e Multi-Operator and Multi-Service Operation

RoF provides operational flexibility for the system. Depending on the microwave
generation method employed, the RoF distribution system can be designed to maintain
signal-format neutrality. For example, utilizing the Intensity Modulation and Direct
Detection (IM-DD) technique can be configured to function as a linear system, thus
achieving transparency [2.40].

e Large Bandwidth

Optical fibers provide a vast bandwidth, with three primary transmission windows
exhibiting minimal attenuation: 850 nm, 1310 nm, and 1550 nm wavelengths. In a single-
mode optical fiber (SMF), the cumulative bandwidth across these three windows exceeds
50 THz. The extensive optical bandwidth of optical fibers offers numerous advantages
beyond their capacity for efficiently transmitting microwave signals. This substantial
optical bandwidth empowers high-speed signal processing, which could be challenging or
even unfeasible to achieve using electronic systems.

e Immunity to Radio Frequency Interference

The resistance to Electromagnetic Interference (EMI) is an exceptionally appealing
characteristic of optical fiber communication, particularly in the context of microwave
transmission. This advantage stems from the fact that signals are conveyed as light within
the fiber. Due to this EMI immunity, fiber cables are the preferred choice, even for short
connections operating in the millimeter wave spectrum.

e Reduced Power Consumption

The use of uncomplicated Radio Stations results in lower power consumption. The bulk
of complex equipment is situated at the central station. In certain scenarios, the antenna
sites can operate in an inactive mode. For instance, in some 5 GHz Fiber-Radio systems
with pico-cells (small radio cells), the Base Stations can be set to an inactive mode [2.41].
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Incorporating analog RoF schemes into the optical transport infrastructure of mobile
networks, offers significant advantages, but it also presents certain challenges. RoF, due to its
analog modulation and light detection nature, is fundamentally an analog transmission
system. Consequently, signal impairments like noise and distortion, which are crucial in
analog communication systems, also play a significant role in RoF systems [2.42]. These
impairments tend to constrain the Noise Figure (NF) and Dynamic Range (DR) of RoF links.
DR holds particular importance in mobile (cellular) communication systems like GSM, as the
power received at the Base Station (BS) from Mobile Units (MUs) can vary widely. For
example, the RF power received from an MU in close proximity to the BS can be much higher
than the RF power received from an MU several kilometers away within the same cell. Analog
optical fiber links introduce noise from various sources, including the laser's Relative
Intensity Noise (RIN), the laser's phase noise, the photodiode's shot noise, the amplifier's
thermal noise, and the fiber's dispersion. In Single Mode Fiber (SMF)-based RoF systems,
chromatic dispersion may limit fiber link lengths and result in phase de-correlation, leading
to increased RF carrier phase noise [2.35]. Multi-Mode Fiber-based RoF systems face
limitations due to modal dispersion, severely constraining available link bandwidth and
distance. It's important to note that while the RoF transmission system itself is analog, the
distributed radio system need not be analog; it can be digital and employ comprehensive
multi-level signal modulation formats like QAM or Orthogonal Frequency Division
Multiplexing (OFDM).

2.3.2 Transmission techniques for RoF technology

Various optical methods are available for generating and transmitting radio signals through
fiber. This section provides a brief overview of some of these techniques.

e Direct modulation technique

In this approach, the RF signal is directly imposed on the light source's intensity, and then
direct detection is employed with a photodetector (PD) to retrieve the RF signal. This
method, known as Intensity Modulation Direct Detection (IMDD), is the simplest and
most cost-effective means of optically distributing RF signals. Prior to transmission, the
RF signal requires appropriate pre-modulation. After traveling through the fiber and
undergoing direct detection by a PD, the resulting photocurrent accurately reproduces the
RF signal that was originally applied at the head end [2.43]. At the remote antenna site,
the PD and band-pass amplifier work together to convert the received optical signal back
into an RF signal for transmission via the antenna (Figure 16, Figure 17).

This method offers several key advantages: simplicity, robustness, and cost-effectiveness.
Additionally, when low dispersion fiber is paired with an external modulator, the system
can achieve linearity. The transmitter configuration is exceptionally straightforward and
budget-friendly, though its performance is notably constrained by laser modulation-

related issues. Commercially available RoF systems employing direct microwave
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intensity modulation of a laser diode are suitable for limited RF frequencies, typically up
to approximately 2 GHz. These systems are employed in wireless services such as Global
System for Mobile Communication (GSM) and Universal Mobile Telecommunications
System (UMTS). However, the primary drawback of this technique lies in its inability to
operate at higher microwave frequencies due to the restricted modulation bandwidth of
the laser diode and the effects of fiber dispersion, which lead to fading of the two
modulation sidebands. Addressing such high-frequency microwave frequencies
necessitates advanced, very-high-frequency optical analog transmitters and receivers,
along with meticulous fiber dispersion compensation techniques [2.44], [2.45].

RF signal

RF signal

Bias

Figure 17. External modulator-based direct intensity modulation method.

e External modulation technique

To address the limitations associated with direct modulation, employing external
modulation presents a clear and effective solution. Among various approaches, optical
external modulation stands out as a strong choice for generating optical millimeter-wave
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signals with excellent spectral purity. External modulation is particularly advantageous at
high radio frequencies (typically above 10 GHz). A basic implementation involves a
continuous wave (CW) laser followed by an external modulator. This modulator
introduces modulation to the laser light, typically at an intermediate frequency (IF) or a
millimeter-wave tone [2.45]. Operating the laser in CW mode helps mitigate the excessive
chirping of pulses during external modulation. In this approach, high-speed external
modulators like Mach-Zehnder modulators (MZM), electroabsorption modulators
(EAM), or phase modulators (PM) are employed. The output from these modulators is
subsequently optically filtered.

The two methods for generating millimeter-wave signals will be briefly outlined. In the
intensity modulation-based approach, the system implementation is significantly
simplified as it eliminates the need for a tunable optical filter. In this system, an MZM is
incorporated and biased at the maximum transmission point of its transfer function to
effectively suppress the odd-order optical sidebands. To remove the optical carrier, a
fixed-wavelength notch filter is applied. The result is a stable, low-phase noise millimeter-
wave signal with a frequency four times that of the RF drive signal [2.45]. It's important
to bias the MZM at either the minimum or maximum point of its transfer function to
suppress the odd-order or even-order optical sidebands. Bias drift at the wrong point could
compromise system robustness, necessitating sophisticated control circuits to minimize
bias drift.

The second method utilizes an optical phase modulator (PM), which offers the advantage
of not requiring a DC bias, effectively eliminating bias drift issues. This constitutes a key
benefit of employing optical PMs, making them a preferable choice. Consequently, in the
intensity modulation approach, it is recommended to replace the MZM with an optical
PM [2.46]. However, the drawback of the aforementioned approach lies in the necessity
of employing an ultra-narrowband optical filter, which can lead to reduced system
stability and increased costs. While external modulators are straightforward, they come
with certain disadvantages, notably significant insertion loss. Nonetheless, external
modulators can accommodate bandwidths of up to 40 GHz and bit rates exceeding 10
Gbps, rendering them highly suitable for long-distance optical communication networks.
It's worth noting that the external modulation method is not without its challenges,
including distortion caused by the inherent nonlinearity of the modulators, high power
consumption, and increased complexity. Consequently, this modulation system tends to
be more costly compared to direct modulation [2.45], [2.46].

e Heterodyne modulation technique

This technique involves the simultaneous transmission of two or more optical signals,
which are then mixed or heterodyned in the receiver. Among the resulting heterodyning
products, one or more yield the desired RF signal. The process begins with modulating
the optical intensity from a laser diode (LD) using an external modulator. This modulator
is biased at the inflection point of its modulation characteristic and driven by a sinusoidal
signal operating at half the microwave frequency. Consequently, the modulator's output
produces a two-tone optical signal with a tone spacing equal to the microwave frequency.
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Heterodyning leads to the creation of the desired amplitude-modulated microwave signal.
In some instances, multiple LDs may be used, enabling the realization of a multi-
wavelength RoF system. A tunable Wavelength Division Multiplexing (WDM) filter can
be employed to select the desired wavelength radio channel at the antenna site [2.46].
Given that phase noise can pose significant challenges in millimeter-wave transmission,
meticulous attention must be paid to minimize phase noise introduced by the heterodyning
signals. This approach effectively mitigates the impact of chromatic dispersion and offers
frequency flexibility, accommodating frequencies ranging from a few megahertz up to the
terahertz region [2.45], [2.46].

e Optical frequency/phase-locked loops

This method is employed to mitigate sensitivity to phase noise, specifically by tracking
small-scale phase perturbations. However, it does not suppress small-scale frequency
variations caused by phase noise. The fundamental configuration of Optical Frequency
Locked-Loops/Optical Phase Locked-Loops (OFLL/OPLL). It comprises a free-running
master laser, a Positive Intrinsic Negative (PIN) photodiode, a slave laser, a frequency or
phase detector, an amplifier, a loop filter, and a microwave reference oscillator. The
combined outputs of the master and slave lasers are divided into two parts: one is utilized
within the OPLL/OFLL at the head end, while the other part is transmitted to the Remote
Antenna Unit (RAU). To generate a microwave signal, the optical signal at the head end
is heterodyned using a photodetector (PD). The resulting signal is then compared with the
reference signal. In the case of OFLL, a frequency error signal (or a phase error signal in
the case of OPLL) is fed back to the slave laser [2.46]. Consequently, the slave laser is
compelled to track the master laser at a frequency offset corresponding to the frequency
of the microwave reference oscillator. The primary advantage of this technique is its
capability to generate high-quality RF signals characterized by narrow linewidths and
excellent temperature-tracking capabilities. Additionally, OPLLs exhibit a wide locking
range [2.47]. Conversely, OFLL techniques offer the advantage of being feasible with
standard and reasonably priced Distributed Feedback (DFB) lasers [2.46], [2.47].

e Dual-mode lasers

The primary limitation of optical heterodyning-based techniques lies in their sensitivity
to phase noise in the two heterodyning signals, as well as their dependence on the
polarization state difference between the two heterodyning carriers. One method to
achieve correlation of optical modes involves eliminating the phase shift in the Distributed
Feedback (DFB) laser, preventing oscillation at the Bragg frequency. This leads to the
creation of a device known as the dual-mode laser (DML), which emits two modes, one
on each side of the Bragg frequency [2.48]. By adjusting the grating strength coefficient,
the desired mode separation can be achieved. The key advantage of this approach is its
avoidance of complex feedback circuitry. However, due to its limited locking range, this
method has constraints regarding tunability [2.47], [2.48].
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2.3.3 Performance degradation factors in A-RoF transmission

As RoF systems rely on the transmission of analog signals through optical fibers, their
performance is often constrained by several impairments, including optical fiber chromatic
dispersion, phase noise, and nonlinearity [2.49]. The major types of impairments in RoF
systems are summarized in the following paragraphs:

e Fiber Chromatic Dispersion

One significant challenge in RoF systems, particularly when operating in higher RF bands
like the mm-wave range, is the influence of fiber chromatic dispersion [2.50]. Chromatic
dispersion in optical fibers refers to the phenomenon wherein the phase velocity of light
varies with its frequency. Consequently, different frequency components within the
lightwave signal experience varying velocities as they propagate through the fiber. This
chromatic dispersion often results in fading effects within RoF systems. When an RF
signal is modulated onto an optical carrier for transmission through an optical fiber, as
depicted in Figure 18, two sidebands emerge on either side of the optical carrier, with their
separation matching the RF signal frequency. As this RF-modulated optical signal travels
through the optical fiber, chromatic dispersion causes different phase delays for these two
sidebands. Consequently, when the photodetector (PD) performs square-law detection,
the generated RF signal is influenced by the distinct phase delays introduced by fiber
dispersion. To address this limitation, the OSSB (Optical Single Sideband) and OCS
(Optical Carrier Suppression) schemes have been proposed and extensively studied
[2.51], [2.52]. In the OSSB scheme, only one RF sideband, along with the optical carrier,
is preserved, substantially reducing the impact of fiber chromatic dispersion. Conversely,
in the OCS scheme, the optical carrier is suppressed following optical modulation, and
two RF sidebands with an RF frequency-based spacing are employed. The interaction
between these two RF sidebands generates the RF signal upon detection by the PD,
making this scheme more tolerant to fiber chromatic dispersion.
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Figure 18. RoF system RF signal modulation schemes [2.49].
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e Nonlinearity

Another significant constraint in RoF systems is nonlinearity, encompassing both optical
fiber nonlinearity and nonlinearity associated with optical modulators[2.53], [2.54],
[2.55]. The nonlinear behavior of optical modulators results in inter-modulation distortion
(IMD) and typically imposes limits on the system's dynamic range [2.53], [2.54]. In
multiband RoF systems, it can also lead to subcarrier intermodulation and data-dependent
cross modulation [2.55]. The optical fiber, used for signal transmission, also exhibits
nonlinear characteristics, introducing nonlinear impairments to the RoF signal after fiber
transmission. These impairments include self-phase modulation and four-wave mixing.
To address nonlinear impairments in RoF systems, various linearization techniques have
been extensively explored [2.49]. One well-studied linearization approach is feedforward
[2.56], [2.57], which, for instance, achieved up to a 10 dB improvement in spur-free
dynamic range (SFDR) across a wide bandwidth from 7 GHz to 18 GHz, as reported in
Reference [2.57]. However, the feedforward scheme often entails high complexity and
requires precise calibration. To tackle these challenges, alternative optical linearization
techniques have been proposed, such as the dual parallel modulation scheme, which
reduced IMD by up to 38 dB [2.58]. Other techniques include the mixed-polarization
scheme [2.59], [2.60], the dual electro-absorption modulators scheme (e.g., achieving
IMD suppression by over 16 dB and SFDR improvement by over 8 dB as reported in
Reference) [2.61], the gain modulation scheme, which reduced IMD by over 7 dB and
improved the dynamic range by about 11 dB [2.62], and the cascaded modulator and
semiconductor optical amplifier (SOA) scheme [2.63]. Additionally, the pre-distortion
technique has been proposed and demonstrated [2.64], enabling the compensation of
predictable nonlinearities. This approach achieved a 6 dB improvement in IMD along with
a 14 dB peak enhancement in dynamic range. These techniques effectively mitigate
nonlinear effects in RoF systems, allowing for increased modulation depth of the RF
signal and, consequently, an improved system dynamic range.

In addition to the challenges posed by fiber chromatic dispersion and the nonlinearity
resulting from optical fibers and optical modulators, RoF systems are also affected by various
other impairments. These include amplified spontaneous emission (ASE) noise stemming
from optical amplifiers (e.g., EDFA), phase noise due to the laser source's limited linewidth
[2.65], and the inherent square-law detection characteristics of optical-to-electrical
conversion by the photodetector (PD) [2.55]. These impairments place constraints on the
performance of RoF systems, and these limitations become more pronounced as the RF carrier
frequency increases, such as in the case of mm-wave frequencies.

To mitigate the effects of these impairments in RoF systems, digital signal processing (DSP)
techniques have garnered significant attention and have led to substantial improvements in
system performance [2.66]. One notable advantage of employing DSP for impairment
compensation lies in its adaptability and flexibility, which can be adjusted as needed. A
plethora of DSP algorithms have been proposed and investigated for RoF systems, addressing
various impairments, including laser phase noise, the limited dynamic range resulting from

71



optical modulator nonlinearity [2.54], [2.67], and fiber chromatic dispersion [2.66]. In
addition to the application of DSP at the receiver side for signal processing post-transmission,
research has also explored the transmitter side using the digital predistortion principle, where
the signal is pre-compensated prior to transmission.

2.4, mmWave wireless technologies in mobile RAN

One of the most notable distinctions of 5G from its predecessors in cellular systems lies in
the recognition that the traditional sub-6 GHz spectrum falls short in meeting the demands of
emerging applications. A solution emerged in the form of the millimeter wave (mmWave)
spectrum. Initially deemed unsuitable for mobile operations due to unfavorable propagation
characteristics, advancements in device and antenna technologies have now rendered them
feasible for commercial wireless applications [2.68]. Consequently, the 5G standards gave
rise to the advent of commercial mmWave communication.

Looking ahead, it becomes apparent that we are gradually transitioning towards applications
such as virtual and augmented reality, UHD video conferencing, 3D gaming, and the
integration of wireless technology into brain-machine interfaces. These applications will
impose even more stringent constraints on throughput, reliability, and latency requirements.
Following the successful implementation of mmWave communication, researchers naturally
turned their attention to previously unexplored radio frequency (RF) bands, particularly the
THz band situated above the mmWave spectrum. The vast bandwidth of THz waves makes
them suitable for numerous applications demanding ultra-high data rates. By combining the
capabilities of sub-6 GHz, mmWave, and THz bands, we can unlock the true potential of
many emerging applications. Additionally, the small wavelength of THz waves makes them
applicable for micro and nano-scale communication. Historically, THz bands were limited to
imaging and sensing due to the lack of feasible and efficient devices operating at these
frequencies. However, recent advancements in THz devices suggest that THz communication
is poised to play a pivotal role in the forthcoming generations of communication standards
[2.69].

Prior to the 4G cellular standard, commercial (cellular) communication was confined to
traditional bands up to 6 GHz, now known as sub-6 GHz cellular bands. However, within the
6-300 GHz range, there are numerous bands with substantial bandwidths that were employed
for diverse non-cellular purposes, including satellite communications, radio astronomy,
remote sensing, and radars, among others. Recent advancements in antenna technology have
made it feasible to extend the use of this spectrum to mobile communication. The frequency
band ranging from 30 to 300 GHz, with wavelengths between 1 and 10 mm, is termed the
mmWave band. It provides hundreds of times more bandwidth compared to the sub-6 GHz
bands. Although mmWave communication systems face challenges such as higher
penetration and blockage losses, researchers have demonstrated that these effects can be
beneficial in mitigating interference in modern cellular systems characterized by dense
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deployment of small cells. This naturally leads to more aggressive frequency reuse and
enhanced data security due to the higher directionality requirements at mmWave frequencies
[2.70]. Frequencies in the mmWave range, approximately from 24 GHz to about 100 GHz,
are already being explored as part of the 5G standard. Looking ahead to 6G and beyond
systems, researchers are also delving into the 0.1-10 THz band, collectively referred to as the
THz band. The lower end of this spectrum is particularly of interest for communication
applications.

The expanded bandwidth available in the mmWave spectrum facilitates the viability of multi-
gigabit wireless communication, paving the way for numerous innovations [2.70]. For
example, mmWave frequencies can support wireless backhaul connections between outdoor
base stations (BSs), reducing the costs associated with land acquisition, installation, and
maintenance of fiber optic cables, particularly in ultra-dense networks (UDNSs). Moreover,
this capability enables the transformation of current wired data centers into entirely wireless
ones, with data servers communicating via mmWave frequencies through highly directed
pencil-beams. Another potential application lies in in-motion vehicle-to-vehicle (V2V)
communication in high-mobility scenarios, including bullet trains and airplanes. In these
scenarios, mmWave communication systems, coupled with sub-6 GHz systems, have the
potential to offer improved data rates [2.71].

Additionally, the THz spectrum comprises bands with available bandwidths of several tens of
gigahertz, supporting data rates in the terabits per second (Tbps) range. THz communication
benefits from the integration of thousands of sub-millimeter antennas and experiences lower
interference due to higher transmission frequencies. Consequently, it can support bandwidth-
intensive and low-latency applications like virtual reality gaming and ultra-HD video
conferencing. The maturation of THz communications is expected to benefit various
applications, including nano-machine communication, on-chip communications, the Internet
of Nano Things [2.72], and intra-body communication of nano-machines. It can also be
integrated with bio-compatible and energy-efficient bio-nano-machines communicating using
chemical signals (molecules), a form of communication known as molecular communication
[2.73].

2.4.1 mmWave-based Fiber-Wireless Bridges for mobile transport
deployments

As explained in the previous sections, A-RoF technology is anticipated to offer higher spectral
efficiency, inherent in analog transmission systems, along with low power consumption and
latency [2.74], [2.75]. Given that only optical-to-electrical (O/E) conversion is necessary, the
complexity of the Distribution Unit (DU) can be substantially reduced, allowing for remote
control of transmitted wireless signals. This becomes especially crucial in scenarios requiring
the deployment of a large number of antenna units. Moreover, A-RoF systems have
demonstrated compatibility with Power-over-Fiber (PoF) technology, enabling electric power
supply through optical fibers [2.76]. However, the non-linearity of the optical link and fiber
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chromatic dispersion impose limitations on both the affordable transmission length and the
desired performance [2.77]. Despite the evident advantages of both analog and digital RoF
technologies, their deployment faces challenges due to operational inflexibility, limited
resilience, and cost considerations. These challenges are particularly pronounced in areas
where optical links are susceptible to outages from fiber cuts or lack existing fiber
infrastructure.

A-RoF-based Fi-Wi systems operating in the mmWave spectrum region offers a promising
solution for robust and adaptable communication systems. This technology leverages large
bandwidth mmWave links to establish flexible, cost-effective, and energy-efficient broadband
wireless access networks. It also serves as a fiber backup, enhancing network resiliency
[2.74]. Depending on the frequency range of the radio signal being transported, A-RoF based
Fi-Wi systems can be implemented using two main architectures: (i) RF-over-fiber (RFoF)
and (ii) intermediate frequency-over-fiber (IFoF).

In the RFoF-based Fi-Wi architecture, optical heterodyning and photonic up-conversion
techniques are employed, directly up-converting lower frequency or baseband RF signals to
the mmWave band. However, this approach has lower spectral efficiency, and a local
oscillator (LO) is still necessary at the remote antenna unit (RAU) for the down-conversion
process in full-duplex and relay systems. On the other hand, the IFoF-based Fi-Wi
architecture involves sending a lower-frequency LO signal (e.g., <40 GHz) to the RAU in a
separate optical channel for mmWave up/down conversion. This enables the use of lower
bandwidth optical and RF devices [2.78]. This approach simplifies both the mmWave Tx. and
Rx. antennas, making it more appealing for full-duplex systems and fiber-wireless-fiber links,
known as a seamless Fi-Wi bridge. This design keeps the RAU configuration as simple as
possible. Figure 19 illustrates potential application scenarios of the A-RoF based Fi-Wi
system, including disaster-affected areas, dense communication areas, Distributed Antenna
Systems (DAS), and mobile fronthaul networks.
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Figure 19. Fiber-mmWave- based topologies for beyond-5G application scenarios and network segments

Numerous research endeavours have explored and showcased the capabilities of A-RoF based
Fi-Wi systems in high-capacity wireless transmission systems and mobile fronthaul/backhaul
systems [2.79]. These initiatives primarily adopt RFoF configurations. Notably, the RFoF
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configuration benefits from the latest advancements in digital signal processing (DSP)-based
optical communication technologies, enabling the generation and transmission of higher-
order modulation formats using RoF technologies. Utilizing an RFoF-based Fi-Wi system,
multi-gigabit-per-second wireless transmission has been demonstrated in the Q-band, W-
band, and D-band. Other research endeavors have proposed the use of A-RoF based Fi-Wi
configurations as an efficient approach for mobile fronthaul and backhaul systems, addressing
the requirements of 5G networks.

Although mmWave and THz bands have a huge potential for their usage in communication,
there are significant challenges in their commercial deployments. In particular,
communication in these bands suffer from poor propagation characteristics, higher
penetration, blockage and scattering losses, shorter coverage range, and a need for strong
directionality in transmission. These challenges have obstructed the inclusion of mmWave
and THz bands in standards and commercial deployments until now. With the advancements
in modern antenna and device technologies, it is now becoming feasible to use these bands
for communications. The challenges regarding adoption of mmWave communications in
RAN deployments as well the potential gains are discussed in the following paragraphs.

2.4.2 Main Challenges

In spite of the theoretical possibilities of achieving exceptionally high data rates, several
critical technical obstacles hinder the utilization of mmWave in mobile networks. These
challenges encompass significant path loss, elevated penetration loss, increased power
consumption, blockages caused by shadowing, hardware impairments, and more. Subsequent
to this statement, we will provide a concise overview of these issues.

e Pathloss

In the transmission through free space, the received signal power (beyond the Kirchhoff
area) can be calculated using the Friis transmission formula [2.80]. The wavelength of
mmWave signals is considerably shorter than that of conventional microwave
communication signals, which operate at carrier frequencies below 6 GHz. As a result,
the pathloss of mmWave signals is significantly higher than that of microwave signals,
assuming all other conditions, including antenna gains, remain constant. Although the
pathloss for mmWave is generally elevated, it remains practical to establish
communication over distances typical in urban mobile networks, ranging from a few
hundred meters [2.80] to even a few kilometers [2.81]. The use of directive antennas has
demonstrated the feasibility of communication ranges up to 10 km under favorable
conditions [2.82]. However, in less pristine air conditions, factors such as rain attenuation
and atmospheric/molecular absorption contribute to increased pathloss, thereby limiting
the communication range [2.82], [2.83]. The impact of these factors varies with the carrier
frequency.
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e Penetration loss

The discussion on pathloss assumes line-of-sight (LoS) communications, but the
challenge of high penetration loss becomes more pronounced in non-line-of-sight (NLoS)
scenarios. In indoor settings, although the penetration losses for clear glass and dry walls
are relatively low for 28 GHz signals (similar to microwave bands), the losses escalate
significantly for materials like brick and tinted glass (approximately 28 dB and 40 dB,
respectively), which is notably higher than at microwave bands [2.84]. These penetration
losses tend to increase at higher frequencies. Consequently, achieving coverage indoors
with mmWave nodes deployed outdoors, and vice versa, poses difficulties due to the
substantial penetration loss.

e Hardware impairments and design challenges

Practical transceiver hardware faces impairments such as Phase Noise (PN), non-linear
Power Amplifiers (PAs), 1/Q imbalance, and restricted ADC resolution [2.85]. These
factors place limitations on channel capacity [2.86], especially when aiming for high
spectral efficiency. Conversely, research has demonstrated in [2.87] that MIMO
communication links are less susceptible to the impact of hardware impairments
compared to single-antenna links.

In mmWave communication systems, mixers play a crucial role in signal up-conversion
at the transmitter and down-conversion at the receiver. Local oscillators are employed to
generate carrier signals operating at the desired carrier frequency. However, owing to the
inherent random deviation of the output signal frequency around the carrier, achieving
exact synchronization between the oscillators at the transmitter and receiver becomes
impractical. This mismatch can be characterized as phase PN, as the frequency offset
introduces a random phase difference for the time domain samples. The sensitivity to PN
is heightened in mmWave communication systems compared to conventional ones,
primarily due to the elevated carrier frequency.

Another significant hardware challenge in mmWave technology involves non-linear PAs,
as providing linear amplification to signals with very wide bandwidth proves to be a
complex task. In practical terms, each amplifier exhibits non-linear behavior, including
the clipping of input signals with large amplitudes and differential amplification of various
frequencies. The widely employed model for describing such non-linear characteristics is
the modified Rapp model [2.88].

Finallly, the elevated and broader frequency bands characteristic of mmWave
communication systems introduce numerous technical challenges in the design of circuit
components and antennas. These challenges span from device-level intricacies to
architectural considerations, while particular emphasis is put on the formidable obstacles
posed by phase noise and 1Q imbalance in realizing mmWave RF circuits [2.89].
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2.4.3 Motivation for employing mmWave llinks

After enumerating the primary challenges, it is essential to keep in mind the principal
motivations for employing mmWave communications.

e Extensive and uninterrupted available bandwidth

In comparison to microwave communications, one significant advantage of mmWave
communications is the availability of extensive bandwidth. However, it's important to note
that a wider bandwidth doesn't always translate to higher rates in the noise-limited region
[2.89]. Currently, the global available bandwidth for mobile networks (2G, 3G, 4G, and
LTE-Advanced spectrum) is less than 780 MHz, with each major wireless provider having
approximately 200 MHz of spectrum [2.80]. This limited bandwidth is insufficient for
delivering Gbps rates to multiple devices, as it would require substantial per-device
spectral efficiency.

In contrast, mmWave bands offer substantial bandwidth for future mobile networks. As
depicted in Figure 4, the potentially available bandwidth in mmWave bands can exceed
150 GHz [2.90], even after excluding unfavourable bands like the water vapor absorption
band (164-200 GHz). With 150 GHz of spectrum, a low spectral efficiency of 1 b/s/Hz is
adequate to achieve a rate of 150 Gbps. This low spectral efficiency simplifies
implementation and makes the unused frequency bands highly attractive. For instance, in
October 2003, the FCC announced that the 71-76 GHz, 81-86 GHz, and 92-95 GHz
frequency bands (collectively referred to as the E-band) would be available for ultra-high-
speed data communication, including point-to-point WLAN, mobile backhaul, and
broadband Internet access. The E-band provides a total bandwidth of 12.9 GHz (60-90
GHz). More recently, in July 2016, the FCC allocated large bandwidths in mmWave bands
for cutting-edge wireless communications, specifically the 64-71 GHz unlicensed bands
(along with the previous 57-64 GHz) and the 27.5-28.35 and 37-40 GHz licensed bands
[2.89].

e Short wavelength and narrow beamwidth

In contrast to signals in the sub-6 GHz bands, mmWave signals possess a considerably
shorter wavelength, enabling the integration of a large number of antennas into a compact
array [2.80]. This characteristic significantly broadens the potential applications for large-
scale antenna communications in future mobile networks. Simultaneously, the presence
of numerous antenna elements results in a narrow beamwidth [2.91]. The advantageous
aspect of this property lies in heightened security against eavesdropping and jamming, as
well as increased resilience against co-user interference. This implies that the spectrum
can be efficiently reused in space, allowing for the deployment of numerous interfering
point-to-point MIMO systems (or multiuser MIMO systems) within a limited spatial
region.
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e Massive MIMO implementation potential

A challenge associated with massive MIMO systems is the expense and intricacy of
hardware required to effectively harness a large number of antennas in the mmWave
region. Depending on the current mmWave products offered by vendors, the number of
antenna elements at the gNB (gNodeB) can range from 128 to over 1,000.

In the mmWave context, it is crucial to have support for beam-sweeping to accurately
estimate or identify the direction of interest. However, this process introduces additional
overhead in terms of Channel State Information (CSI) acquisition, which increases with
the number of antennas. This is due to the fact that as the number of antennas grows, the
beams become narrower, necessitating the support for more beams.

The beamforming gain in the mmWave spectrum is notably higher when compared to
sub-6GHz. This is attributed to the ability to pack a greater number of antenna elements
into the same form factor, resulting in a more focused and sharper beam. Additionally, the
sharper beam contributes to enhanced spatial separation between users, consequently
boosting the performance of MU-MIMO [2.92].

2.5. Proof-of-concept experimental evaluation of
Fiber/mmWave transport layout

In this section, preliminary experiments that provide a proof-of-concept validation and
performance evaluation of the discussed analog fiber/mmWave transport concept are
presented. More specifically, a DSP assisted A-IFoF concept to efficiently accommodate
multiple broadband radio signals using commercial off-the shelf electronic/photonic
components is introduced. Within this frame, a centralized BBU which serves a number of
RRHs, provides a complete set of digital functionalities allowing for the optical transport of
the radio waveforms through the installed fiber infrastructure and their transmission through
the air using mmWave carriers. In this centralized approach, the appropriate data signal
waveforms are generated in the DSP-enhanced BBU and seamlessly transported through the
fiber/wireless link. This centralized approach concentrates the entire digital processing of the
link on the BBU side while the served RRHs are responsible only to handle the vast spectral
slices with their mmWave radio hardware. These experimental studies have revealed the
impact of optical transport channel impairments (fiber loss, chromatic dispersion,
nonlinearities due to electro-optic conversion) on complex-modulated IF carriers generated
from the BBU. Different types of 1Q signals in terms of symbol rate, number of radio bands,
modulation type and radio carrier frequencies, have been employed to quantify the A-RoF
performance using Error Vector Magnitude (EVM) measurements at the receiver side. The
Fi-Wi transmission experiments was evaluated on both DownLink (DL) and UpLink (UL)
operation and the additional distortion due to V-band RF electronics considering the effects
of a realistic 60 GHz indoor wireless environment. The DL/UL operation was demonstrated
for Single Carrier (SC) radio bands, carrying different M-QAM signals.
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2.5.1 Analog IFoF link parameters investigation

Figure 20 depicts the experimental setup employed for the evaluation of the IFoF scenarios.
An Arbitrary Waveform Generator (AWG) was used to provide the data signals for both
single- (Ch1) and multi- (Ch1 to Ch6) band scenarios at modulation rates up to 1.25 Gbd. The
programmable data source allowed the necessary Tx-side DSP operations described in the
previous section. Pulse shaping (using Root Raised Cosine (RRC) shaping filters with roll-
off factor a = 0.2) and digital pre-distortion of the optoelectronic components were performed
to the following experiments. To this end, channel estimation (using pilot tones) has been
performed, prior the actual data transmission, where an amplitude and phase channel response
was estimated on the frequency domain. Through the AWG, the pre-distorted data signals
were digitally upconverted to the selected IF. A single-drive MZM was used to generate the
IFoF signal carrying the radio bands with the intensity modulator biased at the quadrature
point (Vr/2). A Continuous Wave (CW) DFB-laser emitting at 1543.73 nm of +10 dBm
provided the optical carrier to the IFoF transmitter.

Digital Oscilloscope

AWG 3RS

@) Power m
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Fiber link:
7km and 25km 10 GHz . Power Monitor Levels
Photo-receiver -2.9 dBm (BtB)
-4.3 dBm (7 km)

-10.5 dBm (25 km)

Figure 20. Experimental Setup of the Analog RoF link.

Two fiber links of Standard SMF (SSMF) (7 km & 25 km) were used to investigate the role
of fiber length on the optical transmission. The optical power of the IFoF signal was measured
by means of an optical power meter set prior to an off-the-shelf 10 GHz linear photo-receiver
comprised of a photodiode (0.7 A/W responsivity) and a low-noise amplifier with 20 dB gain.

The Single-Band experiments were carried out by using an IF frequency of 5 GHz. The IFoF
transmission at 5 GHz was selected in order to meet the specifications of the mmWave
Upconverter at the radio part. Such selection easily accommodates the entire bandwidth
(~7GHz) within the targeted unlicensed radio band and provides resilience against the power
fading due to CD for fiber lengths up to 25 km [2.93].

Experimental studies on A-RoF MFH link were performed focusing on the symbol rate and
the modulation order of the IF signal. The goal of this study was to fully characterize the
effect of fiber channel for various radio signal characteristics. Besides, leveraging from the
DSP capabilities for generating any complex modulation scheme at the transmitter side, the
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feasibility of increased spectrum utilization was also demonstrated. Generating different types
of complex waveforms carrying symbols rates of 1 Gbd, EVM values below the limits set by
3GPP specification were achieved [2.94] (with a minimum EVM margin of 5% for 64-QAM
signals) for each format investigated, without any additional equalization stage at the receiver
side. The successful IFoF transmission of a 128 QAM modulated IF carrier over a 25-km
optical link corresponds to a spectral efficiency 5.83 b/s/Hz for the A-RoF link. EVM
measurements for set of M-QAM and M-PSK schemes are presented in Table 1 and the
respective constellation diagrams after detection and demodulation are also shown in Figure
21. Moreover, the reported results indicate that an identical EVM penalty of less than 2.7%
was introduced by the fiber part for all the modulation types. This result implies that the IFoF
transmission can be resilient to fiber channel impairments supporting more complex
modulation types without any significant quality distortion.

Table 1. EVM measurements for different modulation formats at 1 GBaud

IF: 5GHz EVM rms (%) |
- EVM Regq.
el Back-to-back 25km (%) [2.94]
format
QPSK 1.68 4.37 175
8-PSK 1.78 4.52 N/A
16-QAM 2.16 4.62 125
64-QAM 2.19 4,84 8
128-QAM 2.29 4,90 N/A
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Figure 21. Constellation diagrams of the received signals at different modulation schemes after transmission over 25 km

SMF.

Table 2 summarizes the measured EVM values for different symbol rates. It can be observed
that for symbol rate variations between 500 Mbd to 1.25 Gbd, the EVM is slightly increasing
from 2.66% to 5.50%, after 25 km transmission. Through this result a good agreement
between the theory and experiment is appeared since the fiber CD introduces severe distortion
for wideband signals [2.93]. Nevertheless, the measured EVM values are well below the EVM
threshold for a QPSK modulated signal as specified by 3GPP. The respective constellation
diagrams of the received signals at 25 km length are also depicted in Figure 22. This result
reveals a strong scalability potential of further increase the transmission rate of a single 1F-

modulated band.

Table 2. EVM measurements for different symbol rates for a QPSK signal

IF: 5GHz / QPSK |

EVM rms (%)

Symbol Rate ‘ Back-to-back ‘ 25km
500 MBd 1.45 2.66
750 MBd 1.64 3.24

1GBd 1.70 4.37
1.25 GBd 1.74 5.50

‘ EVM Req.
\ (%) [2.94]

175
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Figure 22. Constellation diagrams of the received signals for different baud rates after transmission over 25 km SMF.

The next evaluation step involves the increase of the overall bandwidth utilization for the
proposed A-RoF concept by introducing a digitally generated SCM signal to extend the
operating bandwidth of the single carrier approach which was discussed in the previous
section.

Exploiting once more the DSP capabilities on generation of complex waveforms, four
different subcarriers have been digitally synthesized, before feeding a single DAC channel in
order to generate the desired multiband radio signal. The 4 sub-bands were assigned at 0.625
GHz, 1.875 GHz, 3.125 GHz and 4.375 GHz center frequencies (around 2.5 GHz) and each
of them was modulated at 1 Gbd symbol rate, pulse-shaped with a root raised cosine filter (a
=0.2), utilizing thereby a total 5 GHz bandwidth. Figure 23(a) shows that in the case of back-
to-back measurement, all sub-bands have almost the same performance and the modulation
type does not affect the measured EVM values. After transmission over the 25 km fiber link,
the effect of dispersion-induced power fading is evident, since the higher frequency
components suffer from severe distortion compared to lower ones. The use of a higher order
modulation format slightly increases the EVM value. With EVM values below 9%, all QPSK,
16 QAM and 64-QAM schemes achieve accepted performance in all the allocated spectrum
bands [2.94]. With a 64 QAM scheme an overall capacity of 24 Gb/s is achieved.

To further extend the above SCM approach, a 6 band SCM signal was generated by exploiting
the high bandwidth DAC provided by the AWG. A total bandwidth of 7.2 GHz with a center
IF carrier at 3.6 GHz was achieved. In this case, the sub-carriers’ center frequencies were
selected to be 0.6 GHz, 1.8 GHz, 3 GHz, 4.2 GHz, 5.4 GHz and 6.6 GHz while each of them
was modulated with a QPSK at 1 Gbd. The performance was evaluated after 7 km and 25 km
of fiber transmission and this set of measurements is depicted in the plots of Figure 23(b). As
in the case of 4 bands, the first 3 subcarriers exhibit similar performance, while the bands
located at higher frequencies result in higher EVM values. Such performance degradation for
the 2 higher frequency bands can be explained, considering the RF plan for Subcarrier
Multiplexing scheme as described in [2.95] and taking into account the severe distortion due
to nonlinear Intermodulation effects [2.96]. The impact of dispersion is evident after 25 km
transmission but not in the case of 7 km as it was originally expected. Higher frequency
carriers would be needed to observe the effect of dispersion in a shorter fiber link, like this of
7km.
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Comparing the EVM performance between the single band and multiple band IFoF
transmission, it is evident that the signal distortion is increased for increased number of radio
bands as it is expected. Moving towards wide-band, multi carrier approaches, the analog
photonic links suffer from cross modulation distortion (XMD) which introduces severe
distortion in the modulated in-band of each signal [2.96].
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Figure 23. EVM measurements for each sub-band of the SCM A-RoF link (a) 4-bands, Constellation diagrams for 64-QAM
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Combining the proposed A-RoF IM/DD optical fronthaul topology with commercial V-band
radio hardware (operated at 57-64 GHz unlicensed band), indoor wireless measurements
using directional antenna elements were performed.

Figure 24 illustrates the experimental setups employed for both UL/DL scenarios. For the DL
operation (Figure 24(a)) the signal after the transmission through the A-RoF link was received
by a photoreceiver (Avalance Photodiode (APD) Transimpedance Amplifier (T1A)). This IF
modulated output is fed into a mmWave upconverter connected to a V band directional
antenna (Tx-antenna). The V-band converter had a nominal noise figure of 8 dB at maximum
gain. Standard pyramidal gain horn V-band antennas of 23 dBi gain and 10° beamwidth were
employed. The signal received by an identical antenna located in a 5 m horizontal distance
from the Tx-antenna. The antennas, together with the up- and downconversion units, were
mounted on wooden tripods and kept fixed at a height of 1.4 m above the floor. We evaluated
the Fiber-Wireless (Fi-Wi) link on the receiver side by capturing the modulated data on a real
time oscilloscope. Since none of the antennas perform equalization or any baseband
processing, the response of the mmWave components (e.g. local oscillators, mixers, filters,
waveguides) was evaluated using the DSP platform at the Rx antenna.

For the UL operation (Figure 24(b)), the IF modulated signal feeds directly the Tx-antenna
frontend, while the Rx-antenna is used as the driving signal for the MZM of the A-RoF link.
The now reversed Wireless/Fiber link (along with the passive and active electronic
components) is evaluated at the output of the A-RoF link where the photoreceiver provides
the input to the Digital Oscilloscope for offline processing.
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Figure 24. Experimental Setup of the Analog RoF/mmWave link. (a) Downlink direction, (b) Uplink direction.

In both cases, after the digitization of the received signals, digital down-conversion from the
IF frequency to baseband was performed. There, matched filtering, resampling and proper
timing synchronization were applied in order to extract a single-sample per symbol sequence.
For the equalization stage, a static 5-tap Radius Directed Constant Modulus Algorithm
(CMA) algorithm was employed for off-line equalization of both fading effects stemming
from both fiber-air transmission and to remove the frequency response from mmWave
components. Finally, a carrier phase recovery stage compensated for the phase noise due to
local oscillators’ mismatches. Statistical constellation analysis and error counting was
employed for estimating and measuring the transmission quality.

In this experiment Single-Carrier QPSK and 16 QAM at 1 Gbd symbol rate were employed
as modulated radio signals. A root-raised-cosine pulse shaping filter with 20% excess
bandwidth resulted in a total 1.2 GHz to be transmitted through the fiber/wireless link. In
Figure 25 we present an EVM bar diagram for both uplink and downlink operation using the
above modulation types. Two different test cases were investigated by introducing the long
fiber part of 25 km. The reported results reveal that the combined fiber/wireless link (25 km
fiber and 5 m air-transmission) achieve accepted performance in terms of EVM as specified
by the 3GPP specification. A fair direct comparison between the UL/DL cases should not,
however, be considered from the above results since both cases were investigated by keeping
constant the setup parameters (Electro-optic modulator, RF amplifiers, optical and RF power
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levels). Under realistic conditions, both cases would be implemented by using dedicated opto-
electronic parts for each case (UL/DL) being properly configured at optimum points.
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Figure 25. (a) EVM bar-diagram measurements for A-RoF/mmWave transmission in uplink and downlink directions (b)
Constellation diagrams for QPSK and 16-QAM after Rx-side DSP.

Concluding, a DSP-assisted A-RoF/V-band topology was experimentally validated and
reported in [2.97] and in [2.98], offering the generation and transmission of broadband radio
signals capable of supporting the targeted specifications for 5G-era. Single Carrier and Digital
Subcarrier multiplexed signals with high order modulation formats (M-PSK and M-QAM)
have been examined for increasing the overall capacity of the fronthaul link, exhibiting robust
performance for fiber distances up to 25 km. The optical transport of multiband radio signal
carrying up to 24 Gb/s (using 64 QAM signals) was experimentally demonstrated showing
EVM values below 9%.

Radio devices operating at V-band connected to the A-RoF link and an evaluation of the
complete fiber/wireless channel has been performed for both UL/DL cases. Demodulation
and detection of the radio signals has been achieved utilizing standard DSP only after the
fiber/wireless transmission without any processing units at the antenna subsystems. Single
carrier schemes at 1 Gbd using QPSK and 16 QAM formats were detected and demodulating
utilizing receiver-side DSP. The fiber-wireless transmission of 4 Gb/s was successfully
demonstrated for both UL/DL cases using 16 QAM schemes exhibiting EVM below the 14%
requirements for systems operating at the region of the mmWave regime.
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CHAPTER 3.

Modulation and signal processing techniques, In
support of Analog Fiber/Fiber-Wireless transport
transmission

The following paragraphs delve into the realm of modulation and signal processing techniques
crucial for supporting Analog Fiber/Fiber-Wireless transport transmission. Within this
chapter, a comprehensive exploration of modulation techniques in mobile communication
systems is provided. Here, a nuanced understanding of digital modulation schemes and
OFDM modulation unfolds, unraveling the fundamental principles that underpin effective
signal modulation in mobile communication contexts. Then, the focus shifts to multi-carrier
candidates for 5G and beyond in mobile communication, delving into the array of candidates
that hold promise for the evolving landscape of mobile communication systems. Moreover, a
detailed examination of the description of DSP algorithms' implementation for the processing
of CP-OFDM waveforms is provided, shedding light on the sophisticated algorithms integral
to the effective processing of CP-OFDM waveforms in the context of analog fiber and fiber-
wireless transport transmission. This chapter serves as a pivotal juncture in the dissertation,
offering a profound understanding of the modulation and signal processing intricacies
essential for advancing analog transport within fiber and fiber-wireless frameworks and
concludes with the report of initial experimental testing and results, that validate the
functionality and potential of the implemented DSP platform.

3.1. Modulation techniques in mobile communication systems.

To support current mobile communications, there are two main types of communication
techniques: single-carrier modulations and multicarrier modulations. Single-carrier
modulation systems use a single signal frequency to transmit data symbols, while multicarrier
modulation systems divide the frequency channel into numerous subcarriers. The high-rate
data stream is then split into multiple low-rate streams, which are transmitted in parallel on
the subcarriers.

Single-carrier modulation techniques have been widely used in many wireless communication
systems, including conventional 1G, 2G, 3G, and the uplink of 4G deployments. Compared
to multicarrier modulation, single-carrier modulations have several advantages. First of all,
they have very low peak-to-average power ratio (PAPR), which is beneficial for the stability
of systems and the adoption of low-cost devices in the design of wireless communication
systems. Moreover, single-carrier modulation systems are less sensitive to frequency shift and
phase noise, making it easier for time and frequency synchronizations in wireless
communication systems, especially for point-to-point communication systems. Therefore,
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single-carrier modulations are still employed in 4G standards, such as SC-FDMA, which is
the key technique of the uplink in the long-term evolution (LTE) standard. SC-FDMA uses
N-point discrete Fourier transform (DFT) and M-point (N < M) inverse discrete Fourier
transform (IDFT) modules at the transmitter, resulting in low PAPR of the transmitted signal.
Additionally, the insertion of cyclic prefix (CP) allows for channel equalization in the
frequency domain, so that simple single-tap equalizers can be employed for channel
equalization [3.1].

However, when compared to multicarrier modulations, single-carrier modulations exhibit less
effectiveness in dealing with multipath fading channels, leading to reduced spectral
efficiency. As technology progresses, wireless communication systems are evolving towards
greater broadband capabilities. For instance, the current LTE operates within a 20 MHz
broadband region, while 5G and beyond wireless communication systems occupy 800 MHz
or even more [3.2]. The expansion of bandwidths in single-carrier modulation systems causes
symbol intervals to decrease, thereby increasing their vulnerability to the effects of multipath
fading channels. This susceptibility exposes single-carrier modulation systems to inter-
symbol interference (ISI), which can only be addressed through the utilization of intricate
multitap equalizers. Consequently, this introduces higher complexity and cost to the system.

Multicarrier modulation systems are gaining increasing interest because of their capability to
overcome the challenges posed by multipath fading channels. Among these systems, OFDM
stands as the most renowned and established multicarrier modulation system. Although the
concept of OFDM was initially introduced in 1966, its commercial implementation was
delayed until the 1980s due to hardware limitations. Subsequently, OFDM found extensive
applications across various communication systems, including digital audio broadcasting
[3.2], digital video broadcasting [3.4], asymmetric digital subscriber line, and wireless local
area network systems [3.5],[3.6]. Currently, OFDM stands as the key technique for downlink
transmission in the LTE standard [3.7],[3.8].

Multicarrier modulation techniques divide the entire frequency range into multiple subcarriers
and transmit a high-rate data stream by distributing it among these subcarriers as several low-
rate data streams in parallel. This parallel transmission in multicarrier modulation systems
leads to longer symbol intervals compared to single-carrier modulation systems. As a
consequence, multicarrier modulation systems exhibit improved resilience against the inter-
symbol interference (ISI) effect when compared to single-carrier modulation systems. For
example, in OFDM systems, a simple single-tap frequency-domain equalizer can be
employed with the assistance of a cyclic prefix, resulting in a cost-effective receiver design.
However, multicarrier modulation systems face various technical challenges [3.9], which will
be detailly discussed in the following paragraphs, but can be summarized as follows:

e High PAPR:

The issue of high Peak-to-Average Power Ratio (PAPR) poses a challenge for all
multicarrier modulation systems, impacting both the implementation of transmitters and
the overall performance of the system. In multicarrier modulation, the signal consists of
multiple independent subcarrier signals. When these subcarriers exhibit similar phases,
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the signal, with its similar initial phase, modulates each subcarrier signal, resulting in a
high peak power level at specific instances. However, power amplifiers have a limited
linear range, which introduces nonlinear distortion when amplifying signals with high
power levels. This distortion significantly degrades the overall system performance. Due
to this limitation, multicarrier modulations are employed only in the downlink of LTE,
while single-carrier modulations are used for the uplink. This decision is made to mitigate
the detrimental effects of high PAPR on system performance and ensure optimal signal
transmission.

e Time and frequency synchronizations:

Time and frequency synchronization play a crucial role in wireless communication.
Multicarrier modulation signals have longer intervals compared to single-carrier signals,
which makes them less susceptible to time synchronization errors when compared to
single-carrier modulations. However, due to the division of the frequency band into
multiple subcarriers in multicarrier modulation systems, each subcarrier occupies a
narrow frequency range that is susceptible to frequency deviations. As a result,
multicarrier modulation systems are more sensitive to frequency synchronization errors
when compared to single-carrier modulations. In the case of OFDM systems, even small
frequency shifts can lead to significant frequency synchronization errors and cause
intercarrier interference (ICI), which severely degrades the system's performance.

e Channel estimation and detection:

Wireless channel conditions have a significant impact on the performance of wireless
communication systems, making channel estimation and equalization crucial aspects.
Channel estimation techniques can be categorized into two main types: blind and non-
blind channel estimations. Blind channel estimations do not rely on training sequences
and offer the potential for achieving high spectral efficiency. However, they often suffer
from drawbacks such as limited estimation accuracy, high computational complexity, and
restricted flexibility. As a result, blind channel estimations are not suitable for real-time
systems that require accurate and efficient estimation. On the other hand, non-blind
channel estimations employ training sequences to achieve improved estimation accuracy
and flexibility. These techniques can be utilized in real-time systems. However, the
utilization of training sequences consumes valuable time-frequency resources and leads
to a reduction in spectral efficiency. Therefore, it is crucial for wireless communication
systems to achieve better performance while minimizing the use of training sequences.
This entails finding a balance between accurate estimation and efficient utilization of
system resources.

e MIMO:

The integration of MIMO (Multiple Input Multiple Output) with multicarrier modulations
has garnered recognition as a crucial technique initially in 4G standards due to its
remarkable capability to enhance channel capacity. As a result, the combination of MIMO
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and multicarrier modulations is widely anticipated to hold substantial potential in the field
of wireless communications.

Despite the implementation challenges it presents, multicarrier modulations are regarded as a
pivotal technology for future wireless communication systems. In the realm of 4G standards,
OFDM has already been adopted as the downlink technique. However, the issue of high
spectral sidelobes is becoming increasingly problematic as spectrum resources grow scarce.
Spectrum sensing in cognitive radio systems also poses significant challenges. While OFDM
is considered a potential candidate for multicarrier-based cognitive radio systems due to its
utilization of the fast Fourier transform (FFT) for spectral analysis and
modulation/demodulation, it has limitations in this particular context. For instance, mitigating
mutual interference between primary and secondary users requires sacrificing transmission
bandwidth. Furthermore, the FFT operation fails to meet the dynamic range requirements for
detecting spectrum holes. Therefore, exploring alternative methods for multicarrier
processing is necessary to overcome the limitations associated with the FFT operation in
OFDM. This exploration is essential for advancing the field and finding innovative solutions
to enhance the effectiveness of multicarrier modulations in cognitive radio systems. In the
following subsections, the generation methods and parameters of both single- and multi- band
modulation formats will be discussed.

3.1.1 Digital Modulation schemes

In both single and multi-carrier modulation techniques, an essential step is the digital
encoding of the bit-based information to complex symbols. The primary objective of modern
modulation techniques is to maximize the utilization of the available spectrum by
accommodating a significant amount of data within a limited bandwidth. This objective,
commonly referred to as spectral efficiency, quantifies the speed at which data can be
transmitted within a given bandwidth. Common digital modulation techniques include
amplitude-shift keying (ASK), frequency-shift keying (FSK), phase-shift keying (PSK), and
Quadrature Amplitude Modulation (QAM). The above methods rely on the use of the
Amplitude, Frequency or/ and Phase characteristics of a sinusoidal for data transmission.

The current section will focus mostly on QAM, which is the digital modulation technique that
combines phase and amplitude control. Quadrature amplitude modulation (QAM) involves
the utilization of two digital baseband signals that are mutually independent. These signals
are then used to modulate two carrier signals that possess identical frequency and are mutually
orthogonal. The resulting modulated signals, being orthogonal within the same bandwidth,
enable the attainment of parallel transmission of digital signals in both phase and quadrature
[3.10]. The general expression of the QAM signal is:

Swgan(®) = ) Ang(t = nT;)cos (wet + 6y)
n
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In this formula, An is the amplitude of the baseband signal, g(t - nTs) is the waveform of a
single baseband signal, and the width is Ts.

Constellation diagrams serve as visual representations of the quality and distortion of a digital
signal. In real-world scenarios, it can be challenging to distinguish and pinpoint individual
modulation errors within these diagrams. Hence, it is advisable to assess the measured
constellation diagrams utilizing mathematical and statistical techniques to ensure accurate
evaluation. Figure 26 shows some indicative examples of QAM constellation diagrams.
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Figure 26. Indicative constellation diagrams for 4/16/32/64/256-QAM modulation formats.

The key parameters for the evaluation of QAM modulated transmission, based on the
retrieved constellation diagrams are: (a) peak-to-average power ratio y, (b) minimum
Euclidean distance between constellations dmin, and minimum phase offset Omin. The
minimum Euclidean distance, denoted as dmin, represents the smallest distance between points
on the QAM signal constellation. This parameter quantifies the QAM signal's resistance to
Gaussian noise, where a larger dmin indicates better protection against such noise. Therefore,
dmin directly influences the performance against anti-Gaussian white noise. The minimum
phase shift, denoted as Omin, represents the smallest phase difference between signal points on
the standard QAM constellation. This parameter indicates the QAM signal's ability to resist
anti-phase jitter and its sensitivity to clock recovery accuracy. A larger Omin implies greater
resistance and stronger anti-phase jitter capability.

Finally, for a QAM signal to exhibit satisfactory performance, its constellation diagram must
fulfill three requirements:
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e The signal should have a small peak-to-average ratio, ensuring a smoother envelope
for the modulated signal. This characteristic enhances the signal's resistance to
nonlinear distortion.

e The minimum Euclidean distance between signal points should be maximized to
achieve optimal performance against additive white Gaussian noise.

e The minimum phase offset between constellation points should be maximized to
improve the signal's ability to counteract phase jitter. This includes mitigating effects
of clock jitter and anti-channel phase jitter, thereby enhancing timing recovery
performance.

In summary, a high-performing QAM signal should possess a low peak-to-average ratio, a
large minimum Euclidean distance between points, and a substantial minimum phase offset
between constellation points.

3.1.2 OFDM Modulation

With the establishment of modern communication systems, OFDM modulation, which has
been around for several decades, has transitioned from being theoretical concepts in textbooks
and research labs to practical applications. These techniques are now extensively utilized in
data delivery systems across various platforms, including phone lines, digital radio and
television, and wireless networking systems. In the current section, OFDM modulation
technique will be presented as a special case of FDM multiplexing.

Frequency division multiplexing (FDM) enhances the concept of single carrier modulation by
dividing a single channel into multiple subcarriers. The available data rate for transmission in
the channel is allocated among these subcarriers. The distribution of data across the
subcarriers does not have to be uniform, nor do the data streams need to originate from the
same source. This approach offers several advantages, such as the ability to employ dedicated
modulation and demodulation techniques tailored to specific types of data. It also facilitates
the simultaneous transmission of diverse data sets that may require different modulation
schemes for optimal delivery. In FDM systems, it is common to insert a guard band between
modulated subcarriers to ensure that the spectrum of one subcarrier does not interfere with
another. While this guard band helps maintain signal integrity, it results in a reduced effective
information rate compared to a single carrier system employing similar modulation [3.11].

If the aforementioned FDM system had the capability to utilize a set of orthogonal subcarriers,
it could have achieved a higher level of spectral efficiency. In this scenario, the need for guard
bands, which are essential in enabling individual demodulation of subcarriers in a typical
FDM system, would no longer be necessary. By employing orthogonal subcarriers, their
spectra could overlap, resulting in an increased spectral efficiency. As long as orthogonality
is preserved, it remains possible to recover the signals of individual subcarriers, even when
their spectra overlap.
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When the dot product of two deterministic signals is zero, it indicates that these signals are
orthogonal to each other. Orthogonality can also be understood in the context of stochastic
processes. If two random processes are uncorrelated, they are considered orthogonal.
Considering the random nature of signals in a communication system, this probabilistic
understanding of orthogonality provides an intuitive grasp of its implications in OFDM. In
this article, we will explore how OFDM is practically implemented using the Discrete Fourier
Transform (DFT). As per signals and systems theory, the sinusoids of the DFT form an
orthogonal basis set, allowing a signal in the DFT vector space to be represented as a linear
combination of these orthogonal sinusoids. The DFT can be viewed as correlating the input
signal with each of the basis sinusoidal functions. When an input signal carries energy at a
particular frequency, the correlation with the corresponding basis sinusoid exhibits a peak. At
the OFDM transmitter, this transform is employed to map the input signal onto a set of
orthogonal subcarriers, which are the orthogonal basis functions derived from the DFT.
Similarly, the transform is used at the OFDM receiver to process the received subcarriers, and
the signals from these subcarriers are combined to estimate the source signal from the
transmitter. The orthogonal and uncorrelated nature of the subcarriers plays a crucial role in
OFDM, vyielding powerful outcomes. Due to the uncorrelated nature of the DFT basis
functions, the correlation performed for a specific subcarrier only captures energy from that
corresponding subcarrier. Energy from other subcarriers, being uncorrelated, does not
contribute. This segregation of signal energy allows the spectra of OFDM subcarriers to
overlap without causing interference.

Figure 27. Spectral representation of the orthogonal subcarrier multiplexing in an OFDM signal.

Figure 27 illustrates a simplified spectral representation of the orthogonal subcarrier
multiplexing in an OFDM signal. Although such systems have been constructed, their
practicality diminishes rapidly as the number of subcarriers increases. Each subcarrier carries
one bit of information (N bits in total) based on its presence or absence in the output spectrum.
The frequencies of the subcarriers are carefully chosen to create an orthogonal set of signals,
and these frequencies are known to the receiver. It is important to note that the output is
updated at regular intervals T, which defines the symbol period and serves as the temporal
boundary for maintaining orthogonality. In the frequency domain, the side lobes of the
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resulting sinusoidal functions produce overlapping spectra. However, the individual peaks of
the sub-bands align perfectly with the zero crossings of the other sub-bands. This overlap of
spectral energy does not hinder the system's ability to recover the original signal. At the
receiver, the incoming signal is multiplied (i.e., correlated) with the known set of sinusoids to
regenerate the original set of transmitted bits. The digital implementation of an OFDM system
enhances these fundamental principles, and further advancements can be made.

The concept behind analog implementation of OFDM can be extended to the digital realm
through the utilization of the DFT and its inverse, the inverse Discrete Fourier Transform
(IDFT). These mathematical operations are widely employed to convert data between the
time-domain and frequency-domain. In the context of OFDM, these transforms are
particularly relevant as they enable data mapping onto orthogonal subcarriers. For instance,
IDFT is employed to convert frequency-domain data into time-domain data. To carry out this
operation, the IDFT correlates the frequency-domain input data with its orthogonal basis
functions, which are sinusoids at specific frequencies. This correlation process can be seen as
mapping the input data onto the sinusoidal basis functions.

In practical implementations, OFDM systems utilize a combination of Fast Fourier Transform
(FFT) and inverse Fast Fourier Transform (IFFT) blocks, which are mathematically
equivalent to the DFT and IDFT, respectively, but more efficient for implementation. In an
OFDM system, the source symbols (e.g., QPSK or QAM symbols that would be present in a
single carrier system) are treated as if they are in the frequency domain at the transmitter.
These symbols serve as inputs to an IFFT block, which brings the signal into the time domain.
The IFFT block processes N symbols at a time, where N represents the number of subcarriers
in the system. Each of these N input symbols has a symbol period of T seconds. It is important
to note that the basis functions for an IFFT are N orthogonal sinusoids, with each sinusoid
having a different frequency. The lowest frequency corresponds to DC. Each input symbol
acts as a complex weight for the corresponding sinusoidal basis function. As the input
symbols are complex, their values determine both the amplitude and phase of the sinusoid for
the respective subcarrier. The output of the IFFT is the summation of all N sinusoids,
providing a straightforward means to modulate data onto N orthogonal subcarriers. The block
of N output samples from the IFFT constitutes a single OFDM symbol. The length of the
OFDM symbol is NT, where T refers to the IFFT input symbol period mentioned earlier.

After undergoing additional processing, the time-domain signal resulting from the IFFT is
transmitted through the channel. At the receiver, an FFT block is employed to process the
received signal and convert it back into the frequency domain. Ideally, the FFT output should
represent the original symbols that were initially sent to the IFFT at the transmitter. When
these FFT output samples are plotted on the complex plane, they form a constellation, such
as a 16-QAM constellation. However, the time-domain signal does not possess a constellation
representation. When plotted on the complex plane, the time-domain signal appears as a
scatter plot without a defined pattern. Consequently, any receiver processing that relies on the
concept of a constellation, such as symbol slicing, must take place in the frequency domain.

In most wireless systems, a significant issue arises from the presence of a multipath channel.
In such an environment, the transmitted signal reflects off multiple objects, leading to the
reception of several delayed versions of the signal at the receiver. This multipath effect causes
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distortion in the received signal. Similar problems can also occur in wired systems due to
reflections caused by impedance mismatches in the transmission line.

The presence of a multipath channel poses two challenges for an OFDM system. The first
challenge is intersymbol interference, which occurs when the received OFDM symbol is
distorted by the previously transmitted symbol. This interference is akin to intersymbol
interference observed in single-carrier systems. However, in single-carrier systems, the
interference typically results from multiple previous symbols, whereas in OFDM systems, the
interference is predominantly caused by the preceding symbol alone. This distinction arises
due to the longer symbol period in OFDM systems compared to the time span of the channel.
The second challenge, specific to multicarrier systems like OFDM, is referred to as
intrasymbol Interference. This interference arises from the interaction among subcarriers
within a given OFDM symbol.

e Intersymbol interference:

Let's consider the scenario where the time span of the channel is Lc samples in length. In
contrast to a single carrier system with a data rate of R symbols per second, an OFDM
system employs N subcarriers, each operating at a data rate of R/N symbols per second.
This reduction in data rate by a factor of N causes the OFDM symbol period to increase
by a factor of N. By appropriately selecting the value of N, the length of the OFDM symbol
becomes greater than the time span of the channel. Consequently, the effect of intersymbol
interference manifests as distortion in the first Lc samples of the received OFDM symbol.
Given that only the initial few samples of the symbol experience distortion, one can
consider incorporating a guard interval to mitigate the impact of intersymbol interference.
This guard interval can be a segment of all zero samples transmitted preceding each
OFDM symbol. Since it does not contain any useful information, the guard interval can
be discarded at the receiver. If the length of the guard interval is appropriately chosen to
be longer than the time span of the channel, the integrity of the OFDM symbol itself will
remain intact. Thus, by eliminating the guard interval, the effects of intersymbol
interference can be effectively mitigated.

e Intrasymbol interference:

Practical systems do not utilize a guard interval as it does not effectively prevent
intrasymbol interference, which is the type of interference where an OFDM symbol
interferes with itself. Instead, the solution to mitigating intrasymbol interference involves
a discrete-time property. In continuous-time, a convolution in the time domain
corresponds to a multiplication in the frequency domain. However, in discrete-time, this
property holds true only if the signals are of infinite length or if at least one of the signals
is periodic within the range of convolution. Having an infinite-length OFDM symbol is
impractical, but it is possible to make the OFDM symbol exhibit a periodic nature. To
achieve this periodicity, the guard interval is replaced with a cyclic prefix, which is a
replica of the last Lr samples of the OFDM symbol. The length of the cyclic prefix,
denoted as Lp, is chosen to be greater than the length of the channel, Lc. The cyclic prefix
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is redundant information and is discarded at the receiver. Similar to the guard interval,
removing the cyclic prefix eliminates the effects of intersymbol interference. Furthermore,
due to the specific construction of the cyclic prefix, the cyclically-extended OFDM
symbol appears periodic when convolved with the channel. An important consequence of
this approach is that the effect of the channel on the OFDM symbol becomes
multiplicative rather than convolutive.

3.2. Multi-carrier candidates for 5G and beyond mobile
communication.

OFDM format, which has been extensively discussed in the previous sections, is the most
prominent multi-carrier modulation case and has been adopted in the deployed LTE mobile
networks, while different flavors of this modulation technique have been adopted or are
considered for 5G and beyond deployments. A typical example is the OFDMA (Orthogonal
Frequency-Division Multiple Access) technology, which is used in the air interface stage of
5G New Radio (5G NR), allowing mobile connectivity. Specifically, OFDMA is a variant of
OFDM designed to accommodate multiple users simultaneously. It efficiently allocates
resources in both the time and frequency domains, enabling support for numerous users,
including those with diverse usage patterns and data demands. In contrast, traditional OFDM
can only allocate resources sequentially, limiting its multi-user capabilities. As a step forward,
a series of alternative, beyond-OFDM multicarrier waveforms have emerged during the past
years, serving as radio interfaces in the 5G and beyond era. The most prominent of these
OFDM-like candidates have been considered within the presented work and a comparative
study was performed prior to the identification of the waveform that was adopted for further
experimental studies. This study was based on the extraction of system-level specifications
from different use cases and network scenarios targeted in the 5G and beyond era. The most
remarkable alternative multi-carrier approaches, which attempt to overcome CP-OFDM
limitations, are using band-pass or pulse-shaping modulation filters and are the following:
Filter Bank Multi-Carrier (FBMC), Universal Filtered Multi-Carrier (UFMC), and
Generalized Frequency Division Multiplexing (GFDM).

The main difference between the FBMC and the CP-OFDM is the filtering operation applied
for each sub-carrier. The spectrum profile of a single subcarrier for each one of these to
formats is shown in Figure 28. Such operation significantly reduces the power of the side-
lobes while the tolerance to ICI and ACI is improved. The PAPR is still high, but it appears
less effective on the side-lobes. Moreover, the use of filters eliminates the need for cyclic
prefix. The weak points of FBMC are the complexity of the required filters (number of taps
~ 4*FFT size), which scales up the implementation complexity and the latency budget.
Furthermore, the ramp-up and down of the filters reduces the bandwidth efficiency, since
filtered sub-carriers cannot be located as closely as in the case of CP-OFDM sub-carriers.
FBMC uses Offset-QAM formats, which makes it sensitive to frequency synchronization
errors and makes handling of MIMO difficult, as the synchronization of multiple users can be
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damaged both by frequency shifts and by failures in the synchronization of the I and Q
components of the Offset-QAM symbols. Finally, FBMC is not recommended for
transmission of small packets, which require short transmission time intervals. In contrast to
this, the ramps at the edges of the filters are long, increasing also the latency of the
system[3.12], [3.13].
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Figure 28. PSD of a single carrier in standard OFDM and FBMC modulation formats.

UFMC seems to be a strong candidate as a multicarrier waveform in 5G implementations.
The main difference between FBMC and UFMC is that, for the latter, the filtering is applied
on a group of sub-carriers, as shown in Figure 29, which depicts a UFMC modulation example
with of 10 sub-bands, each including 20 subcarriers. As a result, it fairly suppresses the side-
lobes, without achieving the performance of FBMC, though. The ramp-up and down of non-
rectangular windowing in time imposes zero-padding between successive symbols, which is
much shorter than the cyclic prefix of CP-OFDM. The structure of the UFMC waveform
presents similarities with the structure of CP-OFDM with practically the same
implementation complexity. UFMC waveform is conducive to small packets and is
recommended for applications where MIMO transmission is required. Nevertheless, UFMC
IS not as robust as CP-OFDM against ISI and is prone to synchronization failures which may
lead to ICI, since the subcarriers may not be perfectly synchronized. The side-lobes of UFMC
are also suppressed but without achieving the low power of the side-lobes of the FBMC
waveform [3.12][3.14].
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Figure 29. PSD of UFMC format consisting of 10 sub-bands with 20 subcarriers each.

The last post-OFDM waveform that has been investigated in the literature is GFDM, which
can be considered as a block-oriented filtered multi-carrier waveform. The transmission block
consists of a set of symbols in time which corresponds to a respective set of sub-carriers. A
pulse-shaping filter is applied to each subcarrier while the subcarriers do not have to be
orthogonal, hence the name of the waveform. The PSD of an indicative GFDM modulation
example is presented in Figure 30. A cyclic prefix is added between subsequent blocks.
GFDM reduces the power of the side-lobes, just like FBMC and UFMC. The GFDM
implementation complexity is very low, and the waveform is quite robust to synchronization
failures and can be used to achieve MIMO transmission with relatively low complexity.
GFDM has flexible design and is appropriate for small packet transmission. Big block
transmission is not recommended though, since the whole block has to be received and in turn
demodulated. Although GFDM is robust to ISI and ICI distortion, the non-orthogonal
condition within its structure makes this waveform vulnerable to transmission impairments
and the ramp-up and down of the filters [3.13],[3.15].
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Figure 30. PSD of a GFDM modulation example.
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In the table below, the strong and weak points of the discussed multicarrier waveforms are
comparatively represented. The network profile corresponding to indicative 5G-related use-
case scenarios that are related to the density of the user equipment devices that concurrently
access the same RRU is also included so as to investigate the possible matching of the
different waveforms -for each case.

Table 3. Post-OFDM candidate waveforms comparison

Waveforms
(higher number indicates better Scenario/Use Case

- performance)

eatures

Hotspot
Area

ISI tolerance falekal falekal falakal ** \/ \/ \/
ICI tolerance *x ex foll * v v
OoB side-lobes * xex o o
suppression
PAPR -> OoB side- * . o o
lobes power increase
frequency
synchronization errors |~ ** * o ok v V4
tolerance
CP/zP (spectral x e o o
efficiency decrease)
MIMO ** * *k*x *k*x V V V
implementation . * o . v
complexity
flexibility and
possibility of small *x * Fhx Fhx \/
packets transmission

The selection of proper multi-carrier waveform/waveforms, corresponding to the demands of
the targeted use case is important for achieving high performance. Thus, the correlation
between the pros and cons of the forenamed waveforms and the needs of the operation
scenarios should be considered. Although a more detailed description of the different use-
case parameters would be helpful in this direction, we can come to a few general assumptions,
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based on the information provided, till now. The most fundamental operation of all three use-
cases is Multiple-Input Multiple-Output (MIMO) transmission. The increase of the density of
antennas and users, though, scales up the system requirements. In the ultra-dense and the
hotspot area, channel impairments can be much more challenging to handle, leading to an
aggravation of ICI. The support of multiple users can be efficiently achieved by adjustment
of the transmitted packets to the individual conditions, resulting to the assumption that
flexibility and possibility of small packets transmission are crucial for the ultra-dense and
hotspot use cases. Especially for the hotspot area, the synchronization of the data received
from multiple points will be a challenge and contingent frequency synchronization failures
will have to be avoided. Finally, it should be taken into consideration that in cases with heavy
demands, like a hotspot area, the complexity of the signal generation should stress the
employed analog transceivers as little as possible.

Along with the candidate post-OFDM waveforms proposed for 5G cellular systems, an
approach to the features of such a multicarrier waveform is attempted. The duration of the
transmitted symbols is a crucial parameter for the system performance in wireless links.
Symbols with very small duration can be easily affected by multipath propagation, resulting
in ISI. 1S can be alleviated by the choice of symbols, a few times longer than the delay spread
(trms) of the channel [3.16]. The symbol duration, finally determines the number of sub-
carriers per band, as shown in (1), where Tsymbol refers to the symbol duration and dfc is the
spacing between subsequent sub-carriers.

1
Tsymbol = d_fc (1)

On the other hand, the use of spectrally narrow subcarriers, and thus long OFDM symbols,
can lead to phase noise related to frequency mismatches between the radio mixing units for
up-/down-conversion of the wirelessly propagated signal, which in high frequencies, included
the mmWaves can cause strong CFO to the received signals and severely impair the
transmission performance.

In the block diagrams below (Figure 31), indicative structures of a CP-OFDM and UFMC
transmitter and receiver are presented.
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Figure 31. Block diagrams of a CP-OFDM and UFMC transmitter and receiver.

3.3. Description of the DSP algorithms’ implementation for the
processing of CP-OFDM waveforms.

Among the various multi-carrier waveforms proposed for 5G implementations that have been
discussed in the previous paragraphs, the focus for the DSP algorithms’ implementation has
been put on the CP-OFDM format. The selection of this format was based on its compatibility
with LTE, low implementation complexity and suitability for multi-band transmission. The
implemented transmitter and receiver side block chains are shown in

Figure 32 and correspond to a complete processing functionalities’ portfolio supporting
single-band CP-OFDM signals generation and retrieval. An analysis of the main DSP
functions is provided in the following paragraphs.
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Figure 32. Block diagrams of implemented transmitter and receiver DSP chain.
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e CP-OFDM generation and demodulation

The DSP blocks represented with red colour in Figure 32, are used for the generation and
demodulation of the CP-OFDM signals. Specifically, the operations of these blocks are the
modulation of the QAM symbols, their mapping to orthogonal sub-carriers and the CP
insertion/removal at the transmitter side and the corresponding operations at the receiver side.
The above processing steps can be supported by standard algorithms, thus the critical step for
the definition of the signal generation and demodulation DSP blocks is the selection of the
waveform dimensions and more specifically the FFT length, the size of the QAM
constellation and the CP length. The criteria leading to the definition of the FFT size, the CP
length and the M-QAM modulation format, are discussed below, where a methodology of
defining the CP-OFDM parameters will be followed. Table 1 summarizes the targeted
specifications for CP-OFDM waveforms.

The delay spread of the 5G femtocells is the first parameter to be determined. Some
experiments that have been carried out at outdoor, urban environment, at close range
(corresponding to femtocells radius), using directional antennas, imply that in case of Line-
of-Sight (LOS) propagation the delay spread is less 20 ns. In Non-LOS (NLOS) propagation
or adverse channel conditions the delay spread can at most be 50ns [33], [34]. In case of CP-
OFDM, to minimize the effect of channel impairments, it is recommended that the length of
the cyclic extension be approximately Tcp=4xtrms and the symbol duration be Tsymbol =
4,8,16 or 32xTcp [3.17]. In addition, the size of the QAM constellation deployed, plays a
major role for achieving high values of capacity. The main criterion that determines the
possibility of detecting and demodulating high order QAM formats (QPSK, 16-QAM or 64-
QAM), is the SNR of the received signal.

Table 4. Implemented waveforms’ specifications.

‘ { CP-OFDM Waveforms’ Specifications

Band-size 200MHz/400MHz
FFT length 256

Cp-length 32

M-QAM format Up to 16-QAM

To facilitate the DSP engine development, CP-OFDM signals were generated in MATLAB
and evaluated under various scenarios. These initials studies focused on the validation of these
initial generation/demodulation transceiver’s components proper functionality, as well the
assessment of their impact to signal quality, in simulation environment. Figure 33 shows the
generated CP-OFDM waveform. Figure 33(a) depicts the spectrum of the digitally generated
signal, while the constellations exhibited in Figure 33(b), correspond to an indicative carrier

110



of the receiver-side 16-QAM modulated signal at the output of the FFT block. Through
MATLAB, Additive White Gaussian Noise (AWGN) was inserted to the signal to evaluate
the BER performance of the received signal versus SNR degradation, hence the possibility
for data recovery after the application of a FEC algorithm. Figure 33(b) depicts the effect of
the inserted AWGN to the points of the received constellations, for 40dB, 30dB, 20dB and
15dB SNR values. As expected, the SNR reduction results to deterioration of the constellation
quality. An important parameter that had to be defined was the minimum SNR value that
would allow successful signal demodulation. For this purpose, the EVM of the receiver side
constellations were measured, resulting to the EVM-SNR curve, depicted in Figure 33(d).
According to this curve, for successful 16-QAM transmission, the EVM limit of 11.5%, set
by 3GPP standards corresponds to SNR values of less than 15dB, for the specific CP-OFDM
waveform.

Finally, the calculated EVM values can be utilized for an estimation of the received BER,
leading to the BER curve depicted in Figure 33(d). For comparison purposes, the same
measurements were also performed for an f-OFDM signal with the same specifications as the
CP-OFDM signal, as this waveform can also be supported by the DSP toolbox that has been
implemented. The only difference between these two muti-carrier waveforms is that for the
generation of f-OFDM signals, the application of a low-pass filtering stage, after the insertion
of CP is required. There are two main filter categories met in the literature, the soft-truncated
sinc filters, including Hann and RRC window, and the equiripple filters based on the Remez
exchange algorithm [3.18]. Taking into account that equiripple filtered signals are prone to
ISI and the extended use of rrc filters, the latter was the filter of choice in 5GPhos. Since a
RRC filter is applied to the signal in the transmitter side, a symmetric RRC filter must also be
applied to the receiver side as well before the CP removal. For the current study an 28-tap
RRC filter was applied. As it can be seen in Figure 33(c), the insertion of the f-OFDM filter
enhances signal robustness. Taking into account the characteristics of the f-OFDM signals
and the distortion generated by the RoF and the wireless link, proper selection of algorithms
for signal pre-distortion, synchronization and equalization can be performed.
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15dB SNR values, (¢) BER curves for f-OFDM and CP-OFDM, and (d) EVM-SNR curve for CP-OFDM
signal.

e Timing and frequency synchronization

A major drawback of multi-carrier waveforms transmission is their susceptibility to
synchronization errors, both in time and frequency domain. Timing synchronization failures
refer to imperfect detection of the initial sample of an OFDM symbol, leading to applying the
FFT algorithm to a time window slightly shifted, hence including few samples of the previous
or the next OFDM symbol while missing few samples of the symbol to be processed.
Frequency synchronization failures, correspond to frequency shifts of sub-carriers caused by
misalignment between the RF frequencies of the local oscillators, described by the term
carrier frequency offsets (CFO), or by errors in the sampling frequencies of the transmitter
and receiver converters, called sampling frequency offsets (SFO). In all cases described
above, both ISI and ICI are introduced to the signal, resulting to severe, accumulating, signal
degradation, making it difficult for the next in chain DSP blocks to process the signal
effectively.
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The first processing step after signal reception is the time domain FFT window
synchronization (see Fig. 1). The operating principle of this block relies on identifying in the
received signal an expected time domain sequence or some form of repetition. For this
purpose, both a preamble and a Cyclic Prefix (CP) are used. The preamble is utilized by the
DSP algorithms dealing with synchronization issues and channel estimation and consists of
one or more well known to the receiver symbols. These symbols are transmitted before a
sequence of a specific number of data symbols and again before the next data sequence of the
same length. Thus, ADC sampling errors may affect only few data symbols, instead of
accumulating during the signal transmission and distorting the signal even more over time.
Moreover, preamble retransmission provides information about signal characteristics, such as
frequency offsets which are useful for frequency synchronization. The selected preamble for
the current work consists of 2 symbols, which can also be used for CFO compensation, as
described below. These two symbols are retransmitted before every 8 data symbols, forming
a frame of 10 symbols, similar to other wireless standards, such as LTE and 802.11.

To achieve timing synchronization, the first step is to track the preamble in the received signal.
This is done through a correlation algorithm being executed at the receiver side, which
compares the known preamble with successive windows of the received samples of length
equal to the preamble. The points, at which the correlation function becomes maximum,
correspond to the beginning of a 10 OFDM-symbols length frame, including the preamble.
To experimentally test the performance of this algorithm, an AWG was used to generate
multi-carrier frames while a Real-Time Scope served as a receiver. Figure 34(a) shows a
graphical representation of the obtained results for the correlation function. The fact that the
distance between two maximization points is equal to the length of an OFDM frame confirms
the algorithm’s proper operation.

The algorithm described above correctly indicates the beginning of the OFDM frames,
enabling a coarse calculation of the first sample position of each OFDM symbol. Nonetheless,
a slight misalignment of the FFT window can occur for few OFDM symbols when this method
is applied, leading to undesired ICI. As such, a “second stage” algorithm for detection of each
symbol is usually applied. The latter is based on the repetition of the CP, correlating sample
sequences of length equal to the CP length and distance equal to the FFT length minus the CP
length. The maximization of the correlation function indicates the detection of the initial
sample of the OFDM-symbol CP, and by extension the FFT window. Figure 34(b) depicts the
CP-based synchronization algorithm experimental results. The correlation function peaks
appear at a distance equal to the OFDM-symbols length, as originally expected, validating the
algorithm’s functionality.
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Figure 34. Preamble-based timing algorithm and (b) CP-based synchronization algorithm experimental
results.

Following timing synchronization, the correction of frequency shifts is the next step towards
OFDM signal synchronization. As previously mentioned, CFO result to severe signal
degradation and demand algorithmic treatment. Frequency offsets caused by the up- and
down-conversion frequency misalignment may lead to a frequency shift of the signal
spectrum and as such, to a misalignment of the receiver FFT taps with the received signal
sub-carriers. In addition, the orthogonality between the sub-carriers is lost and ICI occurs.
This frequency shift is constant over all the sub-carriers and increases linearly in the time-
domain. Thus, most methods aiming at CFO compensation are being applied in the time
domain. A widespread technique, which will also be used in the current DSP chain, is based
on the calculation of the phase difference between two successively transmitted identical
symbols, namely the Preamble symbols. An autocorrelation function is utilized for the
measurement of the phase offset between every transmitted sample of the first preamble
symbol and the corresponding sample of the second preamble symbol. An average of the
measured frequency shifts is calculated and applied to the received samples of the respective
OFDM frame. The corrective frequency offset is inserted to the signal, by means of a phase
rotation, linearly increasing over time.

For the evaluation of the previously described algorithm, the digitally modulated and up-
converted multicarrier waveform was extracted before digital-to-analog conversion by the
AWG and digitally down-converted and demodulated with the use of MATLAB. For the
down-conversion process, varying IF values, slightly shifted from the up-conversion
frequency, were used, leading to CFO. Figure 35 depicts the signal under the impact of CFO,
with and without the correction algorithm application, for a 5SMHz and 10MHz frequency
offset. It can be clearly seen in the figure that the use of the proposed algorithm has
significantly improved the received signals quality.
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Figure 35. CFO effect and algorithmic correction for a 5MHz and a 10MHz offset.

e Tx pre-compensation and Rx equalization

Any transmission means can be considered a combination of two effects: the deterministic
response imposed by the channel and the random changes introduced by the noise. To
reconstruct the propagated signal, the receiver must be capable of reverting the channel
response and ideally minimizing the impacts of channel noise. This procedure, known as
equalization, is an essential step towards signal recovery. In this section, a set of methods
aiming to the reconstruction of CP-OFDM modulated signals are being discussed. These
methods benefit from the OFDM format’s structure and more specifically, the parallelization
of the data into a set of lower bit-rate channels which are affected by a quasi-flat frequency
response [3.19].

To achieve correct demodulation of the received signal, an estimation of the inverted channel
response has to be calculated and applied to the signal, minimizing the impact of the channel
noise and frequency selectivity. The term “channel” refers to the whole transmission link
which may include the length of the SSMF fiber, the radio units, but also any electro/optical
conversion and amplification stages, in the case of Fiber-Wireless transmission. The
previously mentioned processes can be implemented either at the receiver side, through the
means of an equalization filter, or at the transmitter side, deploying a pre-distortion filter.

A significant advantage of multi-carrier waveforms is their robustness to chromatic dispersion
and wireless link multipath effects. Moreover, thanks to the cyclic prefix insertion to the
transmitted CP-OFDM symbols, the time-domain signal presents periodicity which allows for
a much simpler channel estimation in frequency domain. Thus, the receiver side equalization
can be performed by a single-tap filter. In RF systems, an estimate of the channel impulse
response is usually extracted by the transmission of pilot sub-carriers. The pilot sub-carriers
can be whole CP-OFDM symbols like the preamble symbols, part of few symbols of the
frame, or specific sub-carriers of every CP-OFDM symbol. The latter method of pilot
mapping was adopted for the presented implementation. In general, the number of pilots
required depends on the transfer function of the wireless channel and the frequency of fast
fading. To properly define the equalization requirements of the developed DSP chain, an
experimental investigation relying on converged A-IFoOF/mmWave transmission was
performed, which resulted on the use of 21 pilot subcarriers evenly distributed among 200
data carriers.
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As far as the channel estimation algorithm is concerned, two widespread schemes commonly
applied in RF systems are discussed below.

= Zero Forcing (ZF) method

This scheme attempts to minimize inter-user interference by comparing the received pilot
values with those ideally expected and estimates the channel impulse response for all the
transmitted sub-carriers by means of interpolation. The computation complexity of this
algorithm is low, resulting in its application in many operating systems, like LTE. However,
by focusing on minimizing the interference, the received power at the user suffers, thus
leading to an SNR decrease.

=  Minimum Mean Square Error (MMSE) method

This method offers a balance between increasing SNR on the receiver and reducing
interference. This approach is the most complex in terms of signal processing power
requirements. It introduces a regularization term to the optimization that allows for a balance
point to be found between the noise covariance and the transmitted power. The regularization
term arises from an initial modeling of the wireless link, which is in most cases inevitable.
The lack of this knowledge is the main reason for which its implementation is more complex
than this of a ZF estimator. Sometimes, it is also referred to, in literature, as regularized zero
forcing.

3.4. Integration and experimental evaluation of developed DSP
toolbox

In this section, a set of initial experimental results, captured after fiber and converged A-
IFoF/V-band air transmission, are presented. These experimental studies aimed to evaluate
the DSP assisted A-IFoF concept for efficient accommodation of both single and multiple
radio signals, using commercial off-the shelf electronic/photonic components, employing the
CP-OFDM modulation format. Prior to the description of the experimental layouts that were
deployed for analog fiber and FiWi transmission performance evaluation, the key components
of these layouts, used for electro-optical conversion and vice-versa, as well the radio boards
and antenna units that served the IF-to-RF conversion and wireless propagation will be
described.

3.4.1 IM/DD electro-optic units for A-1FoF links

In the deployed analog testbeds, highly linear optoelectronic units were used to realize an

IM/DD communication strategy. In more detail, the use of an Electro-absorption Modulated
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Laser (EML)-based analog IFoF transmitter was selected as a cost effective, integrated
solution that has been extensively proposed for the emerging densified 5G network topologies
[3.20], as also discussed in previous sections. Despite the benefits of using EMLSs, in terms of
cost-/power- efficiency, there are still some challenges related to their electro-absorption
performance, which typically degrades under high incoming optical power, due to saturation
effects induced by slow sweep-out time of photogenerated carriers.

Here, using a standard Phosphorus-based material process as detailed in [3.21], a linear high-
power EML was employed, featuring a 500um-long DFB laser and a 150um-long EAM
monolithically integrated on InP substrate, as shown in Figure 36. The EML was assembled,
and wire bonded on a Temperature Controlled (TEC) Printed Circuit Board (PCB) for testing
at chip-characterization probe stations. A detailed characterization of this prototype EML
unit, developed by Il1-V labs, has been reported in [3.22], including the measured output
power, power-voltage (P-V) curve and frequency response. The emission wavelength of the
EML was 1557.3nm with an output power of 5.8 dBm, when operated at 200C and 100mA
current injection, while featuring a Side Mode Suppression Ratio of 50 dB. The obtained P-
V curve for increasing voltage values reveals a linear response with more than 10 dB
Extinction Ratio (ER) between the -1V and -2V region, while the S21 frequency response of
the EML when biased at around -1.5V reveals a 3dB bandwidth of 17 dB.

Figure 36. Microscope image of the fabricated EML on a PCB, probed with a GSG tip and DC-needles

At the receiver side, a commercial off-the-shelf photo-receiver was used to detect the analog
optical signals, providing thereby the radio waveforms to the mixer stages of the radio boards,
that were used for the establishment of wireless connectivity. More specifically, a 10GHz
photoreceiver comprising an Avalance Photodiode (APD) and a Transimpedance Amplifier
(T1A) was used for optoelectrical conversion of the received A-1FoF signals.

3.4.2 mmWave radio equipment for converged FiWi transmission

For the wireless propagation of the IF complex up-converted waveforms, a set of mmWave
IF-to-RF up-/down-converters, connected to VV-band directional antenna modules were used.
A block diagram of the V-band mixing boards is shown in Figure 37. In order to generate the
V-band carriers, numerical controlled oscillators provided a lower frequency carrier which
was then quadrupled within the converter’s internal circuitry. For the upconverter, after
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mixing the input IF with the carrier, a two-stage amplification stage (Driver and Power
Amplifier) was used prior feeding the antenna element. On the other side, at the down-
converter, a low-noise amplifier after the antenna was providing the input to the mixer. The
mixer output was the IF down-converted signal. On each side, the LO, the mixer and the RF
amplifiers were integrated on a single Tx/Rx board. As a result, two identical boards were
used to establish the link. The IF to RF gain of the boards ranged from 20 dB to 38 dB and
both converters had a nominal noise figure of 8 dB at maximum gain. Finally, standard
pyramidal gain horn V-band antennas of 23 dBi gain and 10° beamwidth were employed for
OTA propagation. The antennas, together with the up- and down-conversion units, were
mounted on wooden tripods and kept fixed at a height of 1.4 m above the floor.
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Figure 37. Block diagram of the mmWave up- and down-converter circuit.

3.4.3 Experimental performance of single-/multi-band analog
Fi/FiWi transmission

The first evaluation step of the investigated DSP-enabled analog Fi/FiWi topology involves
the transmission of multicarrier waveforms, generated, and demodulated by standard
commercially available tools. To this extent, we used an AWG to generate CP-OFDM signals
for both single- and 4-band transmission scenarios. The signal modulation was performed by
the control software of the employed AWG device, which was a Keysight M8195A generator
with 30GHz analog bandwidth and sampling rate of up to 64GSa/s. 16QAM modulation
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scheme was applied to the sub-carriers multiplexed with a 1024-tap FFT. Each band occupied
a bandwidth of 400MHz, while being transmitted at a rate of 500MSa/s after the insertion of
zero subcarriers at the edges of the waveform. For baseband-to-IF up-conversion, the IF value
employed for single-band transmission was 5 GHz, while for the multi-band transmission, the
IF values were set at 2.87 GHz, 3.29 GHz, 3.71 GHz and 4.13 GHz. The data carriers were
833 out of 1024 and no pilot carriers were used at this experimental study since channel
estimation and equalization algorithms were not used. The CP added to the signal had a length
of 0.0625 times the OFDM-symbol length, corresponding to 64 samples. 2 symbols were
repetitively transmitted, one of which was a preamble. At the receiver side, a Keysight DSO
X 93304Q, with 33GHz analog bandwidth and up to 80GSa/s sampling rate, was used for
signal detection. Demodulation of the received waveform was performed via the RTO
embedded data analysis software (VSA software). The DSP functions applied through the
software were the minimum, including demodulation and synchronization. The signal
synchronization was performed with the aid of the CP.

Figure 38 depicts the set-up deployed for the evaluation of the OFDM transmission over the
Fi-Wi link. The analog waveform generated by the employed AWG device was fed to the
monolithically integrated high power EML module, which was responsible for electrical-to-
optical conversion. After only few meters of SSMF fiber transmission, the optical signal was
fed to the 10GHz photoreceiver. Finally, the IF modulated signal at the output of the
photodetector was wirelessly propagated at 5m, by means of the V-band radio units described
in the previous paragraphs.

10GHz 10GHz 60G Tx 60G Rx
bandwidth bandwidth Antenna Antenna

SMF - '
EML = Photoreceiver —- Resa;;:;: °

Figure 38. Experimental set-up of the Analog Fi-Wi link for CP-OFDM transmission.

AWG

Figure 39 depicts the RF spectrum, constellation diagram and the EVM value per sub-carrier,
of the electrical back-to-back signal. For these measurements the AWG device was directly
connected to the RTO. The mean EVM value of all data subcarriers of the captured CP-OFDM
signal was 1.9%.
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Figure 39. RF spectrum, constellation diagram and EVM measurements per carrier of the electrical signal at
the output of the AWG.

Figure 40 shows the results after mere optical transmission. In this initial experimental phase,
the possibility of optically transmitting the OFDM waveform even without advanced signal
processing tools is indicated, achieving decent signal quality. Moreover, multi-band
transmission severely distorts the signal, which presented a mean EVM value of 4.38% in the
case of single-band transmission. This value is significantly decreased, compared to the EVM
values of 4-band transmission, as shown in Table 5. This observation verifies the theoritically
expected high out-of-band spectrum leakage of the CP-OFDM waveform, being one of the
reasons why the insertion of a pulse-shaping filter would be necessary in a bandwidth
aggregation scenario that rally on multiple transmission bands. In contrast to the optically
transmitted waveforms, the data captured after FiWi transmission could not be demodulated,
without the use of an equalization stage.
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Figure 40. A-IFoF transmission results, including a) single-band transmitted bandwidth, with indicative
constellation and b) EVM per sub-carrier, c) 4-band transmitted bandwidth, with indicative constellation for
ch2 and d) EVM per sub-carrier for ch2.

Table 5. Mean EVM measurements for all transmitted bands.

Mean EVM rms (%)

1 14.2
2 14.7
3 17
4 14.1

The next step of these proof-of-concept FiWi experimental activities was the replacement of
the AWG device, with a real-time processing engine, which combined with the employed
EML modulation unit, served as an analog IFoF transmitter. The experimental evaluation of
this analog transmitter in both fiber and FiWi transmission cases was the first step towards
the deployment, study and demonstration of real-time analog links operating along deployed
operators’ infrastructures, as presented in following sections.
The core element of the analog IFoF transmitter was a Xilinx Zynq Ultrascale+ RFSoC device
on ZCU111 development board [3.23], which was used to implement the transmitter side DSP
in real time. The RFSoC device offers an embedded hardware platform for the deployment of
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the FiWi transmitter, significantly alleviating performance and development costs. FPGA
circuit design relied heavily on pipelining techniques at multiple levels: task-level pipelining
was employed between successive functions in the DSP chain while, at low RTL level, deep-
pipelining techniques were applied to increase the operating frequency of the micro-
operations in each processing block/function. Additionally, to increase the throughput of each
block, the arithmetic operations were parallelized while evaluating its mathematical formulas.
At higher-level, a flexible interface was developed to be attached both to the Ethernet core of
the FPGA and the embedded CPUs. The employed RFSoC device is depicted in Figure 41.

il cables
' extension

Figure 41. Pictures of the RFSoC platform.

Figure 42 shows the experimental setup that was used to evaluate the FiWi link, consisting of
three main blocks: the analog IFoF transmitter, the fiber/wireless downlink transmission
segment and the evaluation stage. The transmitted signals are CP-OFDM modulated signals,
generated using a fixed 256-tap inverse Frequency Fourier Transform (iFFT) algorithm. The
FPGA clock was real time adjusted at 256 MHz or 500MHz, corresponding to the transmission
of 204 MHz or 394 MHz useful bandwidth, after zero-padding (52 out of 256 sub-carriers).
The above band sizes were selected having in mind the 3GPP New Radio (NR) specifications
[3.24]. Since the FFT size was kept fixed, minimizing the use of the FPGA resources, the sub-
carrier spacing was adapted to the clock frequency, resulting to 1MHz spacing for the 204
MHz Band and 2.1MHz for the 398 MHz band. The modulation format of the sub-carriers
was real-time adjusted to QPSK or QAM16. A cyclic prefix of 64 samples length was inserted
to the signal before the Digital to Analog Converter (DAC). The RFSoC’s DAC (sampling
rate up to 4Gsa/s) generated analog IF signals at a central frequency of 750 MHz through a
digital up-conversion stage, The output of the RFSoC, was measured to have a voltage swing
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of 390mVpp and was further up-converted at 3.5GHz IF, via an analog frequency up-
conversion stage, composed of an active mixer and a local oscillator.
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Figure 42. Fi-Wi transmission experimental setup.

The output of the active mixer was then connected to the RF port of a bias tee responsible to
drive the Electro Absorption Modulator (EAM) segment of EML. The driving voltage for the
EAM section of the chip was set at 560mVpp, whereas the reverse bias voltage of -0.63V was
used to ensure linear operation. The laser segment of the EML was injected with 110mA
current while operated at 23.6° C, providing +2 dBm of optical power at emission wavelength
of 1560.42nm. The optical output was then transmitted over a fiber spool of Standard Single
Mode Fiber (SSMF). The IFoF signal of -3.5 dBm was detected by an off-the-shelf 14 GHz
linear photoreceiver after its propagation over up to 25-Km SSMF spools. The photoreceiver
output was connected to the IF-to-mmWave upconverter radio board operating at 60-GHz and
the V-band directional transmitter-side antenna module (Tx-antenna), discussed in the
previous paragraphs. The identical Receiver-side antenna module (Rx-antenna) located in a 3
m horizontal distance was used to receive the mmWave radio waveforms and the mmWave-
to-IF downconverter was connected to a Real Time Oscilloscope. At the receiver side, off-
line DSP was applied to the signal, including demodulation of the received OFDM symbols,
as well as a Zero-Forcing (ZF) equalization algorithm. For the channel estimation, 21 pilot
sub-carriers multiplexed with the data subcarriers were also transmitted.

Figure 43 depicts the EVM performance of the transmitted OFDM-based IFoF signals after
the 7km, 25km fiber link as well a set of obtained constellation diagrams after the post-
processing chain. Taking into account that the Error Vector Magnitude (EVM) measured at
the electrical Tx output was 3% for the QPSK-OFDM format and 3.9% for the QAM16-
OFDM signals, the short reach optical part of the setup, including the EML, the 7km SSMF
and the 14GHz photoreceiver, degrades the 204MHz signal performance by 3.8% (for the
QPSK-OFDM) and 3.7% (for the QAM16-OFDM) and the 398MHz signal EVM by 4.3%
(for the QPSK-OFDM) and 4.5% (for the QAM16-OFDM), indicating the absence of strong
limiting effects related to the active electro-optic modules response or to the fiber
transmission. By extending the fiber spool link from 7-Km to 25km fiber link, the obtained
EVM penalty was slightly increased by less than 2.5%. This added EVM penalty mainly
originated from the lower received optical power linked with the fiber loss, since the
dispersion-induced power fading can be neglected for this low IF carrier frequency [3.25].
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Figure 43. (a) EVM values for 204 MHz BW after 7km and 25 km fiber transmission, (b) Constellation
diagrams for 204 MHz BW after 7km and 25 km fiber transmission, , (c) Constellation diagrams for 398 MHz
BW after 7km and 25 km fiber transmission and (d) EVM values for 398 MHz BW after 7km and 25 km fiber
transmission.

The second part of the present experimental study focused on the performance evaluation of
a DL scenario by exploiting the deployed fiber-Wireless topology. Figure 44 illustrates an
EVM bar diagram of the QPSK-OFDM and QAM16-OFDM modulated radio for both 204
MHz and 398 MHz bands after 25km fiber transmission and OTA transmission over 3m
horizontal distance using V-band radio equipment. The introduction of the active V-band
radio part and of the link, caused an increase of the EVM performance of our link by less than
1.1% for the 204 MHz band, whilst the EVM performance was degraded by less than 2.5%
for the wider version of radio bands at 398 MHz band. The above EVM penalties are mainly
associated with the IF/mmWave radio boards that included Power Amplifiers (PAs) and
complex frequency translation stages [3.26]. It should be also mentioned that higher order
QAM OFDM waveforms occupying wider bandwidths suffer from severe distortion reflected
into their higher EVM values, while the presence of nonlinear distortion was also evident in
all 16-QAM constellation diagrams. Nevertheless, the transmission in all cases was successful
according to the 3GPP specifications for systems that employ radio transmission at
frequencies >28 GHz [3.24].
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CHAPTER 4.

Analog fiber-wireless downlink transmission of
IFoF/mmWave over in-field deployed legacy PON
infrastructure

In order to respond to the numerous, continuously emerging capacity-intensive applications
and mobile broadband services [4.1], MNOs are constantly focusing on the adoption of next
generation mobile network technologies and infrastructure expansions as means to increase
network capacity. These network upgrades, however, will not be enough to meet the rising
capacity demand, without the adaptation of fronthaul alternatives, that can surpass the widely
discussed capacity and scalability challenges of (Common Public Radio Interface) CPRI-
based deployments [4.2]. To make this transition towards new fronthaul interfaces
economically viable for the infrastructure owners, the concurrent and even co-operative
operation of heterogenous technologies and transport layouts, within the quite mature,
standard Radio Access Network (RAN) environment should be pursued and validated in real
field-experiments.

4.1. Fiber-Wireless A-RoF/mmWave links overlaid in a legacy PON
infrastructure

As presented in the previous sections, Centralized Radio Access Network (C-RAN)
topologies are currently considered the most promising means for densification of the access
points and the mobile network with reduced deployment costs, by introducing a pooling of
enhanced baseband processors at a centralized location capable of serving multiple radio
stations at the end points with statistical multiplexing of hardware resources. Following the
above rationale, the passive optical network (PON) currently appears to be an appealing
optical candidate transport solution, benefitting from wide deployment and inherent support
of point-to-multi-point (PtMP) network topologies with efficient use of fiber installations.
Consequently, working towards achieving RAN densification with 5G traffic overlaid on
PON networks, poses the requirement to overcome the bandwidth-hungry nature of the PtP
CPRI standard, as it would induce excessive costs for mobile network operators [4.3].

In general, the development of analog fronthauling schemes allows for more spectrally
efficient and cost-effective transportation of mmWave radio links with immense 5G wireless
traffic, bearing also promise for developing a unified and truly converged optical network
capable of transporting both legacy traffic, coming, e.g., from fixed broadband services, fiber-
to-the-home (FTTH), or 4G CPRI-based traffic, as well as traffic stemming from emerging

129



5G optical transport streams, towards true fixed mobile convergence (FMC) with deployed
mmWave radio links. Towards implementing the above FMC vision, two main approaches
that have been taken into consideration, based on variable functional splits, e.g., being
promoted and standardized by the enhanced CPRI (eCPRI) protocol, are the following. The
first approach is associated with 7.x layer splits and Ethernet-based fronthauling solutions that
introduce some form of packetized traffic to reduce the capacity requirements. Collaborating
with the first one, the second approach includes alternative low layer transport schemes, such
as the analog radio over fiber (A-RoF) solution that is being presented in the current thesis.

The reuse of the legacy PON infrastructure in support of 5G fronthauling architectures has
been extensively investigated. Fronthaul via 25G WDM-PON, which is an integration of
WDM and TDM-PON, is the most prominent solution to address the increased hardware
requirements of 5G networks, due to its compatibility to the eCPRI protocol in terms of
interfacing, rates and latency, as well as its simple operation and large scalability regarding
future deployments [4.4]. For the D-RoF transmission, the PON infrastructure can
accommodate both the data transmission and the processing functions required. In such a
topology, however, the units that are responsible for the prioritization and time multiplexing
of both the PON and the 5G traffic can significantly increase the latency of the 5G streams,
in case the PON traffic rises. In such a scenario, an exclusively D-RoF based topology may
fail to accommodate 5G services demanding ultra-low latency.

A-IFoF is a promising candidate for the implementation of low-latency 5G networks, enabling
centralized processing, hence the removal of processing functions from the fiber-to-wireless
(and vice-versa) transition nodes, being the PON terminals in the studied FMC topology. To
benefit from the advantages of both A-IFoF and D-RoF implementations, their coexistence
over the PON infrastructure has been discussed and experimentally demonstrated in [4.5].
TWDM-PON is a compliant topology with this hybrid RoF scheme, as it can benefit from the
allocation of the unused ITU-T channels to the A-IFoF waveforms, expanding also the
exploited bandwidth.

Focusing on the analog part of such a hybrid-RoF transmission over PON, a DL/UL solution
was investigated, which exploits the legacy infrastructure’s deployed fiber links, without
requiring support from its processing nodes. In this coexistence solution, the existing
Mux/Demux devices enable the establishment of point to point WDM pairs of channels
connecting the MSA nodes with the remote sites. This A-IFoF-based investigated solution,
requires only analog-processing at the remote site (optical detection and IF-to-V-band
conversion for the DL, V-band-to-1F conversion and optical modulation for the UL), relaxing
it from any digital processing.

The following paragraphs focus on the demonstration of a seamless analog Fiber-Wireless
(Fiwi) transport link, employing A-IFoF signals over an FMC topology deployment of
Telecom Italia’s (TIM’s) PON legacy infrastructure, directly connected to a mmWave
wireless link, recirculating traffic between Ethernet-compliant analog IF-transmit interfaces
of an FPGA at the network nodes. It should be mentioned that the downlink (DL) operation
of the presented FMC topology was experimentally demonstrated.
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4.1.1 PtP and PtMP Fiber-Wireless Distribution Architectures over
PON Infrastructures

The increasing demand for high-speed services to residential customers motivated the
introduction of fiber-to-the-cab (FFTC) or FTTH architecture over PONs in the access
segment [4.6], where the significant costs of excavation, installation, and supply of new
infrastructures impose the maximum reuse of existing investments [4.7]. In urban areas, the
passive fiber optic infrastructure for residential FTTH can provide the enabling platform to
overlap an optical wavelength-differentiated layer on current traffic systems. In PON
standards, this coexistence is facilitated by an appropriate wavelength plan for each system
as specified by ITU Telecommunications Standardization Sector (ITU-T) Recommendations
[4.8]. Mobile fronthaul or mid-haul are possible beneficiaries of this new layer availability
[4.9]. Moreover, resources for these new connectivity segments are to be found not only in
the optical but also in the wireless domain according to sites’ placement and infrastructural
constraints, service penetration, and bandwidth requirements.

Site approvals for locations in dense urban environments are getting increasingly difficult,
and requirements for a variety of installation options, enabling fast and invisible deployments
and sharing existing infrastructure, are continuously increasing. If small cell deployments and
5G hotspots can exploit existing assets where power already exists, such as public lighting or
information kiosks [4.10], it is not necessary for a fiber connection to be available everywhere
for their fronthauling. In this direction, a practical solution has recently been presented in
[4.11], where an analog converged fiber-wireless scheme is proposed in order to create a
spectrally efficient PtMP network capable of wirelessly interconnecting a large number of
access points, without the need for expansive fiber deployment, while allowing compatibility
with eCPRI traffic and/or mature Ethernet-based low-cost equipment.

As such, mmWave technologies have recently been introduced as x-haul for outdoor urban
small cells [4.12], enabling low-latency connectivity over hundreds of meters. Smallcell

layer coverage can be provided in a PtP and/or PtMP architecture from a centralized rooftop
towards mmWave access points whose antennas have configurable steerable and shaped
beams to minimize energy consumption, limit interference, and focus capacity to where it is
needed. The rooftop is fed through an optical link, provided by a dedicated fiber or using a
shared PON infrastructure, forming a PtMP fiber-wireless architecture able to provide either
fronthaul, mid-haul, or backhaul functionalities in the analog domain, taking advantage of A-
RoF’s inherent low latency and spectral efficiency while maintaining compatibility with the
eCPRI’s central unit/digital unit/radio unit architecture [4.11]. To better exploit
configurability as a function of coverage, capacity, and cooperation while minimizing at the
same time latency in transport and in protocol mapping, an overall integrated solution is
advisable, with the same data format on the wireless section and on the wired optical one.
Furthermore, a PtMP architecture allows for cooperative sharing of capital expenditure
(CAPEX) investment.

The native OFDM radio signals suited for over-the-air (OTA) mmWyve propagation in the 60
GHz band, properly down-converted to an IF below 10 GHz, can be transported as in the
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optical section as an A-IFoF signal [4.13]. The use of an IFoF transport layer based on 10
GHz electro-optic (EO) bandwidth units has been selected allowing for higher spectral
efficiency compared to the optoelectronics needed for generating and detecting A-RoF signals
at mmWave frequencies. Despite being a proprietary signal, this architecture allows for PtMP
transparent transport from a CRAN distributed unit to a pool of mobile sites, implementing
an end-to-end fronthaul, mid-haul, or backhaul according to the functional split chosen by the
mobile stack [4.14], while enabling C-RAN-inherent CoMP capabilities, already
demonstrated in A-RoF wired [4.15] and fiber-wireless transmissions [4.16], offering
multiple input—multiple output (MIMO) processing directly on the radio signal [4.11].

Finally, and perhaps mostly important for the future, promoting the approach of disaggregated
nodes with software virtual network functions (VNF) and commercial off-the-shelf
components, FiWi and fiber-to-the-cabinet/home (FTTX) services can be provisioned and
operated on a common multi-service access (MSA)-node hardware, with specified and
dedicated transceivers carrying the optical-to-electrical (and vice versa) functionalities [4.17].
Besides the optical transceivers the proposed FPGA implementation for the Ethernet-to-1FoF
conversion can also be integrated with the switching and computing resources devoted to
optical line termination (OLT) line cards [4.18], thereby maximizing the gains of shared
infrastructure at the MSA node.

4.1.2 Deployed PON Infrastructure

Through this work, the IFoF/V-band transport layer of our proposed architecture is
experimentally demonstrated over TIM’s PON deployed fiber infrastructure as shown in
Figure 45 (a). For the needs of this field demonstration, the passive fiber infrastructure is a
WDM layer overlapped over the in-field FTTH architecture of TIM in Turin, while the Fiwi
equipment has been deployed within the 5G-PHOS H2020 project [4.19]. Considering the 5G
networks’ low-latency restrictions, up to 20 km IFoF transmission over the deployed
infrastructure can be supported [4.20].

The optical legacy PON infrastructure in TIM is part of the deployed optical access network,
carrying FTTC and FTTH services to business and residential users (Figure 45(b)). Two levels
of optical splitters are included in the optical distribution network (ODN), usually two 1:8
power dividers, that allow for a maximum number of 64 users for each OLT port of the PON
tree.

The first level of splitting is deployed in a cabinet in the street (Figure 45(b)), while the second
one is provisioned usually inside buildings. Two different splitters are deployed in the cabinet:
a 1:4 and a 1:8 splitter (Figure 45(d)). The optical connection has an insertion loss of around
10 dB for a 1:4 splitter and 13 dB for a 1:8 splitter. These values include splitter loss, fiber
loss, and points of flexibility loss under the sidewalk and in patch panels inside buildings.
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Figure 45. (a) FiWi architecture over legacy PON. (b) Schematic view of the in-field optical infrastructure. (c) Street
cabinet installation in Turin. (d) Splitters located in a sub-unit of the cabinet rack.

In the network exchange, residential traffic is running bidirectionally over a single fiber by
means of 10-gigabit-capable symmetric passive optical network (XGSPON) (10G
symmetrical) interfaces in commercial multi-service access equipment using wavelength
allocation in Figure 46(a) for discriminating uplink (UL) and downlink (DL) (1270 nm for
the downstream wavelength, 1578 nm for the upstream wavelength). In the optical
distribution panel in the main network exchange, a coexistence filter (CEx) allows for
wavelength overlapping of different layers of PON systems. As shown in Figure 46(b), the
CEx has less than 1 dB of insertion loss/port and more than 60 dB of rejection of other bands.
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Figure 46. (a) PON wavelength bands according to ITU-T Recommendation G.989.2 and (b) CEx insertion loss as a
function of wavelength.

Using a 100 GHz grid over the upstream Next-Generation PON 2 (NGPONZ2) transmission
window, as specified in ITU-T G.989.2 [4.8], more than 10 bidirectional channels can be
allocated in the 1530-1544 nm window (196.1 to 194.2 THz, 20 carriers, 10 ULs and 10 DLs).
The exploitation of the NGPONZ2 band for this kind of application is promoted by the fact that
NGPON2 time- and wavelength-division multiplexing (TDWDM) systems have not been
massively deployed yet, and their introduction is time after time being postponed due to the
relative high cost of the solution; the upcoming bandwidth request for dense WDM (DWDM)
fronthaul could likewise benefit from the huge market of C-band DWDM transceivers. A
further 10 channels are available in the same band by using the downstream window around
1596-1603 nm, but this option has not been considered in this work; it is viewed as a potential
future expansion band.

By considering a launch optical power value of +10 dBm-like NGPON2 optics [4.8] and a
sensitivity around -13 dBm, an overall span budget of 23 dB can be exploited, including
transmission penalties (due to dispersion, in-band and out-of-band crosstalk) and WDM layer
insertion losses as shown in Table 6. The link budget can be allocated between splitter losses
(D) and fiber attenuation (F) in the ODN, plus the interconnections of splices and panels (E).
Both plain and angled connectors are deployed in the patch panels of the ODN. The WDM
layer accounts for around 3 dB, leaving a further 2 dB margin for extra losses or for coping
with low-performance transmitters and/or detectors.
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Table 6. WDM layer insertion losses

Component 7 [dBm] { [dB]
Tx power 10
A - WDM MUX and DEMUX loss
B — CEx loss
C — transmission penalties

D — 1:8 splitter loss

E — connectors, splices (N x 0.5 dB)
F — fiber attenuation (10km)

WDM layer IL (A - B)

Overall span budget (C - F) 18
Margin 2

W IW| O INIFL DN

Rx power -13

To complete the overall description of the legacy infrastructure, a 1 GbE (Gb Ethernet) basket
of services is provided to customers, including high-priority video, best effort Internet, and
Voice over Internet Protocol (VolP). Packet loss, throughput, and latency have been
continuously measured during the experiment by means of a data quality analyzer feeding test
traffic bidirectionally both into the MSA node and in a selected end-user 10-gigabit-capable
symmetric (XGS) ONT.

Finally, for the establishment of bidirectional DL/UL links over the proposed converged FiWi
link, the received traffic at the rooftop site can be mapped to analog IF signals for wireless-
fiber transmission. For the wireless UL stream transmission, frequency-division duplexing
(FDD) can be adopted. FDD has been widely used in deployed mobile networks and
combined with massive-MIMO, and beamforming techniques have been discussed as a
promising method of maximizing throughput for 5G New Radio (NR) [4.21]. After wireless
reception and RF-to-IF down-conversion, the upstream can be optically modulated to
wavelengths exclusively dedicated to the UL operation, minimizing the interference with the
DL and propagated over the PON infrastructure. In both transmission directions, the 5G traffic
propagates over individual IF data streams, uncorrelated to the legacy traffic, until their WDM
multiplexing through multiplexer (MUX)/demultiplexer (DEMUX) devices, which are used
to establish point to point pairs of channels connecting the MSA nodes with the remote sites
and vice versa.
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4.2. Experimental Evaluation of a converged PON/mmWave topology

In this section, the experimental results on the performance evaluation of the proposed FMC
architecture are presented. To this extent, the deployed TIM optical access infrastructure
described in the previous paragraphs was used as the optical layer where the analog IFoF/V-
band transport scheme was integrated. The first part provides the implementation details of
the experimental setup for both optical and mmWave counterparts. The performance
evaluation studies are subsequently discussed in the second part of this section.

4.2.1 Experimental Setup
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Figure 47. Experimental setup of A-IFoF/mmWave link, including the TIM’s optical legacy infrastructure.

Figure 47 shows the experimental setup of the proposed A-IFoF architecture. The core
element of the A-1FoF transmitter was a Xilinx Zynq Ultrascale+ RFSoC device ona ZCU111
development board [4.18]. The employed RFSoC board comprises the FPGA chip, which can
include any custom very high-speed integrated circuits (VHSIC) hardware description
language (VHDL) function for DSP together with the integrated digital-to- analog converter
(DAC)/analog-to-digital converter (ADC) units and thus enables not only the generation but
also the detection and digital processing of a signal, which is crucial for the operation of a
full-duplex link. In this work, the FPGA unit implemented the real-time transmitter side DSP,
while its DACs (sampling rate up to 4Gsa/s) generated analog IF signals at a central frequency
of 750 MHz through a digital up-conversion stage. More specifically, the employed RFSoC
platform includes eight DAC and eight ADC units. Two out of the eight available DACs were
used for the processing of the baseband (1/Q) data stream and the generation of the low IF
signal. The voltage swing at the output of the RFSoC was 390 mVpp. An analog frequency
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up-conversion stage, composed of an active mixer and a local oscillator, was used to
upconvert the RFSoC output signal at 3.5 GHz. The use of the external analog mixer provides
to the proposed scheme an additional degree of flexibility by enabling the generation of higher
IFs and thus surpasses limitations set by the DACs’ sampling rate (up to

4GSals). As such, the presented electrical transmitter can be easily adjusted to the operation
requirements of different radio boards. At the same time, the exploitation of external analog
mixers optimizes the use of the RFSoC DACs’ resources, allowing the up-conversion of all
four streams that can be generated by the RFSoC to higher IF values, supporting a bandwidth

efficient subcarrier multiplexing (SCM) scheme [4.22]. The employed mixer could operate at
a frequency range from 30 MHz to 7 GHz, with C1 dB conversion gain, resulting in a 450
mVpp signal at its output.

For the electro-optic conversion of the analog IF signals, a single drive 15 GHz Mach-
Zehnder modulator (MZM) was used, modulating a 1542.14 nm (194.4 THz) continuous-
wave (CW) signal provided by a tunable laser source with +13.5 dBm optical power. The
MZM driving voltage had to be 5.6 Vpp to minimize the signal degradation related to the
electro-optic conversion, and thus an RF low-noise amplifier with 40 KHz to 38 GHz
operation bandwidth and 22 dB gain was used to amplify the output of the active mixer. The
optical power of the A-IFoF signal was a crucial parameter for the transmission over the
legacy infrastructure. Therefore, in order to partially compensate for the MZM’s high
insertion loss of 9.6 dB, an optical amplification stage composed of an Erbium-Doped Fiber
Amplifier (EDFA) and a Variable Optical Attenuator (VOA) was employed, providing a total
gain of +4 dB.

The A-1FoF signal was fed to the optical legacy infrastructure through the CEXx filter (and a
WDM MUX in case of multicarrier operation) and transmitted over the field deployed fiber
link. At the same time, the XGS legacy traffic was running through the link in parallel with
the signal generated by the optical A-1FoF transmitter. The overall signal (legacy and A-IFoF)
was accessed through one of the ports of the in-field installed PON passive splitter and
directed back to the lab. A second port from the same splitter was connected to an optical
spectrum analyzer (OSA) for monitoring purposes. To decouple the A-1FoF signal from the
legacy traffic, a WDM DEMUX was employed to the setup, and the A-IFoF wavelength was
demultiplexed. The same device was also used to insert an upstream carrier, emulating
bidirectional transmission. For the generation of the upstream carrier, a Distributed Feedback
(DFB) laser source with +4 dBm optical power was used to generate a 1542.94 nm CW (194.3
THz), at a distance of 100 GHz from the downstream, that is, corresponding to the first
neighbor channel using the ITU-T 100 GHz grid. The insertion of an upstream tone to the link
can provide insight on possible interference between UL and DL streams occupying
neighboring ITU-T channels. Given that the DL IF signal has a narrow bandwidth, up to 400
MHz, the effect of the UL direction on the DL signal depends on the transmitted optical power
in each direction. Thus, the upstream can be emulated via a CW tone to enable the acquisition
of realistic EVM measurements for the DL signal. For the detection of the IFoF signal, a 10
GHz linear photoreceiver composed of an avalanche photodiode (APD) and a low noise
transimpedance amplifier (TIA) with 20 dB gain was used. The received optical power was -
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14 dBm, implying a transmission power budget of around 22 dB, including both the legacy
field infrastructure and the filters for the WDM A-I1FoF layer.

For the wireless transmission, the IF signal at the output of the photoreceiver, which had a
voltage swing of 140 mVpp, was fed to the IF-to-V-band upconverter, centered at 60 GHz.
The employed up-conversion board’s IF input could range between 1 and 5 GHz and
corresponded to an RF output ranging from 58 to 63 GHz. The output of the 60 GHz mixer
was led to a dual-amplification stage consisting of a driver and a power amplifier and then to
the directional horn Tx-antenna element, featuring 10 beamwidth and 23 dBi gain. An
identical Rx antenna was located at a 2 m horizontal distance from the Tx antenna, forming
the 60 GHz wireless link. Both frequency conversion modules had a nominal noise figure of
8 dB at maximum gain. The received RF signal was amplified through a low noise amplifier
and downconverted to 3.5 GHz IF by the Rx-side V-band-to-IF downconverter. The two
antenna elements, as well as the up/downconversion circuits, were located at a height of 0.5
m from the ground. An external signal generator, providing a 10 MHz tone with -10 dBm
power, was used as a reference for both the antenna’s internal phase-locked loops (PLLS).
These PLL circuits are integrated into the IF-to-V-band boards and are required for the
operation of the boards’ local oscillators, which generate the reference tone for the IF-to-RF
conversion and vice versa. The 3.5 GHz IF output of the downconverter, which had a voltage
swing of 300 mVpp to 400 mVpp, was connected to a real-time scope (sampling rate 100
GSa/s, analog 3-dB bandwidth ~33 GHz) sampled at 12.5 GSa/s and stored for offline
demodulation and performance evaluation.

Data transmission was supported by the DSP algorithms executed in real time at the
transmitter’s FPGA board. To this extent, a fixed bit stream was M-ary quadrature amplitude
modulated (QAM) and mapped to the iFFT algorithm for the generation of the OFDM
symbols. At this development stage of the implemented A-1FoF transceiver, the transmission
of a fixed known bit stream was exploited to determine the pilot allocation frequency for the
receiver-side channel estimation. The modulation format of the subcarriers was real-time
adjusted to 4QAM or 16QAM. The RFSoC clock was also real-time adjusted at 256 MHz or
500 MHz, corresponding to the transmission of 204 MHz or 394 MHz of useful bandwidth,
after zero padding (52 out of 256 subcarriers). Since the FFT size was kept fixed, minimizing
as such the use of the FPGA resources, the subcarrier spacing was adapted to the clock
frequency, resulting in 1 MHz spacing for the 204 MHz band and 1.95 MHz for the 398 MHz
band.

To implement the DSP functions in an RFSoC, a parametric and pipelined architecture was
implemented with VHDL and Xilinx Vivado 2018.2. The iFFT component was implemented
as a fully pipelined Radix-2 engine and performs a 256-point transform. The QAM modulator
was designed as a flexible read-only memory (ROM)-based component, where pre-stored
pairs of normalized 1/Q values reside and can be configured at runtime to switch between
modulation formats. The DSP pipeline relies on minimal buffering and handshaking between
components to guarantee continuous flow without relying on a multi-rate approach (we use a
single clock domain). As a result, the total cost of Tx in terms of FPGA resources, specifically
lookup tables (LUTS), flipflops (FFs), random access memory (RAM) blocks (RAMBS), and
DSP blocks, was 2007 LUTs, 3459 FFs, 30 DSPs, and 17 RAMB18 (iFFT consumes 1339
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LUTSs, 2117 FFs, 30 DSPs, and 8 RAMB18; QAM consumes 258 LUTSs, 382 FFs, and 4
RAMB18; whereas 410 LUTs, 960 FFs, and 5 RAMB18 are utilized for buffering and control
operations). Finally, regarding the latency performance of the real-time Tx implemented on
the deployed RFSoC platform, 4.67 us on average was measured for a bit of information to
pass through the entire Tx pipeline until conversion to analog (0.08 us for QAM modulation,
2.45 us for iFFT, 2.14 us for buffering and other control operations, such as pilots and zeros
insertion). The Tx baseband processing latency added to the 1 km transmission over the PON
delay (5 us) and the 2 m wireless propagation delay (less than 0.01 us), corresponding to a
latency budget of 9.68 us, neglecting the Rx-side offline DSP.

At the receiver side, the offline DSP toolbox that was presented in Chapter 3, was applied to
the digitized sample sequence at the output of the scope to retrieve the baseband data signal.
More specifically, the sampling rate of the baseband complex signal was decreased so as to
equal the OFDM symbol rate through a resampling algorithm. Through a cp-based timing
synchronization algorithm [4.23], the first sample of each time-domain OFDM symbol was
tracked. Afterwards, the cp was removed and an FFT algorithm was used to demodulate the
OFDM symbols. Finally, a least-squares (LS) equalizer was applied to the frequency-domain
signal [4.24]. For the channel estimation, 21 subcarriers were used as pilot subcarriers. The
performance of the received signal was evaluated through the EVM measurement of the
QAM-modulated received subcarriers.

4.2.2 Results and Discussion

The first step of the performance evaluation of the A-1FoF transmission was to evaluate the
performance of the electrical IF transmitter. Figure 48 depicts the EVM performance of the
OFDM/4QAM 204 MHz signal at the output of the RFSoC, at the output of the upconverter,
and finally at the output of the RF driver. The initial signal generated by the RFSoC had an
EVM of 2.7%, while the insertion of the mixer to the setup induced an EVM increase by 1.8%
as a result of the additive noise coming from the active components of the up-conversion unit.
The RF amplifier further increased the EVM by 2.3% as expected, due to the susceptibility
of OFDM waveforms to the nonlinear distortion effects of the high-power amplifier (HPA)
[4.25]. Finally, at the output of the electrical transmitter, the signal’s 4QAM-OFDM 204 MHz
EVM was found to be 6.8%, a value that was considered as the reference electrical EVM for
both modulation formats and bandwidths.
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Figure 48. EVM measurements and constellation diagrams of the received 204MHz 4QAM-OFDM signal at the output of
the RFSoC board, the analog upconverter and the RF driver.

The second part of the experimental study focused on the performance evaluation of the A-
IFoF transmission over the TIM’s optical legacy infrastructure. A set of back-to-back (btb)
results was captured for all possible data signal combinations generated by the RFSoC, after
replacing the fiber PON with a VOA inserting the same amount of optical loss, so as to keep
a fixed optical input power value to the photoreceiver. Figure 49 depicts the EVM values and
a set of indicative constellation diagrams corresponding to the signals captured after optical
transmission. It is obvious that the contribution of the optical transceiver components to the
signal degradation is less than 0.6% EVM for all modulation formats and bandwidths,
indicating the absence of strong limiting effects related to the active electro-optic modules’
response. The insertion of the legacy infrastructure to the setup introduced an extra EVM
penalty of less than 0.5%, compared to the optical btb results, thus indicating that there is
negligible interference between the A-IFoF signal and the legacy traffic. Finally, the
transmission of the upstream tone at a neighbor channel of the ITU-T grid to the optical
channel carrying the A-IFoF signal, caused a further EVM increase by 1% per average, as a
result of the interference between the two neighboring channels. In all cases however, the A-
IFOF transmission was successful, according to the 3GPP specifications for systems that
employ radio transmission at frequencies >28 GHz [4.26].
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Figure 49. (a) 204 MHz 4QAM/16QAM-OFDM and (b) 398 MHz 4QAM/16QAM-OFDM EVM measurements for the A-
IFoF transmission over the optical legacy infrastructure and (c) Constellation diagrams corresponding to the 398 MHz
4QAM-OFDM and 16QAM-OFDM received signals.

Figure 50 represents the EVM values and constellation diagrams that correspond to the
retrieved signals after a combined FiWi transmission. For this part of the experimental study,
the whole setup depicted in Figure 47 was exploited. As such, the OFDM IFoF signal was
transmitted through the legacy optical infrastructure, coexisting with the legacy traffic and
the upstream and after optical detection, it was transmitted through the 60GHz wireless link.
For this scenario, the constellation diagrams of Figure 50, and especially the 16QAM-OFDM
diagrams [4.20], show evidence of nonlinear distortion of the signal caused by the multiple
amplification stages used in the link. Nonetheless, the EVM performance of both modulation
formats at both 204MHz and 398MHz bandwidth, meet the 3GPP requirements (17.5% for
QPSK and 12.5% for 16QAM), indicating successful FiWi transmission.
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Figure 50. (a) 204 MHz and 398 MHz 4QAM/16QAM-OFDM EVM measurements after transmission through the optical
legacy infrastructure/V-band wireless link and constellation diagrams of the (b) 204 MHz and (c) 398 MHz signals.

The last part of the study focused on the potential of increasing the total capacity of the
deployed infrastructure by utilizing more than one of the available ITU-T grid channels for
transmitting multiple A-IFoF optical streams over the PON. To evaluate this scenario, the
performance of the FiWi transmission over different optical channels of the 100GHz ITU grid
was examined, coexisting with an upstream tone transmitted firmly at 1542.94 nm. More
specifically, the tunable CW source feeding the MZM was tuned per testing case to one of the
channels from 194.4 to 193.9 THz, which was then modulated to a 16QAM-OFDM 400MHz
signal, corresponding to the maximum possible bandwidth of 1.4GHz, after removing the
pilot subcarriers. Figure 51 illustrates the EVM values and constellation diagrams of the
received signals. The figure clearly shows that the EVM variations between the different
channels do not exceed 1.8%, implying similar performance over all tested wavelengths
combinations. The impact of the interference caused by the upstream tone is negligible in the
1542.14 nm to 1544.53 nm region, where small variations exist on the received EVM values.
The interference effect is most notable in the case of simultaneous transmission of
downstream and the upstream both in the same ITU channel. As the distance between the two
streams increases, the performance of the IFoF signal improves as expected. It should also be
noted at this point that the 1545.32 nm to 1546.12nm region is beyond the operational range
the WDM filter inserted after the legacy field infrastructure, thus leading to low power
reception of the transmitted A-1FoF signal and as a result, a small EVM increase. The main
scope of this test was to evaluate the performance near the upper wavelength border of the
CEX and to investigate if penalties occur due to the filters’ concatenation (CEX +
MUX/DEMUX). Results demonstrated that at least two more channels in addition to the 10
already planned can be successfully transmitted with negligible penalties.
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Figure 51. (a) EVM measurements after PON/OTA transmission, after tuning the optical transmission carrier to different
ITU-T channels, (b) Matching of the transmission wavelengths to the corresponding 100GHz Grid channels and (c) the
corresponding constellation diagrams.

Finally, since, the setup includes field transmission, it should be mentioned that the loss
budget is time dependent and can vary by up to 2dB. This variation can be evident to the
results in form of small EVM variations, related to the performance of the photoreceiver or
the wireless transmission components, which are fed with a different value of optical/RF
power.
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CHAPTER 5.

Live Demonstration of an SDN-reconfigurable,
FPGA-based TxRx for Analog-IFoF/mmWave RAN,
in MNO’s infrastructure

As discussed in the previous sections, during recent years, the spotlight has been on the
benefits of incorporating alternative transport systems like A-RoF into upcoming RANSs. This
is in spite of the notable hurdles that must be surmounted for these solutions to be
implemented successfully and offer deployable solutions.

The efficiency of the scheme in densified deployments, stemming from the removal of
Digital-to-Analog Conversion (DAC) and Analog-to-Digital Conversion (ADC) units from
the Radio Units (RUs), the advanced bandwidth availability, and the possibility for the
convergence of multiple optical and radio technologies have been highlighted and
demonstrated through proof-of-concept experiments in both laboratories and field trials [5.1],
[5.2], [5.3]. Still, its actual adoption in the standardized mobile networks is a major challenge
and the implementation of proper interfaces that will allow for gradual integration in the
access and edge domain infrastructures remains an open issue.

The integration of A-RoF interfaces with standard equipment, delivering real-world services,
has been pursued in the past years by research groups working on these bandwidth-efficient
fronthaul interfaces [5.3], [5.4], [5.5]. A first step for A-RoF systems to further penetrate into
the market is the use of deployment-oriented A-RoF baseband processors that are based on
state-of-the-art processor platforms, as well their interfacing with optoelectronics. In this
direction, multiple A-IFoF fronthaul implementation ideas have been presented [5.6], [5.7].
Indicatively, an A-RoF fronthaul implementation, which is based on the development of a
real-time A-IFoF signal processor, has been recently reported in [5.3] employing an Intel
Arria 10 SoC development board that provides Cyclic Prefix (CP)-Orthogonal Frequency
Division Multiplexing (OFDM) signals for external Baseband (BB)-to-Intermediate
Frequency (IF) up-conversion through an analog mixing unit, while in [5.4], an FPGA-based
transmission system showcases the transmission of 10GbE Ethernet frames over an A-
IFoF/mmWave link, using the W-band for Over-the-Air (OTA) transmission.

The next step towards the full-scale integration of analog links in packet core infrastructure
deployments, is the development of analog TxRx units being equipped with management and
control functionalities for exposing these transceivers to the control/orchestration layers of
the network, alongside the baseband processing ones for the physical infrastructure layer. By
following this deployment path for the A-RoF transceivers, the Application Data transmission
(physical and virtual) plane, and the management / control plane can be delivered in a unified,
seamless and interoperable manner. Towards this goal, SDN-enabled RAN layouts have been
discussed and experimentally presented, without involving though, physical layer testbeds
[5.8],[5.9],[5.10]. Very recently, the demonstration of trial, real-time Ethernet services and
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Ultra High Definition (UHD) video was presented over an analog FiWi link [5.11], paving
the way for integrating the A-RoF deployments in mobile network infrastructures.

In the following paragraphs, which describe the final demonstrator of the European project
5GPHQS, the first demonstration of the integration of a custom, SDN-reconfigurable, real-
time A-1FoF TxRx interface, over a real network infrastructure located in Athens is described.
The implemented SDN controller offered active adjustment of the capacity provided by the
TxRx for converged A-IFoF/mmWave RAN transport, based on constant traffic monitoring
and automatic adaptation to the hosted applications’ requirements. In a nutshell, in the
physical layer of analog transport infrastructure, EVM measurements of 7.3% for QPSK-
OFDM, converged FiWi transmission were achieved. The uninterrupted operation of the E2E
deployment, was validated at application layer through the performance evaluation of various
services such as AR/VR applications running on top of the infrastructure, as well as by
throughput measurements, using traffic monitoring tools, showcasing peak data-rate per user
up to 474Mbps. The reactive capacity optimization and network parameter reconfiguration
capabilities provided by the SDN management and control layer of the presented solution
were also successfully demonstrated. However, more details regarding the implementation of
the analog TxRXx, as well its integration in the mobile core infrastructure are provided in the
following sections.

5.1. The envisioned Fronthaul Architecture relying on analog TxRx
interfaces

The proposed SDN-compatible A-IFoF TxRx implementation comprised a Network
Controller (NC), an FPGA-based Digital Signal Processing (DSP) engine, as well Analog-to-
Digital (A/D) and electro-optic (e/0) interfaces that provide analog fiber connectivity towards
the radio unit. The developed TxRx, was used in the experimental evaluation and
demonstration of a converged A-1FoF/wireless layout, which was integrated as an alternative
deployment option in the transport network segment of actual mobile network infrastructure,
located in Athens. Figure 52 depicts the architectural view of this deployment, where mobile
network transport connections of type Ethernet can be provisioned over both legacy transport
technologies and A-IFoF links; the latter serving in cases where high-capacity transport
network links are required, e.g. for the deployment of RAN nodes in crowded hot-spot places,
or as PtP wireless extensions in places where fiber deployment is not feasible. The seamless
operation of the application, network management and data layer of the presented
implementation, is a key factor for the adaptability of A-RoF transceivers to the legacy core
infrastructure.
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Figure 52. Schematic of the envisioned Fronthaul Architecture relying on the adoption of analog TxRx interfaces, for
broadband FiWi connectivity.

5.1.1 RFSoC-based A-IFoF transceiver

The conversion of the Ethernet packets into complex native radio waveforms and vice-versa
relied on the development of a real-time network adaptor, serving as a processing node that
handled the Ethernet packets carrying real-time mobile services traffic. The full stack of DSP
functions targeted efficient fiber/OTA transport through OFDM waveforms. The platform
that was used for the development of this network adaptor was the single integrated Xilinx
Zynq Ultrascale+ Radio Frequency System on Chip (RFSoC), and consisted of a 10G/25G
Ethernet core, an FPGA board, and DAC/ADC. The reconfigurability properties of the FPGA
processor offer great flexibility regarding the waveforms that can be generated and handled,
as well compatibility with any-type SFP-based traffic. As such the employed baseband
processor can be any time adapted to the requirements of the specific network segment and
support varying signal formats, from complex up-converted OFDM waveforms to standard
CPRI-compatible binary OOK traffic. The individual functionalities of the network adapter,
depicted also in Figure 53 are the following:

e Ethernet en/de-capsulation:

The employed RFSoC has increased capabilities in terms of Gigabit Ethernet connectivity, as
its Gigabit Transceivers can support up to 25G Ethernet with the (Media Access Control)
MAC and Physical Coding Sublayer (PCS) implemented on the FPGA fabric. The Ethernet
core performed data link layer functionalities to map the incoming Ethernet traffic to the DSP
engine, as well to recover Ethernet frames from the demodulated waveforms. These
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functionalities include basic error handling, flow control for access to the physical layer, and
frame encapsulation into 802.1Q frames that enable Virtual Local area network (VLAN)
tagging — the supporting mechanism of the management plane. Through implementation of
the corresponding functionalities, the RFSoC platform also offers compatibility with a variety
of standard protocols, including different options of the eCPRI interface.

e Baseband processing:

The signal processing functions of the implemented A-IFoF transceiver were executed within
the FPGA fabric of the RFSoC platform. Multiple lane processing of up to 4 independent data
streams were applied for low-latency implementation. Two independent and identical
transmitter/receiver side DSP block chains were developed within the RFSoC for the
establishment of full-duplex connectivity. At the transmitter side, the incoming bit-stream
was initially mapped to QPSK symbols, while the OFDM signals were generated using a fixed
256-tap inverse Frequency Fourier Transform (iFFT) algorithm., which combined to the
200MHz analog bandwidth at the DACs’ outputs correspond to a larger subcarrier spacing
compared to the 3GPP specifications, approximating the value of 1MHz. The FPGA clock
was 256MHz, corresponding to transmission of 204 MHz useful bandwidth, after zero-
padding (52 out of 256 sub-carriers). A CP of 64 samples length was inserted to the signal
before its Digital-to-Analog (D/A) conversion. It has to be mentioned that the parameters that
were selected for the OFDM modulation are not based on the 3GPP specifications. Instead,
signal robustness against distortive factors, such as ISI and phase noise, as well the resource
utilization scaling of the employed FPGA platform were the main criteria for the
determination of the OFDM parameters.

More specifically, based on the latest 3GPP specifications for extended symbol bandwidth
values of up to 400MHz [5.12], the corresponding FFT size extends to 4096 taps, hence the
subcarrier spacing can be as narrow as 98KHz for the specific parameters. In general, the
3GPP standards support subcarrier spacings in the range of 15KHz to 480KHz. The CP is in
most cases calculated as a fraction of the FFT length. This fraction varies from 1/4 to 1/16,
while longest CP ensures robustness to ISI [5.13]. It should be noted that the mentioned
specifications target to meet the requirements of the access component in 5G mobile
networks. More specifically, they are tailored for the connection between user equipment and
radio units. These specifications have been designed considering transmission scenarios
involving wireless frequencies of up to 28GHz [5.14].

The A-IFoF transceiver introduced aims to offer an alternative transport solution for
connecting BBUs with their corresponding RUs, over analog-based fiber and converged fiber-
Wireless paths. Aiming to benefit from the high bandwidth efficiency characteristics of A-
IFOF scheme, the convergence of analog optical interfaces and high-frequency radio
solutions, including mmWaves, sub-THz, and even THz, presents an opportunity to achieve
extremely high capacities.

One of the main challenges towards adopting such high bandwidth technologies in analog
transport layouts is their high susceptibility to distortion caused by the oscillators’ phase noise
[5.15]. The effect of phase noise gets even worse in OFDM-based transmission systems when
narrow subcarrier spacing values are adopted [5.16]. In the custom analog transceiver that is
being presented in the current work, the embraced 256-tap FFT size, combined to the 200MHz
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analog bandwidth at the DACs’ outputs correspond to a larger subcarrier spacing compared
to the 3GPP specifications, approximating the value of 1MHz. As such, one of the criteria for
the FFT size and subcarrier space selection was robustness to phase noise. At the same time,
for the selection of the size of the FFT transformation the resource utilization scaling of the
employed Xilinx IP core, especially the DSP and RAMB blocks was taken into consideration.

Furthermore, considering that employing an FPGA as a baseband processor allows for
reconfigurability but may not achieve optimal performance, an extended CP of 64 points was
utilized. This extended CP, which corresponds to a quarter of the FFT length, was chosen to
ensure resilience against 1SI and concurrently facilitate timing synchronization of the received
OFDM symbols based on the CP, even in low-SNR reception cases.

At the receiver side, the timing synchronization of the signal was achieved through an auto-
correlation function targeting to the identification of the CP, which indicates the start of the
OFDM signals. After the CP elimination, a 256-tap FFT function was used for the
demodulation of the OFDM symbols. Following, a Zero-Forcing (ZF) algorithm was
implemented for the channel estimation and equalization of the received data. For this
purpose, 21 pilot sub-carriers multiplexed with the data subcarriers were also transmitted. For
the purposes of the current work, standard low-complexity processing algorithms were
employed, to upgrade to higher-order modulation formats as in [5.17], would require
advanced synchronization techniques and FEC coding.

e RF data converter functions:

The RFSoC device is equipped with 8 DACs and equal number of ADCs supporting sampling
rates up to 4Gbps. Moreover, each converter has its own dedicated digital datapath
implementing DSP blocks, such as interpolation, decimation filters and digital mixers to up-
/down-convert from/to baseband. The programmability of the Analog Mixed Signal (AMS)
blocks offers the ability to process real or complex signals and support multi-band operation.

e Electro-optic interfaces:

Highly linear optoelectronic units were used to realize an IM/DD communication strategy for
the optical segment. In more detail, the use of an Electro-absorption Modulated Laser (EML)-
based analog IFoF transmitter was selected as a cost effective, integrated solution that has
been extensively proposed for the emerging densified 5G network topologies [5.18].
Commercial off-the-shelf photoreceivers were used to detect the analog optical signals,
providing thereby the radio waveforms to the mixer stages of mmWave boards. As such,
specific power consumption details of each stage of the transceiver are presented in Table 7.
Apparently, the conversion of the digital streams to analog signals and vice-versa is the most
power consuming process.
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Figure 53. A-IFoF transceiver developed on state-of-the-art Xilinx RFSoC board, interconnected with 10GHz electro-optic
units.

The evaluation of the presented A-IFoF transceiver design was initially per-formed through
latency and power-consumption measurements (Table 7). The execution time for the
accomplishment of the transmitter-side processing functions for each stream was measured
to be 5usec, and the execution time for the receiver-side pro-cessing was found to be usec.
Given that the wireless signal propagation delay is negligible, compared to the fiber
transmission delay (5us/km for Standard Single Mode Fiber (SSMF)), the fiber transmission
length is the main contributing factor to the total delay budget of the experiments. As a result,
even for Ultra- Reliable and Low-Latency Communication (URLLC) applications with up to
100usec latency requirements for one way transmission delay [5.6], optical propagation
distances up to 18 km can be sup-ported by our presented solution. Furthermore, the power
consumption of the technology solutions involved in A-IFoF-based transport implementations
is a key feature. As such, specific power consumption details of each stage of the transceiver
are presented in Table 7. Apparently, the conversion of the digital streams to analog signals
and vice-versa is the most power consuming process of the RFSoC, whilst the RF
amplifications connected to the electro-optic components also contribute a fair share in the
power consumption.

Table 7. Power consumption per TxRx unit

Unit Power Consumption
(Watt)
FPGA fabric 2.3
CPUs (used for gigr!al performance 57
RFSoC monitoring)
RFSoC clocks 1.2
DAC/ADC units 3.3
Electro-optic Optical modulation 2.07 (Driver) + 0.2 (EML)
modules Photoreceiver 1.5
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5.1.2 SDN-powered Management & Control Plane

The control plane of the developed TxRx unit, relies on a commercially available NC card
[5.19], which was integrated into the setup via three different interfaces, the internet gateway
(used for signaling with the open daylight controller), the Active Optical Cable (AOC)
connection with the MNO components, and the AOC connection with the baseband
processor’s ports. The selected NC card features a number of capabilities that are of key
essence to the selected experimental setup: a) multi-linux-Operating System (OS) support (to
allow for easy installation in the master and slave flexbox nodes and b) hardware-accelerated
Open Virtual Switch (OVS) implementation for very low latency execution of the OVSDB
signaling commands and c) support for optical (SFP28) ethernet ports. The proprietary
framework supported by the NC allowed to offload the datapath by programming the NC
embedded switch and avoiding the need to pass every packet through the processor cores. The
control plain remains the same as working with standard OVS. Two individual NC cards
were employed, to host management and control layer operations, both at the BBU and the
remote radio sites, thus enabling full-duplex connectivity.

For the implementation of management and control plane functionalities, the OVS L2
virtualization software was installed in a master and slave, desktop-grade pcs (using ubuntu
20.04 Server Lts) to allow for the generation of virtual L2 ports that will be used to manage
the configuration of the uplink and downlink data flows of both the master and slave node.
The physical (actual) ports of the nodes for the implementation of 802.1Q encapsulation and
the control of the VLAN tagging mechanism, which was the method used for the routing of
the legacy equipment’s traffic over either one or two data lanes throughout the RFSoC
platform. Essentially, the activation of a second data lane enabled the duplication of the traffic
rate that could be supported by the analog TXRX.

The configuration of the OVS system was based on primitives such as the generation of a
virtual switch for a virtual interface as well as management of queues and rules for the
Downlink (DL) and Uplink (UL) direction. The original network input/output port is bridged
in the OVS system using a virtual interface. There it is split into 2 different directions for the
uplink and downlink traffic (different VLAN tags). Both flows are then connected to an actual
port, i.e. the optical interfaces of the setup. The optical interfaces that are linked towards the
physical layer, act as a “trunk” for both the uplink and downlink VLANs. After the
deployments of virtual and physical network layers, an L2 data bridge was established
between the two virtual network interfaces, to support the proprietary 3GPP-based L2/L3
protocols. This enabled E2E internet/TCP connectivity of all the showcased services and
applications.

In order to provide remote, cloud-based management of automatic VLAN configuration, the
OVS at both BBU and remote radio sites was operated under external remote management
mode, connecting each OVS to an external OpenDaylight controller, hosted in external, over-
the-internet infrastructure. The employed server used the OpenFlow protocol to exchange
management and measurement messages with underlying OVS nodes using the OVS
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Database Server (OVSDB-SB) extension. In particular, the solution relies on two core open-
flow message types: i) Measurements of the virtual switch’s ports (Tx/Rx Bytes) which map
to the “controller-to-switch read-state” messages and ii) Messages that alter the open-flow
rules of the virtual interfaces, Match-Rules for the manipulation of incoming traffic
(downlink) and Action-rules for outgoing traffic (uplink), respectively — mapped in
“Controller-to-switch Modify-State messages”. The OpenDaylight controller acts as an
abstraction on top of the open-flow layer (as well as the underlying south-bound protocol)
and exposes a machine-friendly REST API mechanism (RESTConf) which allows for a
programmatic manipulation of said parameters (read/write) via direct reference of their
respective YANG model identifiers. For the purposes of this experimental setup, a preset
mapping table between VLAN tags and functionalities allowed for different experimental
scenarios to be tested. An example of such mapping that was used was VLAN tag 9 or 10
switching the downlink mode to single or dual lane. The same effect was also applied in the
uplink virtual interface, using the VLAN tags 0 and 1. To be noted that, while for the sake of
these demonstration activities, a preset (hard-coded) mapping table was used, a dynamic
mapping table methodology has also been evaluated. After this connectivity had been
established, the OpenDaylight controller exposed all the underlying component information
via the RESTConf module, which provided a REST Application Programming Interface
(API) that can be used for connection by external client software.

The Network, Planning and Orchestration (NPO) tool was the final component of the setup
which used a Hypertext Transfer Protocol client to the RESTconf interface of OpenDaylight
controller to provide a separate management and analytics plane for manual
inspection/control, as well as a sandbox for developing closed management loops that
employed analytics to perform management actions. The API provided full L2/L3 metric
visibility of the underlying link to the NPO software, which was designed so as to allow users
and applications access to the full operational context of the analog link. The developed setup
could thus support intelligent algorithms and functionalities from commodity Ethernet
infrastructure to be operated also on traffic stemming from A-IFoF/mmWave interfaces to (a)
signaling traffic overhead analysis, (b) traffic profiling of the various applications hosted and
(c) configuration and performance of the dynamic capacity de-/aggregation. As a monitoring
solution, the NPO tool is applying the best practices with respect to the processing overhead
of the actual data plane of the experimental setup. By utilizing the measurement values
provided by RESTConf from the OpenDaylight Northbound interface, the NPO tool creates
a ‘digital twin’ of each of the virtual network interfaces that can be accessed by client
applications to acquire the latest measurement values. The visualization software (based on
open-source typescript/javascript frameworks running on web browsers) as well as the
intelligence algorithms (stand-alone java applications) are producing signaling load isolated
to the NPO backend. Using this approach, horizontal scaling of these clients is not producing
additional overhead propagated to the actual data plane nodes. For the enforcement of the
management actions (i.e. the activation / de-activation of the additional bandwidth-providing
lane, direct invocation of the “Modify-State” must be invoked. The selected NC cards,
however, provide hardware accelerated SDN support (including the manipulation of the
openflow parameters) which produced undetectable delays (due to the actual OS processing
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delay of the network traffic itself) and also no packet loss during the configuration action. A
final note on the “digital twin” approach is that the detected “state” of each of the virtual
interfaces is directly related to the ‘refresh interval’ of the digital twin. To reduce the
measurement frequency, we increase the sampling rate, introducing delay on the identification
of various action-triggering states (i.e. states with throughput higher than the pre-selected
threshold). This can increase the error rate of decision-making algorithms especially for traffic
bursts that span over amounts of time that are smaller than the sampling interval period.

5.2. Experimental evaluation of the real-time analog Fronthaul
topology and live demonstrator deployment

In the following paragraphs the experimental evaluation of the envisioned real-time analog
TxRx-based topology will be reported, including the performance of preliminary testing
involving different converged fiber-wireless transport scenarios, the preparation and
execution of the large-scale demonstrator and finally the discussion of the acquired results.

5.2.1 Experimental investigation of FPGA-based A-IFoF/mmWave transceiver
integration in mobile infrastructure

In this section, the successful integration of the real-time analog transceiver over an existing
mobile infrastructure is presented. Three alternative optical/wireless converged network
topologies were investigated and successfully demonstrated: (a) FiWi, (b) Wireless-Fiber
(WIiFi) and (c) Fiber-Wireless-Fiber (FiWiFi).
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Figure 54. Experimental setup of (i) Fiwi, (ii) WiFi and (iii) FiWiFi downlink segments of the FPGA-enabled EPC-to-Small
cell interconnection.

Figure 54 shows the experimental set-up that was employed. The existing mobile
infrastructure of Greece’s largest Mobile Network Operator (MNO), (COSMOTE) was
exploited, which among others included an Evolved Packet Core (EPC) and a Small Cell.
Figure 55 depicts the fiber interconnection of the core equipment (located at the MNO’s
premises) and the access nodes (located at NTUA). Specifically, a pair of fibers stemming
from COSMOTE premises is terminated at the NTUA’s network operation center (NOC),
which is located inside the NTUA campus. The length of each fiber was measured to be 22.65
Km and 17.5 Km, respectively. This link has also been characterized via OTDR
measurements which indicated that the optical losses at 1550 nm were about 12.5 dB.
Additionally, there is an extra fiber link that interconnects NTUA’s NOC with the Photonics
Communication Research Laboratory (PCRL) premises. This intra-campus link consists of
six pairs of fiber. Each fiber length has been measured to be approximately 3 km with optical
losses below 1 dB. This dark fiber deployment can be used to provide connectivity (also via
switches at both sides) between the COSMOTE and the NTUA lab.
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Figure 55. COSMOTE-NTUA premises interconnection — optical layer connectivity

Between these two network units, the FPGA-based analog TxRx unit emulated both Ethernet
and signal processing functions of a Baseband Unit (BBU). In this experimental testing phase,
the SDN capabilities of the TxRx were not utilized. More specifically, at this stage, the
Ethernet core performed data link layer functionalities to map the incoming Ethernet traffic
to the DSP engine, as well as, to recover Ethernet frames from the demodulated waveforms.
These functionalities include basic error handling, flow control for access to the physical
layer, frames encapsulation and Virtual Local Area Network (VLAN) taging. The RFSoC’s
FPGA engine generated and post-processed the OFDM waveforms that were propagated over
the analog testbed. It has to be mentioned that the RFSoC implemented two independent and
identical transmitter/receiver side DSP block chains and provided two pairs of DACs/ADCs,
for the establishment of full-duplex connectivity. However, due to the lack of lab equipment,
the investigated experimental layouts implemented only one signal direction (defined by A
and B points in Figure 54), while in the other direction the IF signals were propagated over
an electrical SMA cable.

The signals genereted in the RFSoC platform propagated in the fiber by exploiting highly
linear Intensity Modulation/Direct Detection (IM/DD) opto-electronic units in three different
optical-wireless network layouts. The FiWi and its symmetrical WiFi layout intended to
emulate a bidirectional Fixed Wireless Access (FWA) scenario, while the extended FiWiFi
layout served as a wireless bridge, interconnecting terminals of two spatially separated fiber
transport segments [5.4], [5.20]. In the FiWi layout (Figure 54 (a)), the DAC output was
amplified via a controllable gain amplifier and then used to drive the Electro Absorption
Modulator (EAM) segment of an EML. The optical signal was transmitted over a 25 km fiber
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spool of Standard Single Mode Fiber (SSMF) and detected by a 10G photoreceiver. The
photoreceiver output was fed to an IF-to-V-band radio board. An identical Receiver-side
antenna module located at 1 m horizontal distance was used to receive the mmWave radio
waveforms and direct them to the ADC of the RFSoC after RF-to-IF down-conversion. Both
commercial V-band radio boards operated at 60GHz

Regarding the WiFi layout, an inverted but symmetrical link to the FiWi layout was
implemented, as depicted in Figure 54 (b). Finally, as shown in Figure 54Figure 56 (c), the
FiWi layout was extended with an extra EML and a photoreceiver leading to the targeted
FiWiFi layout. It should be also mentioned that the voltage input levels of all e/o and active
RF components were carefully selected to ensure their linear operation.

(v) Iperf measurement

(i) 2.7%EVM

(ii) 7.3%EVM

(iii) 7.5% EVM
[0} (o]
(O] ©
(iv) 9.6% EVM

© ©

’ // (vii) 4K Video Streaming

Figure 56. EVM measurements and constellation diagrams after (i) electrical back-to-back (ii) Fiwi, (iii) WiFi and (iv)
FiWiFi real-time transmission, (v) Iperf measurements of the FiWi segment, (vi) photo of the implemented testbed and (vii)
screenshot of 4K video streaming

Figure 56 (i) - (iv) show the EVM results of the received IF signal after converged FiWi, WiFi
and FiWiFi transmission, and the corresponding constellation diagrams after real-time
processing. A photo of the actual setup is depicted in Figure 56 (vi). The initial signal
generated by the RFSoC exhibited an EVM of 2.7% (Figure 56 (i)), while the use of the
optical and RF modules through the FiWi setup introduced an EVM increase by 4.6%. As it
was originally expected, the FiWi (Figure 56 - ii) and WiFi (Figure 56 - iii) transmission
performance was similar, with an EVM offset of 0.2%. The identical EVM measurements in
both links, is a strong indication that the active RF/optoelectronic units of the FiWi and WiFi
testbeds were operating at their linear region. The extension of the FiWi link with an
additional optoelectronic conversion stage, was responsible for an increase of the EVM value
by 2.3% (Figure 56 - iv) compared to the FiWi case. Nevertheless, in all cases the transmission
was well-bellow the 3GPP threshold of 17.5% EVM for successful demodulation of the QPSK
modulation [5.21], indicating the robustness of the proposed analog IFoF/V-band/IFoF
transport solution, thus its scale-up capabilities.

Aside from the physical layer performance metrics, the capability of the proposed solution to
support real-world services over the MNO’s infrastructure was assessed. To this end, for all
previously described network layouts, a Mobile User Equipment (MUE) was used to perform
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Iperf measurements, using Transmission Control Protocol (TCP) traffic, exhibiting 2700Mbps
stable connectivity (Figure 56 - v). Finally, 4K online video streaming (Figure 56 - vii),
uninterrupted live IP-video teleconferences and web browsing were successfully
demonstrated over the presented A-IFoF/mmWave network configurations.

5.2.2 Deployed Testbed of Live Demonstrator

The next step towards setting up the large-scale live demonstrator was to extend the testbed
described in the previous section, by including the full capabilities of the analog TxRx, and
especially the SDN reconfigurability functionality, and stress the capacity and real-time
adaptability requirements of the unit, through integration with a highly demanding
services/applications layer. The mobile services and applications on display could be reached
by seamlessly combining the deployed analog transport layout with the MNO's mobile core
equipment described in the previous paragraph.

More specifically, a plethora of advanced mobile services were (concurrently) demonstrated
(e.g. Voice over LTE (VOLTE) and data services such as HD/4K real-time streaming, AR/VR
applications, web-browsing and Internet of Things (loT) applications), reflecting not only the
needs of individual end-users but also entire vertical domains (e.g. physical security based on
surveillance cameras, energy management/monitoring and any loT domain). In brief:

. The establishment of full duplex e2e connectivity (access-analog transport-
core) was verified

. The network performance (incl. handovers) was evaluated using various Apps
(such as OOKLA Speedtest, nPERF, Magic-iPerf and COSMOtools) utilizing both
public and private (iperf) servers

. The user’s experience (QoE) was assessed through the demonstration of single
and concurrent (bandwidth hungry and low-latency) mobile apps/services

. The management and control layer of the SDN infrastructure was assessed,
including: (a) setup configuration parametrization, (b) signalling traffic overhead
analysis for the experiment and projections, (c) traffic profiling of the various
applications hosted and (d) configuration and performance of the dynamic sub-band
allocation SoN.

. The low energy consumption of the elements/nodes was measured and
demonstrated.
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Figure 57. Experimental Demonstrator layout, involving the Data, Control and Services layers.

The mobile network infrastructure of the trial setup consisted of a fully-fledged Long Term
Evolution (LTE) Core network and NOKIA’s Flexi Zone Multiband Indoor 4G small cells
(RAN part). The infrastructure was complemented with an Openstack multi-cloud
infrastructure where applications were hosted. To validate the performance of the deployed
A-IFoF transceivers-assisted transport network segment in the E2E deployment through
performance evaluation of commercial applications running on top, the testbed also included:
a COSMOTE TV Set-Top-Box (STB) for live video content provisioning, High Definition
(HD) / 4K Internet Protocol (IP) and High Definition Multimedia Interface (HDMI) cameras
to provide live footage, AR/VR Glasses (OCULUS Quest-2, HOLOLENS-2), as well as
Internet-of-Things (1oT) devices including sensors, and Android/iOS smartphones/tablets.
Carrier aggregation was also supported, so as to boost the RAN node capacity and as a result
also to evaluate the active capacity reconfiguration capabilities of the TxRx and the maximum
achievable throughput.

Figure 57 illustrates the E2E deployed setup including the physical-, the data management-
and the application layers respectively. Considering the DL path, connectivity between the
EPC (located at COSMOTE premises) and the Small Cell (located at National Technical
University of Athens (NTUA) premises) was provisioned as follows: the EPC traffic towards
the Small Cell was fed to the NC, via a dedicated dark fiber link, interconnecting the two
remote locations, via standard Small Form-factor Pluggable (SFP) interfaces and then was
carried forward to the FPGA fabric, as well the A/D and e/o interfaces. More specifically, the
DAC output was amplified and fed to a (CANGLONG CEB510 series) Electro-absorption
Modulated Laser (EML) emitting at 1560.42nm. The optical signal was transmitted over a 2
km fiber spool of Single Mode Fiber (SMF) and was detected by a (Discovery
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Semiconductors DSC-R402) 10G linear InGaAs photoreceiver. The photoreceiver output was
connected to the IF-to-V-band upconverter board (Gotmic gTCS020B). The upconverter
output was interfaced with a directional Tx- pyramidal gain horn V-band antenna, featuring
23 dBi gain and 10° beamwidth, through a WR15 waveguide. An identical Rx-side radio unit
(Gotmic gRCS016B) located at 1 m horizontal distance received the mmWave radio
waveforms, and the down-converted radio waveforms were then directed to the ADC unit.
The limitation on the transmission distance of the mmWave link was due to several factors,
including space constraints, the length of RF cables, and the presence of a complex indoor
environment with surrounding objects. However, it was demonstrated that the same mmWave
link could effectively operate at a distance of 7 meters [5.11], while other mmWave
deployments have showcased wireless transmission distances of up to 200 meters [5.22], in
line-of-sight (LOS) condition.

The received IF upconverted waveforms were processed through the receiver-side DSP chain
developed on the FPGA-based A-IFoF TxRx. The bitstreams were then converted to Ethernet
traffic and forwarded to the NC and finally to a Small Cell, which offered access to mobile
user equipment. For the establishment of bidirectional connectivity, a symmetrical Wireless-
Fiber link should be employed, providing backwards communication of the Small Cell with
the EPC. Due to limitations related to equipment availability, a symmetrical optical link was
used for the implementation of the UL path of this setup. The experimental evaluation of the
corresponding Wireless-Fiber link is provided in [5.23], indicating similar EVM performance
of the Fi-Wi and Wi-Fi paths. The EML that was employed for the implementation of the UL
direction was emitting at 1540nm, allowing the co-transmission of both directions in a single
fiber. The multiplexing of the DL and UL optical paths in the same fiber core was achieved
by using two low-loss optical circulators, as depicted in Figure 57.

To showcase the network’s adaptation to traffic demands overcoming the capacity limits of
small cell connectivity, two additional pairs of the A-IFoF TxRx’s DAC and ADC units were
employed, for the parallel implementation of a second bidirectional link. This identical analog
RoF link was used to provide traffic to a second Small Cell and was dynamically activated,
via the SDN controller, when the traffic demand exceeded the capacity of a single Small Cell,
and accordingly deactivated when the demand was reduced. As a next step, the employment
of external analog mixing modules, or electro-optical units emitting at slightly different
lamdas, can enable the co-transmission of the parallel traffic lanes, over shared fiber or fiwi
infrastructure.

Figure 58 depicts pictures of the deployed setup for the performed live demonstrator.
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Figure 58. Pictures of the live demonstrator testbed.
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5.2.3 Experimental Results and Real-Time Demonstration of Mobile Services

The first step towards examining the performance and functionality of the deployed testbed
was to evaluate the quality of the analog waveforms that were propagated over the A-
IFOF/mmWave transport deployment, after processing through the employed TxRx unit. The
physical layer evaluation results are presented in Figure 59. The EVM measurements and the
constellation diagrams were derived after real-time processing of the signals detected at the
DACs’ outputs (point A), after fiber (point B), corresponding to the UL and FiWi,
transmission (point C) corresponding to the DL direction and indicate successful signals’
retrieval (EVMs of 2.7%, 5.7% and 7.3% respectively). The measured EVM values are in all
cases well below the requirement of 17.5% set by 3GPP for QPSK signals [5.21], validating
the preservation of signal’s integrity over the Fiber and FiWi analog transport segment, as
well the possible adoption of up to 64QAM (EVM<8%) modulated signals in the presented
testbed. Figure 59 also presents the EVM measurements that were obtained after using a
Variable Optical Attenuator (VOA), to reduce the optical power at the input of the
photoreceiver. After extended measurements the received EVM performance indicates
successful signal retrieval for optical power levels above -28 dBm.
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Figure 59. (a) Constellation diagrams and EVM measurements at the DACs’ output (point 4), Fiber (point B), and Downlink
(point C) transmission, and (b) EVM measurements after FiWi transmission, after reducing the received optical power.

The next step was to assess the impact of the analog fiber-wireless link on the transport
segment between a mobile network EPC and RAN node (Small Cell). The conducted
demonstrator evaluated the proper operation and the multi-subband performance of the analog
FiWi transport network through the use of a series of services and investigated whether there
is any possible impact on the QoE after the integration/intervention of the A-IFoF-based link
in an E2E mobile network. All services aim at:
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» Verifying the establishment of full duplex E2E connectivity between commercial 4G
Small Cells and the EPC/IMS testbed of COSMOTE over the employed analog network
and correct establishment of voice and data calls from commercial smartphones.

» Demonstrating the proper operation of concurrent mobile services (VOLTE calls,
HD/4K video streaming, AR/VR services, 10T services, etc.) over the deployed
infrastructure.

» Verifying that the intervention of the alternative transport infrastructure (R-RRH, SL-
RRH, analog TxRx units) does not have any negative impact on the mobile network
performance and QoOE.

At first, network performance-related tests were conducted (using various Apps such as
OOKLA Speedtest, NPERF, Magic-iPerf and COSMOtools) utilizing both public and private
(iperf3) servers, including handovers. The following performance-related measurements have
been gathered at both test sites (MNO and NTUA premises), regarding:

* Max DL/UL bitrate (TCP/UDP) vs. distance from the Base Station (small cell)
» Max DL/UL bitrate (TCP/UDP) vs. Reference Signal Received Power

« Latency vs. distance from the Base Station (small cell)

« Latency vs. Reference Signal Received Power

Throughout the demonstrator, zero deterioration on the performance of the hosted services
was noticed, indicating the flawless operation of the E2E deployment. On top of the user’s
experience, the performance assessment has been based on specific network performance
tests, from which it can also be easily verified that the presented solution not only is capable
of addressing the strict requirements of demanding real-time applications but also it can
guarantee no impact on the QoE of the user. Figure 60 depicts the maximum achievable
throughput (measured through Iperf and Ookla traffic monitoring tools) is limited by the
Small Cell’s capacity reaching 245Mbps DL and 190Mbps UL which was measure via live
bandwidth measurements. In addition, these measurements were also performed during UE
handover between two Small Cells, indicating smooth recovery of the achievable data rate,
hence unimpacted operation of the E2E deployment, as well the correct operation of RAN’s
critical Control-Plane.
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Figure 60. Service/Control layer evaluation of analog TxRx interface, including: Dynamic capacity reconfiguration, Live
latency/bandwidth measurements, Live Bandwidth measurements, and Demonstration of the uninterrupted operation of
AR/VR gaming, 4K video streaming, and IP videos, over the presented deployment.

Figure 61 shows some screenshots taken by the mobile UE that was used throughout the
demonstrator to run the aforementioned traffic monitoring applications.
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Finally, the SDN-controlled dynamic, capacity de-/aggregation of the A-IFoF TxRx was
demonstrated. More specifically, through constant monitoring of the traffic profile via the
NPO tool, the developed SDN controller activated a second transmission channel, supported
by the implemented A-IFoF TxRx to adjust the available bandwidth, when requested. For
demonstration purposes, the second deployed channel relied on a bidirectional RF link,
interconnecting an independent pair of DACs and ADCs. The aggregated throughput
supported by this solution reached 474Mbps, fully exploiting the capacity of two Small Cells,
operating concurrently. Figure 60 represents the instant duplication of the transport layer
capacity after maximization of the throughput request of both Small Cells, monitored by the
NPO tool. During the dynamic capacity duplication, network traffic measurements were
captured on the OpenDaylight controller to monitor the status of the link. Given that high
delay values would cause out of context decision-making and make the network optimization
ineffective, the data sampling parameter of the link capacity optimization function was closely
related with the Round-Trip Time (RTT). After analysis of the logging derived from the
operation of the algorithm, we noticed that for a preset interval of 5000ms (5s) we got delay
values of 5050+-25 ms which resulted in actual RTT of ~ 68ms. This value is two orders of
magnitude different than the sampling rate and therefore confirms that the RTT delay does
not affect the dynamic subband allocation algorithm. Finally, The RTT delay inserted by the
SDN monitoring/capacity de-/aggregation tool, in addition to the Tx and Rx baseband
processing time, corresponding to 5Susec and 9usec respectively correspond to minor delay
insertion to the total delay budget of the data propagation, well explaining the uninterrupted
operation of the E2E deployment and the successful delivery of the mobile services.
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Figure 62 depicts indicative pictures of the varying applications and services that were
employed either individually or concurrently throughout the demonstrator.

: Video/audio streaming
Live Mobile-TV demo (ultra-low latency service) from IP cams | Multi-
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Figure 62. Indicative pictures and screenshots of the different hosted applications.
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CHAPTER 6.

Conclusions and discussion on potential future
research extensions

This chapter wraps up the present thesis by highlighting the key points discussed in each
section of this document. As a step forward, the document explores research extensions aimed
at enhancing the presented concept and moving it closer to practical deployment in future
mobile networks.

6.1. Summary of the presented work and conclusions

As presented in the first chapter of this document, over the past three decades, significant
advancements have occurred in wireless communication, in the transition from 1G to 4G, to
meet the demands for high bandwidth and extremely low latency. The advent of 5G is driven
by the continuous tightening of mobile networks’ requirements by offering extremely high
data rates, enhanced Quality of Service (QoS), low latency, extensive coverage, high
reliability, and economically feasible services. To this direction, the evolution of the optical
RAN infrastructures, as well the available optical interfaces and technologies that can support
the migration to future mobile networking plays a crucial role.

During the past years, the RAN equipment has adopted innovative designs to address these
challenges. To alleviate the demands on these specifications, diverse functional splits of the
RAN machine have been established. Additionally, novel network segments, namely
fronthaul, midhaul, and backhaul, are now defined as X-Haul links connecting the radio
equipment to the core network. The high cost or complexity of hosting fully updated RAN
equipment at the antenna site led the transition to C-RAN network layouts. At the same time
the migration to new interfaces, including CPRI enhancements as well the adoption of
completely new transport technologies, including the A-RoF scheme serves as a potential
solution to overcome the limitations of current RAN deployments. Benefiting from the legacy
of PON networking, the reuse of the abundant transceiver and fiber installations in
metropolitan areas, concurrently with WDM- And TDM-based traffic aggregation, in synergy
with advancements in SDN networking can further increase the cost efficiency and capacity
performance of X-Hauling and provide suitable network solutions, capable of efficiently
supporting the services and applications envisioned in the beyond 5G era.

In Chapter 2, the concept of Digital Signal Processing (DSP)-assisted optical transmission
capable to support analog MFH is discussed. This RoF concept aims to alleviate the
bandwidth limitations of the 5G MFH through the use of analog optics, which can carry native
wireless data signals via installed fibers. It introduces this ambitious analog concept within
the 5G landscape emphasizing structural changes and challenges that analog MFH attempts
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to address. In the next paragraphs, the architectural shift towards Centralized Radio Access
Network (C-RAN) topologies is thoroughly discussed, which put the traditional digital MFH
transport on the question. The DSP-enabled Analog architecture supporting the MFH is then
presented, focusing on the digital functions undertaken from a powerful centralized DSP
engine.

The next paragraphs focus on the Analog RoF-based optical transport alternatives, presenting
the basic idea behind this scheme and then moving on to a more conceptual view of an
indicative A-RoF architectural structure. The main benefits related to A-RoF and A-IFoF
deployments are then discussed, while a more thorough description of the various optical
methods that are available for generating and transmitting analog radio signals through fiber
is provided. Moreover, RoF systems rely on the transmission of analog signals through optical
fibers, thus their performance is often constrained by several impairments, including optical
fiber chromatic dispersion, phase noise, and nonlinearity, which is the main constraint related
to widely adopting these schemes in actual mobile networks. Following the discussion of
analog-based fiber advancements towards future mobile RAN installations, the migration to
mmWave technologies, as promising candidate access points, but also as possible fiber
extensions for flexible and scalable X-haul implementations is introduced. More specifically,
an architectural view of mmWave-based fiber-wireless bridges for mobile transport
deployments, as well the main challenges and motivations associated with the employment of
mmWave links are examined. Finally, initial results from preliminary experiments aiming at
the verification of the proposed A-RoF solution for realistic fronthaul scenarios are also
included.

Chapter 3 explores in depth the domain of modulation and signal processing techniques,
crucial elements supporting analog fiber/fiber-wireless transport transmission. Within this
chapter, an extensive exploration of modulation techniques in mobile communication systems
is presented. This involves a detailed comprehension of digital modulation methods, including
single carrier digital modulation and the OFDM scheme, unveiling the fundamental principles
underpinning effective signal modulation in the context of mobile communication. The focus
then transitions to multi-carrier candidates for 5G and beyond mobile communication,
providing an overview of varying candidates that promise to evolve the landscape of mobile
communication systems. A systemic comparison of these formats based on their applicability
for indicative actual use case scenarios is also provided.

The next paragraphs focus on actual algorithmic implementation and for this purpose the
focus is put on CP-OFDM waveform, which has been adopted for the investigation of an end-
to-end A-IFoF transceiver implementation, experimental evaluation, and integration into
varying analog transport segments, as it will be extensively presented in the following
chapters. Finally, a set of initial experimental results, captured after fiber and converged A-
IFOF/V-band air transmission, are presented. These experimental studies aim to evaluate the
DSP assisted A-1FoF concept for efficient accommodation of both single and multiple radio
signals, using commercial off-the shelf electronic/photonic components, employing the CP-
OFDM modulation format. Prior to the description of the experimental layouts that were
deployed for analog fiber and FiWi transmission performance evaluation, the key components
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of these layouts, used for electro-optical conversion and vice-versa, as well the radio boards
and antenna units that served the IF-to-RF conversion and wireless propagation are described.

Chapter 4 focuses on the demonstration of a seamless analog FiWi transport link, employing
A-IFoF signals over an FMC topology deployment of TIM’s PON legacy infrastructure,
directly connected to a mmWave wireless link, recirculating traffic between Ethernet-
compliant analog IF-transmit interfaces of an FPGA at the network nodes. The Downlink
operation of the presented FMC topology was experimentally demonstrated. The real-time IF
transmitter was implemented with a Xilinx Zynq Ultrascale+ RFSoC platform, carrying the
transmitter side DSP functions and generating digitally upconverted OFDM signals with
bandwidths up to 400MHz. The A-IFoF signal was transmitted through the field,
simultaneously with residential traffic and redirected to the mmWave wireless link, resulting
to EVM values well below the 3GPP specifications, paving the way towards true FMC
convergence in emerging future PON architectures.

More specifically, the proposed FMC architecture enabling the reuse of the legacy optical
(access) networks for A-1FoF/wireless transmission and its benefits are presented, taking into
account the TIM’s PON legacy infrastructure existing in Turin to bring the proposed concept
one step closer to reality. Afterwards, the experimental setup used for the performance
evaluation of the above A-IFoF over converged PON/wireless transmission is described and
the corresponding captured results are demonstrated.

Finally, Chapter 5 describes the final demonstrator of the European project 5GPHQOS, in
which the first demonstration of the integration of a custom, SDN-reconfigurable, real-time
A-IFoF TxRx interface, over a real network infrastructure located in Athens is described was
performed. The implemented SDN controller offered active adjustment of the capacity
provided by the TxRx for converged A-IFoOF/mmWave RAN transport, based on constant
traffic monitoring and automatic adaptation to the hosted applications’ requirements. Towards
the description of the demonstrator, the envisioned fronthaul architecture which inspired the
actual deployment is initially presented. Afterwards, a detailed description of the different
parts of the implemented analog transceiver unit is provided, including latency and power
consumption measurements.

Moreover, initial experimental results targeting the evaluation of the analog transceiver’s
integration into a mobile infrastructure, supporting three alternative optical/wireless
converged network topologies (FiWi, WiFi and FiWiFi) are discussed, prior to the description
of the final demonstrator’s layout. Finally, the deployed testbed and results of the large-scale
demonstrator are discussed. In a nutshell, in the physical layer of analog transport
infrastructure, EVM measurements of 7.3% for QPSK- OFDM, converged FiWi transmission
were achieved. The uninterrupted operation of the E2E deployment, was validated at
application layer through the performance evaluation of various services such as AR/VR
applications running on top of the infrastructure, as well as by throughput measurements,
using traffic monitoring tools, showcasing peak data-rate per user up to 474Mbps. The
reactive capacity optimization and network parameter reconfiguration capabilities provided
by the SDN management and control layer of the presented solution were also successfully
demonstrated. However, more details regarding the implementation of the analog TxRX, as
well its integration in the mobile core infrastructure are provided in the following sections.
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6.2. Potential future research extensions

The potential of employing novel A-RoF-based transceivers within the 5G and beyond era
has been detailly addressed within the current thesis, providing also an architectural approach
towards actual deployment, as well the demonstration of actual integration solutions with
legacy mobile equipment and proof-of-concept experimental activities that show the validity
of this concept. Still, the co-existence of both digital and analog mobile data streams in a
unified, heterogenous optical network layout remains a challenge. The idea of employing
reconfigurable WDM optical nodes for the co-integration of standard Fronthaul streams with
futuristic analog solutions is being elaborated on, in the following paragraphs. The rest of the
current chapter focuses on the possible advancements that can be achieved through the
integration of analog RoF-based transport links with optical wireless technologies, being
currently in the spotlight for the enhancement of the efficiency, flexibility and scalability of
beyond 5G mobile deployments.

6.2.1 WDM-based Hybrid Analog/Digital Transport Layouts for 5G and
Beyond RAN

As discussed in the previous chapters, within the already mature, digitized Fronthauling
environment, it is inevitable that CPRI-based links will remain the most common interface
for the interconnection between the Baseband Units and the RRHSs, despite the inherently
limited bandwidth efficiency of CPRI protocol and the flexibility limitations that have been
widely presented throughout literature [6.1]. Nonetheless, a series of brand-new technological
enablers have arisen, promising large bandwidth availability, flexibility, and easy
deployment, hence increased scalability. More specifically, the adoption of large unlicensed
bands at high radio frequencies (i.e. V-band, D-band), combined to advanced radio techniques
(such as cooperative beamforming and massive MIMO transmission), and the embracement
of photonic processing/networking solutions seems to be a promising path, towards
surpassing the capacity and scalability bottleneck of current deployments. On top of that,
innovative beyond-CPRI fronthaul alternatives, such as the Analog Radio-over-Fiber (A-
RoF) and Sigma Delta-over-Fiber (SDoF) schemes have been widely visited as possible
candidates to host these technological blocks, showcasing Gbps-scale connectivity over fiber
and converged wired-wireless topologies [6.2],[6.3]. As such, it is essential to migrate to a
network infrastructure that can efficiently integrate various heterogenous technologies and
enable internetworking of existing small cells and future deployment extensions.

For the implementation of such densified and versatile network deployments, Cloud Radio
Access Networks (C-RAN) are highly attractive, as they offer greater network scalability,
efficient transport and increased Network Function Virtualization (NFV) [6.1]. The cloud-
based virtual BBUs (vBBUSs) can support dynamic allocation of baseband processor platform
resources based on the traffic demand. Within this centralized, reconfigurable universe, the
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vBBUs can concurrently and interoperably accommodate heterogeneous, remotely located
radio units equipped with different interfaces, reached via the already existing optical paths
or beyond-legacy, currently emerging optical transport schemes. The adaptation of the optical
transport architectures, interconnecting Central Units (CUs), Distributed Units (DUs) and
RUs in this everchanging multi-technology ecosystem has been widely discussed during the
past years [6.4]. Specifically, the transition to hybrid topologies co-hosting inhomogeneous
transceivers and protocols in a transparent manner while interconnecting BBUs and RUs in a
versatile and reconfigurable way is necessary [6.4][6.5]. For this purpose, current static Point-
to-Point (PtP) optical interconnection of a single BBU with an RRH should evolve and be
replaced with scalable, ptMp layouts, offering wavelength aggregation and reconfigurable
routing of variable types of waveforms and protocols.

The concept of evolving optical transport networks to support multiple traffic streams
addressed for varying radio terminals has been explored in [6.6]. More specifically, the use
of optical networking segments to setup and orchestrate the BBU/DU/RU inter-connection
has been recently discussed through literature as a practical solution for the support of active
functionalities across the optical edge of mobile networks [6.7], [6.8], [6.9], [6.10]. At the
same time, the exploitation of optical switching-enabled hybrid transport layouts, handling
standardized legacy traffic has been showcased in [6.10], [6.11], including, the concurrent
transmission of multiple CPRI lanes in or the co-existence of 5G, Passive Optical Network
(PON) and Datacenter (DC) traffic. Inspired from these works, similar architectures could
accommodate reconfigurable fiber and Fiber-Wireless (FiWi) transport architectures, relying
on flexible Point-to-Multi-Point (PtMP) connectivity of both analog and digital centralized
transceivers with variable radio units, located anywhere in the field.

The migration to flexible, dynamically reconfigurable transport network segments, enabled
by Wavelength Division Multiplexing programable optical nodes is a necessary step for the
flexible interconnection of centralized BBU pools and multiple radio units distributed in the
field. More specifically, standard interconnection between each single BBU with its
corresponding RU has reached a bottleneck in terms of capacity growth, adoptability of
emerging technologies and efficient utilization of centralized resources [6.12], [6.13]. The
above limitations are inseparably connected to the static nature of PtP fronthaul connectivity.
As such, PtMP architectures have been recently investigated throughout literature, promising
flexible bandwidth steering and dynamic management of resources allocation among edge
and radio sites, based on traffic demand [6.14], [6.15].

Inspired by the legacy of WDM-PON networking [6.16], the use of optical switching and
wavelength aggregation units can host the evolving heterogeneous PtMP fronthauling.
Benefiting from the low-loss, protocol agnostic and SDN-compatibility characteristics they
offer, WDM nodes can transparently aggregate disparate optical transmission schemes (D-
/A-ISDoF) and modulation formats, enabling heterogeneous deployments that comprise both
fiber and converged FiWi lanes. Therefore, such architectures are capable of co-hosting of
heterogeneous fronthaul segments, and radio terminals in a cooperative manner, enabling the
synergy of multiple BBUs to concurrently provide enhanced capacity to selected radio sites
(i.e. for hot-spot use cases) or the exploitation of advanced newly deployed RRHs operating
at the mmWaves by varying MNOs’ baseband equipment. In a few words, WDM-based
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transport deployment enables adaptive transformation of the baseband-to-radio hardware
internetworking, based on the occurrence of a plethora of services with varying requirements.

During the past years the adoption of new fiber transmission schemes along the standard D-
RoF solution has been explored mostly in lab-scale experiments targeting the demonstration
of mixed analog and digital formats propagation over shared fiber infrastructure [6.6], aiming
to show the benefits of hybrid A/D-RoF fronthauling. In this direction, [6.9] discusses the
employment of an AWGR-enabled ptMp transport topology, aggregating and steering A-RoF
traffic to the radio units. Such nodes can provide efficient coexistence and even
internetworking between heterogeneous data streams, supporting WDM and Space Division
Multiplexing (SDM) functionalities for the dynamic distribution of the traffic to the radio
sites. In detail, the proposed approach (depicted in Figure 63) relies on the coexistence of
fiber and FiWi fronthaul implementations, such as the following ones:

e legacy CPRI connectivity in which the data transmission is done by fragmenting and
encapsulating the radio data using well established standards such as IP or Ethernet. The
resulting data stream can then be multiplexed with other network traffic, switched in
Ethernet switches and routed in IP routers (Long-Term Evolution (LTE)/4G),

e Dbroadband binary streams for digital optical links for B5G connectivity scenarios as in
5G-oriented RAN. Intensity Modulation/Direct Detection (IM/DD) systems with digital
modulation formats such as Non-Return-to-Zero (NRZ) and 4-level Pulse Amplitude
Modulation (PAM-4) are promising candidates.

e B5G A-IFoF/A-RoF/SDoF implementations which are spectrally efficient transport
schemes and can support extremely high capacities.

e
vBBUs i1 o~
Optical \
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Figure 63. A WSS-based hybrid optical transport architecture [6.17].

6.2.2 Analog Radio over Fiber Links over Converged Fiber/FSO
Infrastructures

Despite the progress in mm-Wave Radio Frequency (RF) communications [6.18] and the
emerging sub-THz bands which can efficiently integrated with fiber X-haul scenarios [6.19],
[6.20] a radio-based X-haul might not suit the capacity requirements since its capability to
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haul tens of GHz-scale wideband signals is limited by the system bandwidth and propagation
effects.

As a natural evolution step for replacing the mm-Waves and sub-THz bands in the analog X-
hauling, Free-Space Optical (FSO) communications, can act as an enabler for the flexible
deployment of such links — provided that the associated optical sub-systems are very cost-
efficient, they are compatible with the fiber-optics transceiver equipment, and they can be
easily deployed in a seamless way with the existing fiber-based networks. Through the
literature, analog Radio-over-Air experimental links have been demonstrated showing robust
operation for local C-RAN applications [6.21]. In [6.22] the use of optical wireless links as a
robust outdoor backhaul solution for small radio cells, such as WiFi, Long Term Evolution
(LTE) and 5G has been conducted, focusing on the link availability, and the achieved network
metrics such as data rate and latency. FSO links have also been successfully demonstrated as
fronthaul network extensions being compatible with 4G/5G systems while they can support
hybrid fiber-wireless scenarios [6.23] .In [6.24] a flexible bidirectional fiber-FSO-5G wireless
convergent system with sub-6 GHz and mm-Wave 5G hybrid data signals was successfully
demonstrated. Very recently, 5G New Radio (NR) Fiber-Wireless systems including FSO
systems have been demonstrated showing high and flexible transmission capacity [6.25].

In this direction, Figure 64 showcases a cutting-edge multi-technology converged Fiber/FSO
architecture, which utilizes flexible optical interconnections between various Mobile Network
Operators, Distributed Units (DUs) and Centralized Units (CUs). The proposed architecture
draws inspiration from the proven principles of Wavelength Division Multiplexing-Passive
Optical Networks (WDM-PON) networking and strategically harnesses the potential of
optical switching and wavelength aggregation units to optimize the transport segments of the
RAN.
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Figure 64. Architecture of a converged Fiber/FSO infrastructure where D-RoF/A-RoF streams are multiplexed.
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This approach capitalizes on the remarkable advantages of WDM nodes, including low-loss,
protocol agnosticism, and SDN compatibility, to seamlessly aggregate disparate optical
transmission schemes such as D-/ARoF and various modulation formats. As a result, the
architecture enables heterogeneous deployments, incorporating both fiber and converged
Fiber/FSO lanes. This co-hosting capability facilitates the cooperative interaction of
heterogeneous fronthaul segments and radio terminals. As a result, the envisioned RAN
ensures robust support for access connectivity requests with diverse KPIs. Moreover, it
achieves enhanced capacity through the utilization of analog wired-wireless directional lanes,
capitalizing on the exceptional bandwidth potential of FSO technology while simultaneously
accommodating the legacy traffic. To realize this concept, the proposed hybrid optical RAN
architecture facilitates dynamic interconnections between central offices and RRHs via both
digital and analog paths. An optical node employing SDN-compatible WSS serves as a
foundation for WDM and SDM functionalities, dynamically distributing the traffic. In
particular, the architecture embraces the coexistence of two fronthaul implementations:

e Legacy DROF connectivity, where data transmission occurs through SFPs. The
resulting data stream can be multiplexed with other network traffic, switched in
Ethernet switches, and routed in IP routers, supporting technologies like LTE/4AG
and 5G.

e B5G A-IFoF implementations, which offer spectrally efficient transport schemes
capable of supporting extremely high capacities, catering to the demands of next-
generation wireless services.
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