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ABSTRACT

Historically, the spatial spectrum reuse has been the most efficient approach for
improving cellular system capacity. Based on this observation, the 3rd Generation
Partnership Project (3GPP) has proposed new spatial spectrum reuse schemes,
towards fulfilling the International Mobile Telecommunications-Advanced (IMT-
Advanced) requirements for the 4G networks. In this direction, a major shift is
realized from wide-range cells with high transmit power (macrocells) to low-power
small-sized cells (femtocells), while a lot of effort is allocated to the spatial
spectrum reuse by enabling Device-to-Device (D2D) communications, i.e., direct
communications in a cellular network, without the intervention of the base station.

The scope of this thesis is to deal with challenges arising from the introduction of
femtocells and D2D communications in cellular networks standardized by 3GPP
Release 8 and beyond, i.e., Long Term Evolution (LTE) and LTE-Advanced (LTE-
A). More specifically, for the case of femtocells, the interference management
problem is studied, while for the D2D communications the radio resource
management and the spectrum access challenges are addressed.

First, a comprehensive description of the physical layer and architecture of the
LTE/LTE-A networks is provided, and the current standardization efforts for the
introduction of femtocells and D2D communications are described. Subsequently,
different control channel interference management schemes for femtocell-overlaid
LTE/LTE-A networks are studied, while an innovative power control scheme for
the femtocell downlink transmissions is proposed, utilizing the end user’s quality
of experience. This work brings to the surface new research challenges, where
the end user’s satisfaction level plays an active role in network management and
service provisioning. However, the further investigation of these challenges is out
of this thesis’ scope.

Considering the much more dynamic environment defined by the D2D
communications in a cellular network, the major research effort is then shifted to
the resource and interference management problem for D2D communications.
Assuming a predefined set of D2D pairs in a cellular network, an interference
information collection mechanism and a D2D resource allocation scheme, based
on the graph-coloring theory, are proposed. Evaluation results showed that even
high spatial spectrum reuse levels can be achieved, the interference collection
and processing problem is quite complex, while additional signaling is needed.
Taking this into account, a contention-based approach is proposed. Under this
approach, the D2D devices compete for accessing the spectrum following a
procedure similar with that used in WiFi (Wireless Fidelity) networks.
Performance analysis shows that the efficiency of the proposed scheme depends
on the number of competing devices. Towards restricting the number of
competing devices, only to those that are in proximity and, thus, in valid positions
for D2D communication, the device discovery problem is studied.

According to the 3GPP standardization efforts, the solution of the device
discovery problem requires frequent transmission of discovery signals from each
device, either announcing its presence in a specific area, or requesting discovery
information from a target device. Adopting the second option, enhancements in
the 3GPP standardized access network are proposed, enabling a resource
request / allocation procedure for device discovery transmissions. In parallel, a
spatial spectrum reuse scheme is designed and evaluated, as an effort to reduce
the consumption of radio resources for discovery transmissions. Analytical and
simulation results show that, under certain conditions for the network density, a



number of discovery transmissions can be enabled in a multi-cellular network
even if no interference information is available.

SUBJECT AREA: Wireless Communication Systems and Networks

KEYWORDS: Spatial spectrum reuse, interference management, device-to-
device communications, device discovery, femtocells, LTE/LTE-A networks.



NEPIAHWH

Alaxpovikd, n Kupiapxn oxedIAoTIKN €TTIAOYN yia TNV BEATIwWON TNG QACUATIKAG
ammodoong Twv aoUpPATWY OIKTUWV KIVNTWV  ETTIKOIVWVIWY  €ival N XWPEIKN
gTTavaypnoigoTToinon @AcPATog, n duvatdTnTa dnAadr) va £TavaxpPnoIUOTToIEITAl
TO 010 KOYMATI QACHOTOG TTOANEG (POPEG OTO XWPEO ME TNV TTpoUTToBeon Ot
dlatnpouvTal XapnAd Ta eTTITTEdA TwV TTAPEPBOAWY.

210 ouyxpova diKTUQ KIVATWY ETTIKOIVWVIWV PEAETWVTAI BUO VEOI TPOTTOI XWPIKIG
ETTavayxpnOoIPoTTIOiNONG PACUAToG: a) N avamTuén eeurtokuweAwy (femtocells), n
avaTrTugn dnAadr MIKPWYVY KUWEAWV YIa €GUTTNPETNON KUPIWG ECWTEPIKWYV XWPWV
oTnv €upuTEPN TTEPIOXH KAAUWNG Mia KUplag KUuWwéANg, Kal B) n evepyoTroinon
ETTIKOIVWVIWV  OUOKeUNG-oe-ouokeurj  (Device-to-Device — D2D), armeuBeiag
OnAadr ETKOIVWVIWV XWwpPic Tnv dlapecoAdpnon Tou oTtaBuou PBdong Tng
KUWEANG.

2KOTTOG TNG TTapoucag dIaTPIBAG €ival va PEAETNBOUV Kal va QVTIMETWTTIOTOUV Ol
TIPOKANOEIG TTOU  TTPOKUTITOUV OTTO TNV €10aywyr QEUTOKUYEAWY KAl TNV
uIoBETNON  ETTIKOIVWVIWY  OUOKEUNG-OE-OUOKEUN]  0€  KUWeAwTd  dikTua
mpoTtutroToiNuéva amd tnv 3GPP (3rOI Generation Partnership Project). Mo
OUYKEKPIPEVA, MEAETWVTAI Ta TTPORAAMATA TNG dlaxEipiong Tou @ACHATOS Kal TWV
TTapePBoAwy, kabwg kal Bépata mpdoaong oTto acpa yia Long Term Evolution
(LTE) kai LTE-Advanced (LTE-A) dikTua PE QEUTOKUWEAEG KOl UE ETTIKOIVWVIES
OUOKEUNG-OE-OUOKEUTN).

MNa 1o OKOTTO auTo, apXIKG peAeTiOnkav Ta LTE/LTE-A KupeAwTd SikTUa WG TTPOG
TO QUOIKO ETTITTEDO, TNV APXITEKTOVIKI KAl TIG TTAPEUPBOAEG, ATTOTUTTWVOVTOG KAl TNV
TPEXOUOO KATAOTAON OTO TOUEA TNG TTPOTUTTOTTOINONG TWV QEUTOKUWEAWV KAl TWV
ETTIKOIVWVIWY  OUOKEUNG-OE-OUOKEUN.  AKOAOUBNOE pIa  OUYKPITIK  PEAETN
MNXaviopwy dlaxeipiong TTapeUBoAwyv o€ KavaAia eAéyxou evog LTE/LTE-A
OIKTUOU HE QPEUTOKUWEAEG KAl £VOG KAIVOTOPOG PNXAVIOPOG €AEYXOU 10XUOG YO
METAOOOEIC QEUTOKUWEAWY, PBACIOCPEVOG OTNV TTOIOTATA EUTTEIPIAG OTO TEAIKO
xpnoTtn. H douA&ld auTh Avoige vVEOUG €PEUVNTIKOUG OPICOVTEG, OTTOU TO ETTITTEDO
IKAVOTTOINONG TOU TEAIKOU XPROoTn TTailel evepyd poAo oTn dlaxeipion Tou dIKTUOU
KAl TNV TTapoxn Twv utrnpeoiwyv. MNapdAa autd, n TrepeTaipw PEA &n TTPOG TNV
KaTeuBuvon auTh gival EKTOG Tou OKOTTOU TNG TTapouoag dIaTPIRAG.

2TNV OUVEXEIQ, TO KUPIO BAPOG TNG MEAETNG METAQEPONKE OTO TTIPORANUA TNG
dlaxeipiong Tou QACHOTOG KOl Twv TTOPEUPOAWY OTO TIOAU TTI0 QUVOUIKO
TEPIBAAOV  €vOG KUWEAWTOU OIKTUOU OTTOU  ETITPETTOVTAI Ol ETTIKOIVWVIEG
OUOKEUNG-O€-OUOKEUN. Z& TTpWTN @Aon, Bewprbnke éva oUvoAo atrd ({euyn
OUOKEUWV TTOU ETTIKOIVWVOUV PETAEU TOUG UE ETTIKOIVWVIEG OUOKEUNG-OE-OUOKEUN)
Kal TTPOTABNKE évag pNXaviopuog oUAAOYAS TTAnpo@opiag TTapePBoAwyY Kal éva
oxXAMO avaBeong TTOpwv Paciopévo oTn Bewpia ypdpwy. To KUPIO aTTOTEAECUA
™G MEAETNG QUTAG NATav  TWG  av KAl uwpnAd  emitTreda  XWPIKAG
ETTAVAXPNOIYNOTTIOINONG PTTOPOUV va €MTEUXOOUV, N CUANOYR Kal n €TTECEPyaTia
TTANPo@opiag TTapePBoAwy gival éva TTOAUTTAOKO TTPOBANUA TO OTTOIO ATTAITEI KOl
EMTAEOV TTOpoUg onuatodooiag. ‘ETol, TpoTddnke kal avaAuBnke piag Auon
Baoiouévn oTov avtaywviouo. MNPakTIKA o1 XPAOTEG TWV ETTIKOIVWVIWY CUOKEUNG-
O€-0UOKEU] €@Aapuolouv €va  OXNUA OVTOYyWVIOMoU OpoIo PE QuTd  TTou
xpnoiyotroigital ota diktua WiFi (Wireless Fidelity), TTpocapuoouévo Ouwg oTo
QuUOIKO €TTiTredo Twv LTE/LTE-A dikTUwv. MaBnuartikry avdAuon Tou oxruartog
€deiEe 1oxupn €€apTnon Twv emMOOCEWV amd To TAABOG Twv XPENOTWV TToU
avtaywvifovtal yia To @AoHa. 2€ YIa TTPOOTIABEIa TTEPIOPICKOU TOU TTANBOUG TWV



avTaywvi{OUEVWY XPNOTWYV JOVO O€ auToug TTou BpiokovTal o€ yeIrviaon, Kal dpa
MOovd O€ auToUG TTOU N APECH ETTIKOIVWVIO TOUG €ival €QIKTr), MEAETABNKE TO
TTPOBANPA TNG AViXVEUONG YEITOVIKAG OUOKEUNC.

Me Bdaon TmIg Tpéxouoes Trpodiaypagéc Tng 3GPP, ya Ttnv €miA on Tou
TTPOBAANATOG AViXVEUONG YEITOVIKAG OUOKEUNG, MiO OUOKEUN €ITE AVOKOIVWVEI HUE
METAOOON TIEPIODIKWY MPNVUUATWY TNV TIAPOUCIA TNG O€ HIO OUYKEKPIMEVN
TTEPIOXN, EITE AITEITAI ATTO KATTOIA CUYKEKPIUEVN CUOKEUN TTANPOPOPIa aviXveuong.
Yi00eTwvTOaG TN OeUTEPN TIEPITITWON, TTPOTABNKavV BeATiwoelg oto LTE/LTE-A
OiKTUO TTPOCPRACNG WOTE va EMTPETTETAI N AvABeon @AOUATOC VIO PETADOOEIG
AaViXVEUONG VEITOVIKWY OUOKEUWV. [lapdAAnAa, dedopévou OTI Kal yia TIG
METAOOOEIC QUTEG ATTAITEITAI N KATAVOAWON @AOUATOG, OXEOIAOTNKE KAl
agloAoynobnke pia AUon Baciopévn OTn XWPEIKN ETTAVOXPNOIYOTIOINON @ACUATOG.
To Baoikd cuptTéEpacpa ATav 0TI AOYyw TwV XAPNAWY aTTaITACEWY TTOIOTNTAG TWV
MNVUPATWY avixveuong, KATw a1t opIohEVEG OUVOAKESG TTUKVOTNTAG TOU OIKTUOU,
MTTOPEI va ETITPATIEI N XWPIKA £TTAVAXPENOINOTTOINCN TOU KUWEAWTOU QACHUOTOG
yla HETODOOEIG AVIXVEUONG CUOKEUNG.

OEMATIKH NMEPIOXH: ZuoTAuaTta acUpPaTWV ETTIKOIVWVIWY Kal diKTua

AEZEIZ KAEIAIA: Xwpiky  €mavaxpnoigotroinon  @Aaocparog,  dlaxeipion
TTapePBOAWY, ETTIKOIVWVIEG OUOKEUNG-0E-OUOKEUN,
QViXVEUOT OUOKEUNG, QEUTOKUWENEG, LTE/LTE-A SikTua
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2YNOWH

H paydaia aug¢non Twv TNAETTIKOIVWVIAKWY AVAYKWVY YIa a&lOTTIoTN ETTIKOIVWVIA JE
UWNAEC TaXUTNTEG, KAl yyunuévn TToidTnTd, atrd OTTOUOATTOTE KAl OTTOTEDNTIOTE,
EXEl €1I0AYEI VEEC TTPOKANCEISC OTO OXEDIAOPO TWV OUYXPOVWY OIKTUWV KIVNTWV
EMKOIVWVIWV. Baoikr atraitnon eival n oxediaon AUCEwWV yia UVANIKOTEPN Kal
atrodOTIKOTEPN XPNON TOU @QACUOTOG, TOU ONPAVTIKOTEPOU iCWG TTOPOU TWV
AOUPHUOTWY ETTIKOIVWVIWY. Kupiapxn oxedIAoTIKA €TTIAOYR TTPOG TNV KATEUBUVON
auTR ATTOTEAEI N XWPIKN ETTAVAXPNOILOTTOINCN @Aacuarog, n duvaTdétnTa dnAadn
VO ETTAVOXPNOCIYOTIOIEITAI TO 010 KOUPATI QACHATOS TTOAAEG QOPEG OTO XWPO HE
TNV TTPOUTT60ECN OTI diIaTnEOoUVTaAl XOUNAG Ta ETTITTESQ TWV TTAPEPPBOAWV.

Alaypovikd, oTa diKTUO KIVATWY ETTIKOIVWVIWY, N XWPIKN ETTAVAXPNOIUOTToinoNn
QAOUATOG TTPAYUATWVETAlI YE TNV avABeon Tou idlou ACPATOG CUXVOTATWY O€
YEITOVIKEG KUWEAEG, YEITOVIKEG BNAQDK TTEPIOXEG OTTOU KABE pia egutTnpeTEiTal TTd
OIaQOPETIKO OTaBUO Paong. Mia TTpaK 1K A TTOU 0€ OUVOUAOPO PE TNV ouvexn
OMdikpuvon Twv KUWeAWv, £xel TTaigel otroudaio poAo otnv paydaia BeATiwon TNG
QACUATIKAG XWPNTIKOTNTAG Ta TeAeuTaia Xpovia, €mmAAnNBelovTag £w¢  Kal
TTPOo@aATa TOV VOO Tou Moore TTepi dITTAacIacoU TG acUpUATNG XWPENTIKOTATAG
KGBe 30 prveg.

2Ta ouyxpova OiKTUa KIVNTWV ETTIKOIVWVIWY, MEAETWVTAI VEA OXAMOTA XWPIKAG
ETTAvVAXPNOIMOTTIOINONG @ACHUATOG, TTOU avapéveTal va aAAd&ouv apdnv 1o TPOTTO
XPNong Twv acupuatwy TTOpwV o€ £va OiKTUO. Mo CUYKEKPIYEVA, JEAETATAL: O) N
avarmTuén eurokuweAwy (femtocells), n avarrruén dnNAod UIK pwWV KUPEAWY Y
€EUTTNPETNON KUPIWG E0WTEPIKWY XWPWV OTNV €UpUTEPN TTEPIOXN KAAUWNG pia
KUPIOG KUWEANG, Kal B) n €VEPYOTTOINON ETTIKOIVWVIWY OUOKEUNG-0E-OUOKEUN
(Device-to-Device — D2D), atreuBeiag OnAadry E€mMKOIVWVIWV  XWPIS TNV
dlapecoAdpnaon Tou oTaBuou Baong TNG KUWEANG. Kal Ta U0 oxAuaTa avaPEVETAI
va KOAUWoOuUV, €KTOG TNG aVAYKNG VIO aTTodOTIKATEPN XPrON Tou @ACHATOG, Kal £€va
OUVOAO ETEPOYEVWV OTTAITACEWV TTIOU £XOUV TTPOKUWElI OTA oUyxpova OiKTud
KIVITWV ETTIKOIVWVIWY OTTWG: a) N BEATIWON TOU CUVEXWG PEIOUPEVOU KEPDOUG avda
METadIdOUEVO bit TTANPOQOPIOG yia TOUG TNAETTIKOIVWVIAKOUG Trapoxoug, B) n
ETTAPKAG Kal agIOTMOoTN aocUpuaTn KAAUWN €0WTEPIKWY XWPWV, Y) N UEIWON Tou
OyKou OedOEVWYV TTOU TTEPVAEI OTTO TO BIKTUO UTTOOOUNAG, Kal &) n avattuén vEwv
UTTNPEECIWYV TTOU EKPETAAAEUOVTAI TNV YEITVIAON HETAEU TWV CUOKEUWV.

H 3GPP (3rOI Generation Partnership Project) Ttapéxer non TIC PaoIkES
TTPOJIAYPAPEG YIa TNV AVATITUEN OIKTUWV PE PEUTOKUWEAEG aTTo To Release 8 kai
10 Release 10 tou mrpoTUTIOU, yia diktua LTE (Long Term Evolution) kai LTE-A
(LTE-Advanced), avrtioToixa, evw oTo Release 12 &ekivnoe n ueA dn ya T
TIPOTUTTOTIOINCN TWV ATTEUBEIAC ETTIKOIVWVIWY UTTO Tov O0po Proximity Services
(ProSe).

H mapouoca Sidakropikn diarpifn £oridlel ornv £miAucon Twv TPOKAROEwWV
TTOU TPOKUTTTOUV AITO TNV &I0aywyn QEUTOKUWEAWYV KAl TNV uUIloBETnon
EMIKOIVWVIWV OUOKEUNG-OE-OUCKEUN Of daoupuara KuwsAwra JSikrua
LTE/LTE-A.

To trepiexduevo TNG dIaTPIRAG XwpileTal o€ OKTW KEPAAaIa Kal akoAouBei Tn doun
TTOU QAiVETAI OTO TTAPAKATW OXAMA.
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Mo ouykekpIpéva,

2TO TTPWTO KEQPAAAIO, TO OTIOI0 ATTOTEAEI TNV €l0aywyr, OTTOTUTTWVETAI TO
YEVIKOTEPO BEUA TO OTTOIO TTPAYUATEUETAI N dIATPIRR. ZTO KEPAAQIO auTd, opiovTal
Ta KivnTpa, O OKOTTOG KAl N ouveIoQopd TNG dIaTPIRNG, evw emTTPOOOETA, diveTal N
OOMN TOU KEIYEVOU KOl MIO OUVOTITIKA TTEPIYPAP] TOU TTEPIEXOMEVOU KAOE
KEPAAQiou.

210 OEUTEPO KEQPAAQIO VIVETAI UIO TTEPIEKTIKY) ETTIOKOTTNON TwV LTE/LT-A dIKTUWV
KOl TwV TIPOKANOEWV TIOU €I0AYOUV Ol QEUTOKUWEAEG Kal Ol  aTTeuBeiag
EMMKOIVwVieG o€ auTd. Mo ouykekpipéva, apxik& TTEPIypd@ovTal O PACIKESG
OVTOTNTEG TNG APXITEKTOVIKAG evOG 3GPP JIKTUOU Kal 01 BACIKEG DOUEG OTO PUOIKO
ETTTEDO. ZTN OUVEXEIQ TTAPOUCIAZOVTAl Ol APXEG AEITOUPYIOG TWV PEUTOKUWEAWV
Kal To TTPORANPA Twv TTOPEUPOAWV. To BeUTEPO KEPAAQIO EPTTEPIEXEI [POOIKEG
yvwoelg yia ta LTE/LTE-A KugeAwTd SikTua TTOU €ival aTTapaitnTES YIa TN MEAETN
TWV UTTOAOITTWV KEPAAQiWYV, KAl KUPIWG TwV KEPAAaiwyv 3 Kal 4.

2TO TPITO KEPAAAIO VIiVETAI MIO OUYKPITIKA MEAETN TEXVIKWYV dlaxeipiong
TTapePBoAwyv oe 3GPP dikTua e QENTOKUWEAEG. H PeEAETN €0TIAEl OTNV AVAYKN
yla dlaxeipion Twv TTapeuBoAwyv o kKavaAlia gAéyxou Tou OIKTUOU, divovTag Mid
OUYKPITIKA €IKOVA TWV TTAEOVEKTNUATWY KOl TWV PEIOVEKTNUATWY TWV UTTAPXOVTWV
AUoewv. Mo ouykekpipéva, Bewpeital éva LTE-A OIKTUO PE QEUTOKUWEAEG, OTTOU
TO i0I0 KOMUMATI QACHOTOG XPNOIUOTIOIEITAlI OTTO  (QPEUTOKUWEAEG KAl KUPIEG
KuWéAeg/uakpokuwéAeg (co-channel deployment) evw uloBeTeital kKal n AsiToupyia
closed subscriber group (CSG) vyia TIG @EUTOKUWENEG, OTTOU POVO  €va
OUYKEKPIPMEVO OUVONO EYYEYPAPMEVWV XPNOTWV PTTOPET Va €EUTTNEETNOET XWwpPIig TN
duvaTéTNTA UETATIOUTING MN EYYEYPOAUMEVWY XPNOTWV. YTTIO autd TO OEvAPIO, TO
TPOBANUO  TwV  TTOPEUPOAWY  €MOEIVWVETAI ATTAITWVTAG TNIO  €CUTIVEG Kl
KAIVOTOUEG TTPOOEYYIOEIG yIa TNV €TTiAUCH Tou. Mia TTIBavr] KaTRyopIoTToinon TwWV



UTTOPXOVTWYV TIPOOEYYioEwV gival ot TTAPEPUPBOAEG O€ KavAAia TTOU QEPOUV
0edopéva KAl o0€  TTAPEUPOAEG Ot KavAAia  TTOU  @EPouV  TTANPOopIa
eAéyxou/ouyypoviopou/onuatodocoiag. H TTAciopneia Twv TIPOCEYYIOEWY OTN
BiBAIoypagia aoxoAcitar pe TO TPOBANUO TG TTOPEPPOAAG OTa  KavAaAia
oedouévwy, Bewpwvtag OTI O TEXVIKEG Olaxeipiong TTOPEUPOAWY  TTOU
XPNOIUOTTOIOUVTAI YIO TNV TTPOOTACIA KAVOAIWY OeDOOPEVWY, OTIG TTEPICTOTEPEG
TTEPITITWOEIG, EQAPPOLETAI ETTIONG YIA TNV TTPOCTACIA TWV KAVOAIWYV EAEyXOU (TT.X.,
TEXVIKA €AEyXOU 10XU0G). QOTO00, O OXEDIOONOG TTPOCOAPUOCHEVWV TEXVIKWV
dlaxeipiong TOPEUPOAWY yia Tnv TIPOOTACIa Twv KavaAiwv €eAéyxou eivai
ATTOPAITATOS YIa TOuG akOAouBoug AGyoug: a) n onuacia TG TTANPOPOPIag Trou
@épouv Ta KavaAia eAéyxou, B) n 1daTepdTNTA Tou LTE-A ouoTtiuartog va
XPNOIYOTIOIEI MIa TTPOKABOPICHEVN TTEPIOXH TWV TTOPWV TTOU EKTEIVETAI 0€ OAO TO
€0pog wvng Xwpic duvaTtdTnTa dUVAUIKAG avAaBeong oTo TTEDIO TWV CUXVOTATWY,
Kal y) TNV avAykn va a1roQeuxBouv TTapavornoEi§ OXETIKA UE TOV CUYXPOVIOUO TNV
TpooBacn f TNV avdBeon ToOpwv, KABWS oTa KavAaAia autd dev UTTAPXEl N
duvatéTnNTa  ETTEVAPETAdOONG XAMUEVNG TTAnpogopiag. AauBdvoviag OAa Ta
Tapamdvw uttoywn, OTO TPITo KePAAailo Tng dIatpIBrig TTpoTeEiveTal  Wia
KATNYOPIOTTOINON TWV ONUAVTIKOTEPWY TEXVIKWV OlaxEipiong TTapePBoAwyY yia
KavAAia eAEYXOU, EVWD TTPOCQPEPETAI KAl MIA OUYKPION HEAETN TWV €TTIOOCEWY TOUG.
Na 10 AOYyOo auTtd, opioTNKAvV TECOEPIC OIAPOPETIKEG KATNYOPIEG TEXVIKWV: Q)
TEXVIKEG TTOU €@apuolovTal oTo Tedio TG ouxvoTntag, ) TEXVIKEG TTou
eQapUOlovTal OTO TTEDIO TOU XPOVOU, Y) TEXVIKEG EAEYXOU I0XUOG, Kal ) TEXVIKEG
avaBeong aoUpupatwyv Topwv. H afloAdynory Toug ETTIKEVTPWONKE OTNV
TTOPEUPOA TTOU TTPOKAAEITAI O KAVAAIQ €AEyXOU OTN KOTEPYXOUEVN CeUgn atmo
oTabuoUs BdAong QEUTOKUWEAWV O€ XPAOTEG Miag HAKPOKUWEANGS. OTttwg
TIPOEKUYE, OI JN CUVEPYATIKEG TEXVIKEG — TEXVIKEG TTOU £QAPUOlovTal aveEapTnTa
0€ KAOE @QEUTOKUWEAN — €XOuv HEIWMEVN €TTIOOON, KUPIWG O€ TTUKVO OIiKTUO
QEUTOKUWEAWYV. ATTO TNV AAAN PEPIA, OUVEPYATIKEG TEXVIKEG ATTAITOUV QEIOTTIOTN
Kal €ykaipn avtaAAayr TTAnpo@opiag, KATI TToU TIG KABIOTA TTOAUTTAOKEG O€ TTUKVA
dikTua. ETTioNng, o1 TEXVIKEG EAEYXOU 1I0XUOG HETADOONG UTTOPOUV VA EQAPPOCTOUV
OUVOOEUTIKA PE KABE GAAN TEXVIKN YyIO TTPOCTACIO XPNOTWV-OUPATWY TTAPEUBOANG
BeATILWVOVTAG ONUAVTIKA TIG ETTIOOCEIG, ATTAITEITAI OUWG EAEYXOG TNG ETTIRAPUVONG
TTOU TTPOKOAEITAI OTOUG €CUTTNPETOUNEVOUG XPAOTEG.

210 TETAPTO KeEQPAAAIOo TrpoTeiveTal pia pEBOdO dlaxeipiong TTapeUBoAwvV
Baoiouévn OTn TEXVIKA €AEyXOu I10XUOG METAdOONG TWV QEUTOKUWEAWV. H
KAIVOTOMia TNG HEBODOU EyKEITAI OTO OTI XPNOIMOTIOIEI WG BACIKO KPITAPIO YIa TNV
€AoY 10XU0¢ PeTddoong 1o BaBuod Ikavotroinon Tou TeAIKOU XpAoTn. Méxpl
onuepa, N TAsloPn@ia Twv PeBOdwWY dlaxeipiong TTAPEUPOAWY UE TNV TEXVIK
EAEYXOU 10XUOG ETTIKEVTPWVOVTAI OTN OIAC@AANION TNG TTAPEXOMEVNG TTOIOTNTOG
utrnpeoiag (Quality of Service — Q0S), HETPOUMEVN KUPIWG O€ TIWEG OAUATOG TTPOG
TTapeUPoAl ouv B6puBo (SINR). Ze OAeG QUTEC TIGC TTPOCEYYIOEIC N €TTido0N
epdooetal  amd TO (NTOUMEVO  KOTWQAI  TToIdTNTA  UTTNPECIOG  OTOUG
€EUTTNPETOUNEVOUG XPNOTEG, ETOI TT.X. £vaG OTABNOG BACNG Piag QEUTOKUWEANG OE
MTTOPEI VO MEIWOEI TNV 1I0XU €K TOUTTAG TOU KA Apa TIG TTAPEPPOA & K arw atTod
gkeivn TNV TIA TTOU €€a0@aAilel TNV eAdxioTn {nToUuEVN TTOIOTNTA UTTNPECIiag
OTOUG €EUTTNPETOUMEVOUG XPNoTeG. QOTOOO, PIa M0 EAKUOTIKR PEBODOG yia va
aglohoynBei n TTOIOGTNTA TNG TTAPEXOMEVNG UTTNPETiag (E1I8IKA yIa UTTNPETIES
TIPAYMATIKOU XPOVOU) €ival n PETPNON TOU ETTITTEOOU IKAVOTIOINONG TWV TEAIKWV
xpnotwv. ETmi Tou TTapdvTog, n ouvdeon PETALU TNG atrédoong Tou BIKTUOU Kal
TNV IKAVOTTOINON TwV TEAIKWV XPNOTWV Ogv gival auoTnpd kaBopiopévn. MNa va
dwooupe éva Tapadelypa, n idla pubuatrdédoon yia TNV idla TTAPEXOMEVN
uTInpEEcia  PTTopel va  aglohoynBcei  TeAEiwG dIAQPOPETIKA aTtd dUO  XPAOTEG.



AvayvwpifovTag Tn onuaacia TG TTOOOTIKOTTOINONG TNG IKAVOTTOINONG TWV TEAIKWV
xpnotwv, n ITU (International Telecommunication Union) tpdteive 1OV OpO
TTo16TNTag eutelpiag (Quality of Experience — QoE). H QoE ¢ivai o 1m0 onuavTikog
TTaPAyovTag yia Tnv amdé@acn €vog XPNoTn OXETIKA HE TNV OUVEXION TNG
OUVOPOMNG TOU O€ MIO UTTNPEDIQ, KAl TO YEYOVOG auTtd €¢nyei Tnv eu@dvion
MOVTEAWV PETABOONG ATTO TO UTTAPXWV POVTEAO dlaxeipiong dIKTUOU PE BAon Tnv
QoS o¢ éva véo Baoiopévo otnv QOoE. AaupdavovTag uttéyn Ta TTapatmdvw, oTo
TETAPTO KEPAAAIO TNG DIATPIPNG, EEETACETAI €AV KAl O€ TTOI10 BaBUS o1 TTapeUPBOAES
o¢ €va OIKTUO HE QEPTOKUWEAEG QVTIKATOTITPICOVTAlI O€ OIOKUMAVOEIG OTNnV
IKAVOTTOINON TWwV TEAIKWV XPNOTWV. H UEAETN ETTIKEVIPWVETAI OE UTTNPECIEG
@wvVvA¢ (Voice over IP (VoIP)) kal apxIkd peAeTATal N uTToBABPION TNG TTOIOTNTAG
EMTTEIPIAC TWV XPNOTWV HIOG HAKPOKUWEANG AOYW TNG EI0QYWYNG QEUTOKUWEAWV.
2Tn ouvéxela, egetdleTal n oxéon METAU TNG Aaupavopevng TiIMAS SINR Kal TNG
QOE o€ £va xprioTn Kal TTPOTEIVETAI VOGS PNXAVIOUO €TTIAOYAG 1I0XUOG JETAdOONG
yla Twv @euToKUWEAWY Baoioyévo oto QOE. TéAog, o PBaCIKOG pnxaviouod
EMAOYAG 10XU0G PETAdOONG TTou TTpoTEiveTal atrd TN 3GPP yia TIG QEUTOKUWEAES
TwV LTE-A OIKTUWV CUYKPIVETAI JUE TOV TTPOTEIVOUEVO UNXAVIOHO, OTTODEIKVUOVTAG
TTwG N Xprion tou QoE otn diaxeipion Twv TTapeUBoAwy cival euepyeTikr. OTTWG
amodelkvueTal, pe TNV Xprion tou QOE avti ¢ Tou QOS, uTtTopoupE va
BeATiwooupe TV aTTOd00N TWV CUPPBATIKWY AUCEWV dIaxeipiong TTapePBoAwy,
Xwpic va empBapuvouue TNV avtiAnyn TTou €x€l 0 XPNOTNG yia TNV TTOI0TNTA TNG
uTTNEECiag Tmou AapBavel. MNPakTiKG YTTopoUuE va TTPOCAPPOCOUNE KATAAANAG Ta
KAaTw@AIa eEuUTTNPETNONG €VOG XPNOTN O€ XapNnAOTEPES TINEG QOS diatnpwvTag
Ouwg 10 QOE, peiwvovTag TNV I0XU EKTTIOUTING OTIG QPEUTOKUWEAEG Kal TTAPAAANAQ
TIG OUVOAIKEG TTAPEUPBOAEG TTOU TTPOKaAOUVTAI OTO OIKTUO.

2TO TEUTITO KEQPAAAIO TTapoucialovtal Ol BACIKEG apPXEG TwWV OUOKEUN-OE-
OUOKEUN emmKoIivwviwy o€ LTE/LTE-A kuweAwTtd OikTua, Kai yivetar pia
BIBAIoypa@Ik €MOKOTINON AUCEWV OTTOU N XWPIKN ETTAVAXPNOIYNOTTOINON
QACHUOTOG  XPNOIMOTIOIEITAI  yIa TNV OuvUTTOPEN OUMPBATIKWY  KUWEAWTWV
ETTIKOIVWVIWV Kal aTTeUBeiag emmKoIvwvIwy. EmTAéov, ouvoyideTal n TpExouca
KATAoTaon OTO TOPEA TNG TIPOTUTTOTTIOINONG TWV ETTIKOIVWVIWY OUOKEUNG-O€-
OUOKEUN, &VW TIEPIYPAQPETAl KAl TO TIPORBANUA TNG QviXVEUONG YEITOVIKWV
OUOKEUWYV, HIa atrd TIG ONPAVTIKEG TTPOKANOCEIG TTOU EI0AYETAI PE TIG OUOKEUN-O€-
OUOKEUI ETTIKOIVWVIEG. TO TTEPTITO KEQAAQIO CUUTTANPWVEI TIG BACIKES YVWOEIG YIA
Ta LTE/LTE-A KuypeAwTd dikTua, oI o1Toieg divovTal OTO KEQAAAIO 2, TTAPEXOVTAG
OTOV avayvwoTn To KATAAANAO uttoBabpo woTe va PEAETACEI TIG AUCEIG TTOU
TTpOTEIVOVTAI OTA KEQAAQIQ 6 Kail 7.

2710 €KTO KEQPAAAIO peAeTATal TO TTPOPRANUA TTPOCRACNG Kal dlaxeipiong Twv
AoUPHUOTWY TTOPWV VIO ATTEUBEIAG ETTIKOIVWYVIO PETAEU XPNOTWV O KUWEAWTA
OikTua. Mo ocuykekpipéva, TTpoTeivovTal dUo AUOEIg, pia pe TTpOoacn O1Tou O
OTaBPOG BAong avaBETel acUPUATOUG TTOPOUGS YIA OTTEUBEIOG ETTIKOIVWVIA PETALU
XPNOTWV EKPETAAEUOUEVOG TTANPOPOPIa YIA TIG AVAUEVOUEVES TTAPEUPBOAEG OTO
OikTUO, Kal pia yia TTpdofaon PeE aviaywvioud OtTou uloBeTouvTal Ol BACIKES
apx£g Aesiroupyiag Tou TrpotuTou IEEE 802.11.

MNa 1t AUon 110U YiveTal eKUETAAAEUON TTANPOPOpPIag TTapeUBOAWY aTTd TO OTABUO
Baong, TrpoteiveTal €vag PNXaviopog Paciopévog otn Bewpia ypdoewv. H
KAIVOTOMIO TOU OUYKEKPIUMEVOU PNXAVIOUOU EYKEITAI OTO TPOTTO OnuIoupyiag Tou
YPA®OU Kal OTnVv XpHon €vOog OXNUATOG METPACEWV Yyia Tnv oUAAoyn Tng
atmmapaitnTnNg TTANpogopiag Baciouévo oTo QuUOIKS eTTiTredo Twv LTE dikTtuwv. O
YPAPOG oxnuartifetalr TpIiv atmmd KABe avepxoOuevn Ceugn atmmd KOUPOUG TToU
QATTOTUTTWVOUV €iTE Ta {eUyn OUCKEUWV TTOU €xouv aItnBei @dopa yia mmoavh



aTTeEUBEiag ETTIKOIVWVIQ, €ITE TIC OUOKEUEG OTIC OTTOIEC £XEl avaTeBEl @Aoua yia
MeETAdoon oTnv avepyxouevn Ceuén Tou KuweAwTou OIKTUOU. AKUEG opifovTal
METAEU OUO KOPPBwWV OTav UTTAPXEl EVOEIEN TTAPEUPOAAG HETAEU TWV CUOKEUWV
TTOU QVTITTPOOWTIEUOUV oI KOuPBol. lNa Tnv amokTtnon TnNg TTAnpogopiag
TTOPEUPOAWY OTO BIKTUO, OTTOIOOONTIOTE HMNXAVIOUOS METPrioEwWV/avixveuong n
EKUETAANEUONG TTANpoYoOpiag B€ong uTTopei va xpnoiyotroinBei, TTapoAa autd
TIPOTEIVETAI N XPrON MIOG TTEPIODOU AViXVEUONG OTO TTAQICIO TNG AVEPYXOMUEVNG
Ceutng, OTTOU Ol CUOKEUEG TToUu BEAouv va €xouv aTreuBeiag  €TTIKOIVWVIA
QVIXVEUOUV WETAOOOEIC CUMBATIKWY XPNOTWV TNG KUWEANG. Me Tov TpOTTO autd
oxnuaTi¢ovTtal AioTeg TTAPEPPOAEWYV OI OTToIEG aTTOOTEANOVTAI OTO OTABNO BAONG
Kal XPNOIYOTIOIOUVTAI YIa TO OXNUATIONO Tou ypd@ou. H avdbeon Twv acupuatwyv
TTOPWV YIA TIG OTTEUBEIOG ETTIKOIVWVIEG YIVETAI PE TEXVIKEG XPWHATIOPOU YPAPWV
OTToU KABe Xpwua avTioToIxileTal o€ €va KOUUATI Tou @Aaocpatog. H péBodog
UTTOOXETAI UWNAG TTOOOOTA XWPEIKAG E£TTAvVAXPNOIKNOTToiNoNG Tou ACHATOG,
avadelkvUel OUWG Kal Tn TTOAUTTAOKOTNTA TOou TTPORANPATOG, BETOVTAG O€ TTPWTO
TAGvVO TNV avalnTnon AUCEwv OTTOU OEV ATTAITEITAI CUYKEVTPWOTN TTANPOYOPIag
TTOPEUPOAWV.

MNa tnv mTpocfacn pe avraywviopd, yiverar pia Trpoocapuoyr tng Distributed
Coordination Function (DCF), uiag diadikaoia n otroia Xpnolyotroigital o€ dikTua
TpotuTroToINUéva katd |IEEE 802.11, oto @uOIkO emmitredo Twv LTE dIKTUWV
OTTOoU N PETAdOON YiveTal O TTpoKaBopICUEVA TTAQICIA yIa TNV AveEPXOUEVN Kal TN
Katepxopevn Ceuén. O1 atreubeiog emKovwvieg AauBdvouv Xwpa Katd Tnv
avepxopevn Ceuén Tou KuweAwToU OIKTUOU, €vw opifovtal Téooepa oevdpia
AgiToupyiag: a) yia TIG atreuBeiag YETAdOOEIC XPNOIUOTIOIEITAI TTPOKABOPICHEVO
@Aoua, aveEapTNTO TWV KUWEAWTWY PETABOOEWYV, Kal £XEl TTponynBEi AsiToupyia
avixveuong (o1 OUOKEUEG yvwpiCouv Ot yerrviddouv), B) yia TIG atreuBeiag
METAOOOEIC XPNOIUOTIOIEITAI TTPOKABOPIOUEVO PACHA, AVEEAPTNTO TWV KUWEAWTWV
MeETadOOoEWV, aANG dev €xel TTponynOei Asiroupyia avixveuong (oI OUOKEUEG Oev
yvwpicouv av yeItviafouv), y) yia TiG atreuBeiag petaddoeig XpnolyoTroigital 1o idio
QAopa pE auTO TWV KUWPEAWTWV METAOOOEWY, Kal €Xel TTponynOei Asiroupyia
avixveuong (o1 ouoKeuég yvwpifouv Ot yerrviddouv), kal 8) yia TIG aTreuBeiag
METAOOOEIC XPNOIMOTTOIEITAI TO D10 PACHA PE AUTO TWV KUYEAWTWY PETODOOEWV,
aAAG dev €xel TTponynBei AsiToupyia avixveuong (01 CUOKEUEG Bev yvwpilouv OTI
YeIviddouv). MNa Ta oevapia auTd, YiVETAl AVOAUTIKI) JEAETN TWV AVOUEVOUEVWV
embdooewv aTrd TAEUpAg pubuatddoong, kabuoTépnong, Kal KATavaAwong
evépyelag. OTwg TTpoékuye n atrdédoon Tou OXAUATOG £CAPTATAI KATA KUPIO AGYO
ammdé 1o TTANBOC TWV XPENOTWV/CUCKEUWY TTOU avtaywvifovtal, evw n TTpoTePn
yvwon yia 70 av 0 XprRoTnGg/CUOKEURN-0EKTNG €ival O€ KOVTIVA) aTTOCTACN YA TNV
eykaBidpuon Tng ameuBeiag emKkovwviag (emmiAuon TTPORAARUATOS avixveuong
YEITOVIKNG OUOKEUNG) BEATIWVEI AloBNTA TIG €TTIOOOEIG.

210 £BOopOo Ke@AAaIO peAeTdTal éva ammd Ta BepeAiudn TTPoBARpATA OTIC
ETTIKOIVWVIEG OUOKEUNG-OE-OUOKEUI, TO TIPOBANUA TNG AVIXVEUONG OCUCKEUWY TTOU
yeirvidfouv. To TTPOBANua egetdletal ammd dUO OKOTTIEG. ZTn TTPWTN TTPOTEIVETAI
MIa ogipd aAAaywv oTo CUUBATIKO TPOTTO ONUATOd0oOiag yia avabeon @AoPATOg
woTe 0 oTaBudg Bdong evog LTE-A dikTiou va PTTopEi va avaBéoel gaoua yia
METAOOOEIC MUNVUUATWY  QVIXVEUONG OUOKEUNRG. 2Tn  OeUTEPN  TTEPITITWON
TIPOTEIVETAI €VAG KEVTPIKOTTOINKEVOG PNXAVIONOG XWPIKAG ETTAVAXPNOIYOTTIOINONG
@PAOPATOG YIA TNV EVEPYOTTOINOTN METADOCEWY QVIXVEUONG YEITOVWV.

Na Ttnv onuarodocia TTou atraiTeital yia avdBeon TOpwv Ot PETAOOOEIS
QAViXVEUONG YEITOVWYV, Ol TIPOTEIVOUEVEG BEATILOOEIG €0TIAJOUV OTNV EVOWUATWON
TTANPOYoOpiag o€ UTTAPXOVTa JnvUuuata eAéyxou oOTO OikTuo TTpoéofaocng,



ATTOPEUYOVTAG TNV EUTTAOKI TOU OIKTUOU TTUpAva. Mo cuykekpipéva, o aAAayEG
QUTEG €ival OUPQWVEG PE TO TIPOTUTTIO Tou LTE-A OUOTAPOTOG, KAl Q®OPOUV
KUPIWG TNV €10aywyn MIag ETTITTAEWV TAUTOTNTOG OTIC OUOKEUEG TWV TEAIKWV
XPNOTWYV OUOIO UE AUTH TTOU XPNOIKOTIOIEI 0 OTABPOG Bdong Katd TNV diadikacia
avaBeon TOpwWV.

MNa TNV XWPIKA €TTavaxpnoigoTroincn, N TTPoTeivouevn AUCHN eKPETAAAEUETAI TNV
TeXVIKA Fractional Frequency Reuse (FFR) katd TIG avw@epeic HETABOOEIS OTO
KUWEAWTO OiKTUO. 10 CUYKEKPIYEVA, O OKOTTOG TOU TTPOTEIVOUEVOU OXNUATOG ival
OITTOG: a) va TTapéXEl TO PEATIOTO PEYEBOG TOU ECWTEPIKOU PEPOUG Miag KUWEANG
(cell-center area) OTTWG autd opifstal amd Tnv FFR T1exvikh, kai B) va
TTOOOTIKOTTOINCEl TOAVES euKalpieg METADOOEIC ONUATWY avixveuong OTo QpACUaA
TTOU XPNOIYOTIOIEITAlI ATTO XPrOTEG TTOU PPIOKOVTAI OTO €0WTEPIKO MEPOG TNG
KUWEANG, EKTINWVTAG TTAPAAANAQ TNV ETTITITWON OTIC KUWEAWTEG ETTIKOIVWVIES. Ta
TNV TTOCOTIKOTTOINON QUTH €VOG OUVTOVIOTAG XPNOIMOTIOIET EKTIUACEIG TOU QOPTOU
TOU OIKTUOU Kdal TIG KOTAVOUAG TWV XPNOTWYV, ATTOPEUYOVTAG TNV OUAAoyYR Kal
EKMETANAEUON TTANpoopiag Béong i TTapeuPoAwv. O OUVTOVIOTHG EVNUEPWVEI
KABe o1aBuod Bdong yia 1o PEyEBOG OTO OTTOIO TTPETTEI VO OPIOTEI TO ECWTEPIKO
MEPOG TNG KUWEANG TOU KOl yIA TOV PEYIOTO OPIBUO TWV ETITTAEWV PETADOOEWV
TToU JTTopEl va emTpEéWel. Ta PBaACIKOTEPO TTAEOVEKTAUATA TNG TTPOTEIVOUEVNG
AUong ouvowyifovtal OTO OTI Oev QTTAITEITAI Kapia TTAnpogopia TTapePBoAwv
METAEU TWV XPNOTWV, €EVW N QVAPEVOPEVN ETIBAPUVON TWV KUYEAWTWV
MeETadOOEWY eival eyyunuéva XapnAdtepn evog katw@Aiou. MapdAAnAa, n Auon
MTTOPEI va AciToupyei Kal wg pia ouppaTtiki FFR texvikh, yia TTpooTtacia atréd dia-
KUWeAIKy (inter-cell) TTapeuPOA OTIG TTEPITITWOEIG TIOU 1N AVAPEVOUEVN
EMPBApUVON atTd TNV ETTAVAXPNOCIYOTIOINCN TOU @AouaTog dev gival atmodekTr. Na
TO OXAUa autd TTapéXovtal AvaAuTIKG OTTOTEAECPATO T OTToid  Kal
emBeBaiBnKav e TRV Xpron TTPOCOH0IWoNG.

210 60Yd00 Ke@AAAIO OAOKANpwvETal N dIATPIRR. 2TO KEPAAQIO QUTO YivETAI HIO
OUVOTITIKA} ava@opd oTa Béuata Ta oTroia PEAETHONKAV, €VW EUTTEPIEXOVTAI
OUYKEVTPWTIKA OAa TO OUPTTEPACHOTA TNG €PEUVOG KOl  TTEPIYPAPOVTAl T
ATTOTEAEOUATA TTOU TTPOEKUWAV.
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Spatial spectrum reuse in heterogeneous wireless networks: interference management and access control

1. INTRODUCTION

1.1 Thesis motivation and scope

Nowadays, wireless communication services and broadband Internet access have
converged to deal with the present requirements for ubiquitous and highly reliable
communications. International Mobile Telecommunications-Advanced (IMT-Advanced)
guantifies these requirements promising an all-Internet Protocol (IP) packet switched
network with data rates analogous to those provided by wired communication systems.

In this direction, a new architecture of cellular networks introduces a major paradigm
shift from wide-range cells with high transmit power (macrocells) to low-power small-
sized cells. The success of this shift relies on capitalizing on the performance
improvements derived by increasing the spatial spectrum utilization and enhancing the
indoor coverage. Historically, spatial spectrum reuse has been, by far, the most efficient
approach in improving cellular system capacity, compared to approaches such as the
the adoption of efficient modulation schemes. Also, the enhancement of indoor
coverage will be essential in the near future, since the majority of the voice and data
traffic will originate from indoor users. To this end, the 3rd Generation Partnership
Project (3GPP) standardized a novel type of small-sized cells called femtocells or
femtos. Femtocells are expected to be the most energy-efficient and cost-effective
solution for improving spatial spectrum utilization and indoor coverage. Since the
licensed spectrum resources are expensive and scarce, femtocells are expected to
spatially reuse licensed spectrum under the so-called co-channel deployment. Installed
by the consumers in an unplanned manner, they also provide the option to serve only a
limited set of subscribed users through the so-called closed subscriber group (CSG)
mode, changing in that way the landscape of cellular networks in the following years.
However, before operators and consumers reap the benefits provided by femtocells,
several challenges must be addressed, including the mitigation of the generated
interferences.

In parallel to the femtocell proliferation, one of the prominent topics considered toward
achieving IMT-Advanced requirements is the Device-to-Device (D2D) communications,
i.e., direct communications in a cellular network, without the intervention of the base
station, when the transmitter and the receiver are in close proximity. Differing from
conventional approaches, such as Bluetooth and WiFi-direct, D2D communications
utilize licensed spectrum, while no manual network detection-selection is needed.
Comparing to the very appealing cognitive radio communications, where secondary
transmissions are allowed in parallel with primary cellular transmissions, D2D
communications are established by standard/primary cellular users, reaping the benefits
of being synchronized and controlled by the central (primary) base station. The
introduction of D2D communications in cellular networks is expected to be beneficial
from a variety of perspectives. The short distance between D2D users results in better
channel conditions, leading to higher data rates, lower delays and lower energy
consumption. Additionally, D2D users are connected through a direct link and the
intermediate transmission to a base station is avoided, saving network resources and
processing effort from the network. Also, the coexistence of cellular and D2D links can
lead to more efficient spectrum utilization and higher spatial spectrum reuse, while new
business models, probably with a new charging policy for users, may be designed.
However, D2D communications do not come without a cost. On the one hand,
interference-free conditions between D2D and cellular transmissions, as well as among
D2D pairs are required, while on the other hand, the device discovery problem should
be faced, i.e., the need for a D2D transmitter to know whether the target receiver is in its
vicinity and, thus, in valid distance to start a D2D communication.
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The 3GPP (3" Generation Partnership Project) already provides the fundamental
specifications for the femtocells in Release 8 and Release 10 for LTE (Long Term
Evolution) and LTE-A (LTE-Advanced) networks, respectively, while the first efforts for
standardizing D2D communications begun in Release 12, under the term Proximity
Services (ProSe).

Taking all the above into account, the scope of this thesis is to deal with challenges
arising from the introduction of femtocells and D2D communications in LTE/LTE-
A cellular networks. More specifically, the interference management problem in
femtocell-overlaid cellular networks is studied, while the radio resource management
and the spectrum access challenges arising in cellular networks with D2D
communications are examined.

1.2 Thesis contributions

In this thesis the reader can find a comprehensive description of the architectural and
physical layer aspects of the LTE/LTE-A networks, as well as, the current
standardization efforts for D2D communications and the main specifications for solving
the device discovery problem. However, the dominant contributions of this thesis are
summarized below:

= A thorough study of fundamental and emerging interference schemes for
femtocell-overlaid LTE-A networks, and a qualitative and quantitative
performance comparison from the perspective of control channel protection is
provided. The focus is on the downlink control channel interference caused by
femtocells to macrocell users located in the total macrocell area or in a target
femtocell area, while the impact of the femtocell deployment density on such
interference is assessed.

= An examination on whether and in what extent the interferences in a femtocell-
overlaid network are reflected as variations in the end-users’ satisfaction is
provided. Additionally, the relation between the SINR (signal to interference plus
noise ratio) and the perceived Quality of Experience (QoE) at an interference-
victim is studied and formulated towards designing a QoE-aware power control
interference management scheme.

= A graph-coloring secondary resource allocation scheme for D2D communications
is proposed. Under this scheme, interference information together with the
primary resource allocation (for the cellular uplink transmissions) are represented
by an enriched node contention graph (eNCG), which is utilized by graph-
coloring algorithms to provide a secondary allocation for D2D communications.

= A spectrum access scheme for D2D communication peers in an LTE network
based on a contention process is proposed, providing the performance analysis
in terms of normalized throughput, access delay and energy consumption. The
solution borrows the distributed coordination function (DCF) of the IEEE 802.11
standard and adapts it to the LTE UL physical layer structure.

= Euclidian geometry is used to estimate the access and discovery probabilities
(i.e., the probability a D2D transmitter to be outside the interfering area of a
cellular transmitter and the probability the target D2D receiver to be located in
transmitter’s range) in an interference isolated cell.

= A set of enhancements is proposed in the conventional resource
request/allocation procedure of an LTE-A access network towards allowing the
allocation of spectrum resources for discovery transmissions. The proposed
enhancements abide by the specification for device discovery provided by 3GPP.

= The spatial spectrum reuse opportunities posed by the FFR technique in the UL
period of a multi-cellular LTE network are analytically studied and a D2D
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coordinator is proposed towards exploiting these opportunities for discovery
transmissions. Simulations are used to validate the results of the theoretical
study.

1.3 Thesis structure

This thesis consists of eight chapters, following the conceptual structure depicted in the
figure bellow. Chapter 2 provides a comprehensive description of the femtocell-overlaid
LTE-A network and studies the interference management problem. Chapter 3 provides
a categorization and a comparative evaluation of the existing control channel
interference management schemes. Chapter 4 includes a power control scheme for
interference mitigation in femtocell-overlaid networks based on the QoE at the end user.
Chapter 5 summarizes the open challenges on device-to-device communications,
including the current standardization efforts by 3GPP. Chapter 6 provides two solutions
on spectrum access and management for direct communications, one resource
allocation scheme utilizing graph-theory and one contention-based adopting principles
of the DCF of the IEEE 802.11 standard. Chapter 7 proposes two solutions on spectrum
access and management for device discovery, one for resource allocation signaling and
one for spatial reuse of the cellular spectrum. Finally, chapter 8 summarizes the overall
achievements and conclusions.

CHAPTER 1

Introduction
Thesis motivation, scope,
contributions and structure

CHAPTER 2 CHAPTER 5

Femtocell-overlaid Device-to-Device
networks communication in cellular

Comprehensive description of the
femtocell-overlaid LTE-A network
and study of the interference
management problem

networks
Open challenges on Device-to-
Device communications

CHAPTER 4 S CHAPTER 6 4 CHAPTER 7
QoE-driven interference e a:(;ess da," ot Spectrum access and
management in femtocell- managemen. T' 15 management for device
overlaid networks communication discovery
Two solutions are proposed, one 5
A power control scheme for Two solutions are proposed, one for

. I resource allocation scheme utilizin, . : s
interference mitigation based on the € resource allocation signaling and one for

. graph-theory and one contention- R
QoE at the end user is proposed based adopting DCF of IEEE 802.11 spatial reuse of the cellular spectrum

CHAPTER 3
Control channel interference
management in femtocell-

overlaid networks
Categorization of existing approaches
and comparative evaluation

CHAPTER 8
Summarized results and

conclusions
Thesis achievements and
conclusions
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2. FEMTOCELL-OVERLAID NETWORKS

The modern needs for ubiquitous and high reliable services introduce a major paradigm
shift from conventional cellular networks to heterogeneous networks, where macrocells
coexist with femtocells [1]. Femtocells are indoor low-power cells introduced in order to
improve the spatial spectrum utilization and amplify the indoor coverage, promising high
QoS to the end-users. Moving to this direction, Long Term Evolution (LTE) and its
resent amendment LTE-Advanced (LTE-A) are the first to apply the mixed cellular
network and face in practice the challenges of a two-tier heterogeneous network. This
chapter provides a comprehensive description of the LTE/LTE-A networks, and defines
the interference management problem in such networks.

2.1 LTE-A Architecture

The LTE-A system is divided into two basic subsystems (Fig.2-1) [2]: the Evolved —
Universal Mobile Telecommunications System (UMTS) Terrestrial Radio Access
Network (E-UTRAN) and the Evolved Packet Core (EPC). Its architecture has been
simplified avoiding the hierarchical structures and providing increased scalability and
efficiency. The EPC subsystem is a flat all-IP system designed to support higher packet
data rates and low latency in serving flows. Also, its target is to operate under multiple
radio access technologies, to increase system’s capacity, and to support seamless
mobility. The basic entities that are used to this purpose are the Mobility Management
Entity (MME), the Serving Gateway (S-GW) and the Packet Data Network Gateway (P-
GW). On the other hand, the E-UTRAN subsystem implements the access network
introducing a spatial coexistence of large-sized base stations, called evolved NodeBs
(eNBS), small-sized indoor base stations, called Home eNBs (HeNBs), and mobile
terminals called User Equipments (UEs). Commonly, the UEs served by the eNBs and
HeNBs are referred to as macrocell UEs (MUEs) and Femtocell UEs (FUESs),
respectively.
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Figure 2-1: LTE-A architecture

Each (H)eNB has an IP address and is part of the all-IP network, while it is
interconnected to other (H)eNBs through the X2 interface (Fig.2-1). This interconnection
allows collaboration among (H)eNBs in order to perform functions such as handover
and interference management. Note that in a 3GPP Release 10 network the X2
interface is not specified for connection between HeNBs and eNBs; however, in 3GPP
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Release 12 networks [3] the X2 gateway (X2 GW) is used for this interconnection.
HeNBs are considered as low-power eNBs and realize the access network of the
femtocells by spatially reusing the spectrum bands assigned to eNBs. Since HeNBs are
closer to the end-users than the eNBs they experience better channel conditions
improving the indoor coverage.

However, HeNBs have the option to serve only a specific set of subscribed devices by
adopting the so-called close subscribed group (CSG) mode, and they can be
unpredictably switch on and off by the consumers, exacerbating the generated
interference problem.

2.2 LTE-A Physical Layer

2.2.1 Multiple access technique

Orthogonal frequency division multiplex (OFDM) was selected as the basis for the
LTE/LTE-A physical layer. OFDM is a technology that dates back to the 1960’s. It was
considered for 3G systems in the mid-1990s before being determined too immature.
Developments in electronics and signal processing since that time has made OFDM a
mature technology widely used in other access systems like IEEE 802.11 (WiFi) and
802.16 (WIMAX) and broadcast systems (Digital Audio/Video Broadcast — DAB/DVB).
The OFDM technology is based on using multiple narrow band sub-carriers spread over
a wide channel bandwidth. The subcarriers are mutually orthogonal in the frequency
domain which mitigates inter-symbol interference (ISI) (Fig. 2-2).

 Af

Figure 2-2: OFDM subcarrier spacing

The main advantages of the OFDM technique are summarized as follows:

Decreased inter-symbol interference.

Low requirements for intra-cell interference cancellation.

Flexible utilization of frequency spectrum.

High spectral efficiency due to the orthogonality between sub-carriers.
Optimization of data rates for all users in a cell by transmitting on the best (i.e.
non-faded) subcarriers for each user via Orthogonal Frequency Division Multiple
Access (OFDMA).

In the LTE/LTE-A DL the OFDMA technique is used to multiplex traffic by allocating
specific patterns of subcarriers in the time-frequency space to different users. In
addition to data traffic, control channels and reference symbols can be interspersed.
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Control channels carry information on the network and cell while reference symbols
assist in determining the propagation channel response. However, despite its many
advantages, OFDMA has certain drawbacks such as high sensitivity to frequency offset
and high peak-to-average power ratio (PAPR). To this end, in the UL the Single Carrier
FDMA (SC-FDMA) with cyclic prefix is adopted targeting at reducing the PAPR.
However, the drawback of the SC-FDMA is the relatively inter-symbol interference for
due to the single carrier modulation, which requires a low-complexity block equalizer at
the eNB receiver to correct for the distorting effects of the radio channel.

2.2.2 Frame structure

In the time domain, the transmissions in an LTE-A network are organized into radio
frames of 10 ms, while each radio frame is divided into 10 subframes, while either the
FDD (Frequency Division Duplex) or the TDD (Time Division Duplex) approach can be
used. In the TDD case the seven different configurations can be used as shown in
Table 2-1

Table 2-1: TDD configuration types

Special Configuration
index subframe

frequency | O | 1 |2 |3 |4 |5 6|78 9
0 5ms D|S|U|JU|U S|U|U | U
1 5ms D|IsSs| Uju|D|D|S|U|U|D
2 5ms Dl S| uU|D|D|D|S|U|D|D
3 10ms D|IsS| Uju|uUu | D  D|D|D|D
4 10ms D|Is| uUju|D| D D|D|D|D
5 10ms Dl S| uU|D|D|D|D|D|D|D
6 5ms D|IS| Ujuju|DbD|S|U|U|D

Each subframe consists of 2 slots, while each slot consists of 6 or 7 OFDM symbols for
the extended or the normal cyclic prefix (CP), respectively (Fig 2-3). Scheduling is done
in a subframe basis.

One radio frame, Tiame = 307200 x 7, = 10 ms —‘

Tsubtrame = 1 MS ‘

|

Tsior = 0.5 ms
— CP:5.2 us — Useful symbol length: — CP: 4.?;{_5
I.' ~7 160 samples | 66.7 us; 2048 samples I.' 144 samples.
| | |
E . § &8 N
g
Special OFDM symbol: OFDM symbol:
71.9 us; 2208 samples 71.3 us; 2192 samples

Values shown for normal CP assignment; Af = 15 kHz

Figure 2-3: Frame structure (FDD) [4]
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In the frequency domain, the number of subcarriers ranges from 128 to 2048,
depending on channel bandwidth, with 512 and 1024 for 5 and 10 MHz, respectively.
The subcarriers are organized into resource blocks of 180 KHz each, i.e., 12 subcarriers
define a resource block (RB). One resource block for the period of one slot defines a
physical resource block (PRB). A PRB is the minimum allocation unit and, in case of
normal CP, consists of 12x7=84 resource elements (REs). A RE is the minimum
resource unit and is defined by 1 subcarrier for the period of 1 OFDM symbol, as shown
in Fig. 2-4.
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Figure 2-4: Frequency domain structure of LTE/LTE-A downlink [4]

Focusing on the downlink (DL) (Fig. 2-4), a PRB contains predefined REs for data,
control, broadcast, synchronization, and antenna reference signals. The control REs
occupy up to 3 OFDM symbols at the beginning of the subframe, and form the control
region of the subframe. The control region includes the physical control format indicator
channel (PCFICH), the physical hybrid-automatic repeat request (H-ARQ) indicator
channel (PHICH), and the physical downlink control channel (PDCCH). The PCFICH is
a very important channel transmitted at the first OFDM symbol in each subframe. It
carries the control format indicator (CFl), specifying the number of OFDM symbols used
for the control channel region. The PHICH includes an indicator to acknowledge (or not)
a successful reception of an uplink (UL) transmission from a UE, while the PDCCH
carries the UE specific resource assignments for data transmissions. The
synchronization and broadcast REs occupy the middle six PRBs of the available
bandwidth providing the physical cell identity (PCI) of the cell, and the physical
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broadcast channel (PBCH), respectively. The antenna reference REs include common
reference signals (CRS) for each available antenna port and are used for mobility
measurements and for demodulation of the DL control and data channels.

On the UL, the frequency domain structure is quite similar to that used in the DL.
However, there are two types of reference signals: the Demodulation Reference Signals
(DM-RS) and the Sounding Reference Signal (SRS) (Fig 2-5).The DM-RS are used to
enable coherent signal demodulation at the eNodeB. These signals are time multiplexed
with uplink data and are transmitted on the fourth or third SC-FDMA symbol of an uplink
slot for normal or extended CP, respectively, using the same bandwidth as the data.
The Sounding Reference Signal (SRS) is used to allow channel dependent (i.e.
frequency selective) uplink scheduling as the DM-RS cannot be used for this purposes
since they are assigned over the assigned bandwidth to a UE. The SRS is introduced

as a wider band reference signal typically transmitted in the last SC-FDMA symbol of an
UL subframe.

One Subframe (1 ms)

™
=
]
[5a)
o
- Data
Demodulation
= Reference Signal
% |:| Sounding Reference
Signal
Control CH
| PUCCH (UE #1) | PUCCH (UE #2) E ontro

A

Y

One Slot (0.5 ms)

Figure 2-5: Frequency domain structure of LTE/LTE-A uplink [4]

For the LTE-A case the utilized bandwidth can be extended up to 100 MHz (from
20MHz which is the maximum in the conventional LTE case) using the carrier
aggregation technique.
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Figure 2-6: Carrier aggregation technique

Carrier aggregation technique provides:

» Scalable expansion from 20MHz to 100MHz by aggregating carriers, each group
of carrier is referred to as a component carrier (CC). The available bandwidths of
each CC are 10 MHz and 20 MHz.

* Continuous (adjacent) or non-continuous CC located in the same or different
spectrum bands can be aggregated (Fig. 2-6)

There are two categories of CC:

* Primary component carrier. This is the main carrier in any group, consist of
a primary downlink CC and an associated uplink primary CC

* Secondary component carrier. The additional CC used for bandwidth expansion.

The most important physical layer parameters of LTE/LTE-A are summarized in Table
2-2.

Table 2-2: Physical layer parameters LTE/LTE-A

Parameter values

Channel Bandwidth (MHz) 1.25 2.5 5 10 15 20
Frame Duration (ms) 10

Subframe Duration (ms) 1

Sub-carrier Spacing (kHz) 15

Sampling Frequency (MHz) 192 | 3.84 | 7.68 | 15.36 | 23.04 | 30.72
FFT Size 128 256 | 512 | 1024 | 1536 | 2048
Occupied Sub-carriers (inc. DC sub-carrier) 76 151 | 301 601 901 | 1201
Guard Sub-carriers 52 105 | 211 | 423 635 847
Number of Resource Blocks 6 12 25 50 75 100
DL Bandwidth Efficiency 77.1% | 90% | 90% | 90% | 90% | 905
OFDM Symbols/Subframe 716 (short/long CP)

2.3 Interference problem in femtocell-overlaid networks

The coexistence of macrocells and femtocells can offer benefits at many levels to both
operators and consumers. Typically, macrocells are deployed based on network
planning/dimensioning methods, whereas femtocells are deployed randomly inside the
macrocells, requiring a high quality IP connection to the operator’s core network (e.g.,
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DSL line, or fiber). Regarding LTE-A networks, an interconnection through the X2
interface is available among (H)eNBs, while each base station is connected through the
S1 interface to a mobility management entity (MME) and a serving gateway (S-GW). In
practice, HeNBs are considered as low power eNBs that spatially reuse the spectrum
bands assigned to eNBs. They have the option to serve only a specific set of subscribed
UEs (CSG mode), while they can be unpredictably switched on and off by the
consumers, burdening in that way the interference management problem. More
specifically the interference problem in femtocell-overlaid networks is very challenging
for the following reasons:

= Femtocell proliferation creates a highly dense network,

= femtocells are deployed by the end-consumers i.e., in a random/unplanned
deployment manner,

= a heterogeneous network is created (two-tier network) and femtocells are
expected to spatially reuse licensed spectrum defining the co-channel
deployment, and

= femtocells can provide the option to serve only a limited set of subscribed users
through the closed subscriber group (CSG) mode (no handover option for non-
subscribed users)

Other reasons that can exacerbate the interference problem are the achieved
synchronization level and the subframe configuration used in the TDD case (see Table
2-1). A comprehensive description of the interference problem in femtocell-overlaid
networks can be found in [5].

Assume now that macrocells and femtocells are synchronized, meaning that the uplink
(UL) and downlink (DL) periods of both sub-networks have the exact same timing. In
this kind of scenario, the parallel transmissions of eNBs and HeNBs during the DL, as
well as of MUEs and FUEs during the UL may cause serious interference problems. To
be more precise, during the UL, the MUEs may cause interference to the HeNBs,
especially when MUEs are operating very close to a building where a HeNB is located.
The same thing is valid during the DL, when transmitting HeNBs may also cause
interference to closely located macro-receivers. In these two cases, the interference
problem is locally present. All the potential interference scenarios are depicted in Table
2-3.

Table 2-3: Interference types in a femtocell-overlaid LTE-A network

Index Aggressor Victim UL/DL Cross/Co tier
1 Macro UE Home eNB UL Cross-tier
2 Macro eNB Femto UE DL Cross-tier
3 Femto UE Macro eNB UL Cross-tier
4 Home eNB Macro UE DL Cross-tier
5 Femto UE Home eNB UL Co-tier
6 Home eNB Femto UE DL Co-tier

The interference problem is much more severe during the DL regarding the eNB’s
transmissions, which may affect the femtocells’ operation, since the eNB’s signal is
spread throughout the whole macrocell. As a consequence, such interference
conditions are high likely to happen. Thus, it is made clear that the DL period is very
challenging in terms of interference, and mechanisms need to be deployed in order to
avoid, reduce or manage it. One more reason that the DL is very challenging is that it
concerns the perceived quality of communication from all the receiving mobile users,
who may have various types of devices, may be communicating at different
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environments (open area, car, home etc.), or may even have different expectations of
the offered service. Even though UL interference problems may still be very severe,
these are handled by the technologically-advanced base stations and are not directly
revealed to the users.

2.3.1 LTE-A standardized interference management tools

LTE-A standardized procedures can be exploited for interference managements
purposes. These procedures, referred here as interference management tools are:

= Measurements. Measurements can be collected through a connected mode
UEs attached to (H)eNB, and UL Receiver function and DL Receiver function
within (H)eNB. Some of the the most useful measurement for interference
management are: the Reference Signal Received power (RSRP), the Reference
Signal received Quality (RSRQ), the Received Interference Power (RIP) the
Reference Signal Transmission Power and the Physical and Global Cell ID.
Different approaches can be used for exploiting one or more of these
measurements; however the most common approach is the exploitation by a
resource allocation or power control interference management scheme.

» Exchange of X2 Interference indicators. Three indicators have been defined
for inter-cell interference protection in LTE-A networks:

0 Relative Narrowband Transmit Power Indicator (RNTP). This message
contains information about the transmission power level that will be used
in each resource block (RB) for the DL transmission. One bit per RB
indicates if it is expected the transmission power to exceed a predefined
threshold (every 200ms).

o High Interference Indicator (HIl). HIl can be considered as an RNTP
indicator for the UL transmissions. One bit per PB indicates if a neighbor
(H)eNB should expect high interference power in the near future. (every
20 ms)

o Overload Indicator (Ol). Ol is referred to the UL transmissions, however
it is triggered only when high-interference is detected by an (H)eNB (every
20 ms)

= Carrier Aggregation with Cross carrier scheduling. Refers to the ability to
schedule a UE transmission/reception in multiple secondary CCs, while the
allocation (control) messages are transmitted in a particular primary CC. One of
the advantages of this tool is that is provides interference avoidance in the very
important control channels with no decrease in the available spectrum. However,
side effects arise, such as the problems on mapping the PDCCH of multiple CC
in the control region of the primary CC and the backwards incompatibility with
Rel.8,9 UEs.

» Use of Almost blank subframes (ABS). ABSs can be constructed either by
configuring the multicast/broadcast over single-frequency network (MBSFN)
subframes or by avoiding to schedule unicast traffic in certain subframes. Data
and control channels are not included, making room for interference-free
transmissions/receptions by victim UEs. The main advantage of ABSs is that
interference-free resources for control and data channels are provided to victim
UEs. However, the cost is that the bases station that uses the ABS loses
resources, while channel measurements made by UEs deteriorate including in
their average estimations measurements of empty (blank) subframes.
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3. CONTROL CHANNEL INTERFERENCE MANAGEMENT IN
FEMTOCELL-OVERLAID NETWORKS

In a femtocell-overlaid (or femto-overlaid) LTE-A network, where femtocells operate
under the co-channel deployment and the closed subscriber group (CSG) mode,
multiple types of interference can be found. A possible classification divides them into
data and control channel interferences. The majority of the approaches in the literature
deals with the interference problem in data channels (e.g., [1, 2]), assuming that the
Interference Management (IM) techniques used for data channel protection are, in most
cases, also applicable to control channel protection (e.g., power control). However,
tailoring the design of IM techniques to the protection of the control channels is
worthwhile for the following reasons: the importance of the control channel context; the
peculiarity in LTE-A of using, for the basic control signaling, a predefined resource area
that spans over the whole bandwidth; and the need to avoid misperceptions about radio
link or access failures because of degraded control channels. Moreover, as described in
[3], macrocell users in a femto-overlaid LTE-A network are expected to experience a
control channel coverage hole for 20% of the time, on the average, putting the
protection of control channels in high priority.

Motivated by the reasons mentioned above, this chapter focuses on control channel IM
in LTE-A networks overlaid by CSG femtocells. A categorization of fundamental and
emerging IM schemes and a performance comparison from the perspective of control
channel protection are provided. Four different categories of IM approaches are
considered (frequency-domain, time-domain, power control, and resource allocation),
and the advantages and limitations of each approach are presented. The evaluation
focuses on the downlink (DL) control channel interference caused by femtocells to
macrocell users located in the total macrocell area or in a target femtocell area; also,
the impact of the femtocell deployment density on such interference is assessed.

3.1 Control channel interference management

Let us consider a femto-overlaid LTE-A network, where femtocells operate under the
co-channel scenario and the (H)eNBs are synchronized, i.e., the DL subframes of all
macrocells and femtocells are time synchronized [4]. The widely-accepted evaluation
process in [5] shows that the most severe interference is suffered by macrocell UEs
(MUES) during the DL subframe, and is caused by HeNBs in CSG mode. Focusing on
this type of interference, the impact on MUE receivers varies according to the
importance of the interfered REs. Taking into account the LTE-A physical layer, the
protection of data, control, reference, broadcast, and synchronization REs can be done
separately, while existing IM schemes could perform differently for each RE type. On
this basis, several characteristics of control channels make the designing of IM for
control REs very appealing. Since control REs span over the whole system bandwidth,
IM schemes can take advantage of adaptive resource allocation tools and potential
channel gains in some subcarriers. From a more general perspective, the protection of
the control channels strives to keep the signal to interference plus noise ratio (SINR) at
the MUE receivers above a specific decoding threshold. Compared with the case of
data channels, in control channel protection a potential surplus in the received SINR
value is less important, while a possible deficit is much more critical.

In LTE-A networks, channel measurements, exchange of interference indicators, and
multiple input multiple output (MIMO) techniques can be valuable tools for the design of
effective by IM schemes. The most commonly used measurements are the reference
signal received power, which is the average received power (by HeNB or UE) from the
reference signal over a desired channel bandwidth. Also, special interference indicators
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are exchanged among (H)eNBs by utilizing the X2 interface. From the perspective of DL
inter-cell interference, the MIMO — broadcast channel is an attractive scenario involving
the use of pre-interference cancellation techniques [6]. However, the physical
characteristics of the transmitted signal must be known to the interferer aggressor,
which in our case is a different base station (HeNB).

Channel measurements and interference indicators support two fundamental
approaches in control channel IM: power control (PC) and resource allocation (RA),
which are explained later in this section. On the other hand, LTE-A has introduced the
carrier aggregation (CA) technigue with cross-carrier scheduling, in the frequency
domain, and the use of almost blank subframes (ABSs), in the time domain, as the main
tools for combating control channel interference.

3.1.1Frequency-domain approach

LTE-A allows the scalable expansion from 20MHz channel bandwidth, the maximum
available in previous LTE releases, to 100MHz. However, a 100MHz portion of
continuous spectrum is rarely available, and the most effective way to achieve this is
through the CA technique. With CA, multiple component carriers (CCs) of smaller
bandwidth are aggregated to utilize fragmented spectrum. CA is defined for continuous
(adjacent) or non-continuous CCs located in the same or different spectrum bands.
Each UE uses a primary CC for basic functionalities, such as radio link failure
monitoring, while other (secondary) CCs can be used dynamically for data
transmissions. However, for backward compatibility reasons, each individual CC inherits
the basic physical layer design, and includes reference and broadcast signals.

From the perspective of IM, CA can be considered as a frequency-domain interference
avoidance/mitigation technique, involving functionalities that exploit the availability of
multiple CCs. The most suitable functionality for control channel protection is the cross-
carrier scheduling (Fig. 3-1), which refers to the ability to schedule a UE
transmission/reception in multiple CCs, while the allocation messages are transmitted
on a particular primary CC. More specifically, a carrier indicator field (CIF) of 3 bits is
included in the downlink control information (DCI) of the PDCCH. CIF is used to indicate
on which CC the UE data is transmitted, while DCI includes the UE resource allocations
for the DL and UL transmissions. Since in the control region of a single CC more than
one DCI messages (equal to the number of aggregated CCs) are included, the mapping
of the PDCCH on the control region is an additional problem. On the other hand, the
primary CC that will include the control signaling must have a 20MHz bandwidth to
guarantee the maximum achievable data rates of non-CA capable UEs (LTE Rel. 8/9).

In any case, cross-carrier scheduling allows (H)eNBs to select a different CC for their
control signaling to avoid conflicts with neighbor cell transmissions [7]. On this basis, a
dynamic and sophisticated selection scheme of the appropriate primary CC is needed,
especially under high density femtocell deployments, where multiple interference
aggressors exist. Taking into account that the selection of a CC is correlated with many
factors, such as the traffic distribution, the relative location of (H)eNBs, and the fact that
a CC in higher frequencies can lead to better utilization, the optimal selection of a CC
for each (H)eNB is a very challenging task.
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Figure 3-1: CA with cross-carrier scheduling and ABS IM schemes

3.1.2Time-domain approach

ABSs are proposed by 3GPP as the basic control and data channel IM scheme in the
time domain. ABSs can be constructed either by configuring the so-called
multicast/broadcast over single-frequency network (MBSFN) subframes, or by avoiding
to schedule unicast traffic in certain subframes [8]. In the former case, an ABS includes
only reference signals, while in the latter it includes all the reference, synchronization,
and broadcast signals maintaining the connection with the serving UEs. In both cases,
data and control channels are not included, making room for interference-free
transmissions/receptions by victim UEs. The neighbor (H)eNBs can be informed about
the ABS transmissions in order to transmit control signals and/or allocate resources for
victim UEs in these subframes, taking advantage of the mute period of the aggressor
(H)eNB (Fig. 3-1). To this end, two types of ABS bitmap patterns can be exchanged
through the X2 interface to configure ABSs among (H)eNBs [8]. The first one is called
ABS Pattern, and is referred to as the time-domain Relative Narrow-Band Transmit
Power (RNTP) indicator. It uses each bit of the ABS bitmap to inform the receiving
(H)eNBs of its intention to send on a per-subframe basis. The second bitmap resolves a
side effect caused by using ABSs; as few transmissions are included in ABSs, channel
measurements made by UEs deteriorate, including their average estimations
measurements of non-transmitting (blank) subframes. Thus, the second ABS bitmap,
called Measurement Subset, informs the receiving (H)eNBs on the set of subframes that
can be used for measurements by the UEs.

A simplification of the ABS idea can be found in [9], where the HeNBs left blank 2/3 of
their control region in specific subframes introduced by the eNB to gain in the reception
of control signals at victim MUEs. Also, the reverse idea of muting eNBs instead of
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HeNBs can lead to better performance in terms of cell identification [10]. In general, the
use of ABSs is an altruistic IM approach, where each (H)eNB agrees to spend some
resources to reduce the interference to ‘foreign’ UEs (i.e., UEs served by other
(H)eNBs located in their vicinity). The decision on whether and when to configure ABSs
in a network involves a trade-off between avoiding to affect the performance of serving
UEs and improving the performance of interfering UEs. This trade-off imposes a careful
design of ABS patterns, capable of encapsulating the dynamic nature of a dense femto-
overlaid network.

3.1.3Power control approach

PC takes place at (H)eNBs and refers to power assignment for DL and UL
transmissions. DL cross-tier interference (e.g., from HeNBs to MUES) can significantly
deteriorate a PC scheme, due to the fact that a victim MUE located in a HeNB
transmission range receives much lower power from the far located serving eNB than
from the aggressor HeNB. 3GPP proposes two basic PC schemes to alleviate cross-tier
interference, which can potentially be used for control channel protection [4]. The first
one requires exhaustive network optimization to derive basic parameters used in the PC
formula. The second one is more practical and uses the reference signal received
power (RSRP) measure available at the HeNBs, combined with an estimation of the
path loss between the HeNB and the victim MUE. The latter value can be derived at the
HeNB through X2, S1, or over the air coordination with the eNB/MUE. The mathematic
formula that describes this scheme is as follows:

Pr, = median(Poyp-nens + PLuens-muE Pmax» Pmin)
where P;, and P.yp_penp represent the transmit power of the HeNB (interference
aggressor) and the measured received power from the eNB, respectively, while
PLy.ns-muE depicts the pathloss between the HeNB and the victim MUE. B,,,, and P,
parameters refer to predefined maximum and minimum transmit power settings,
respectively, and depend on the device type. 3GPP PC schemes have launched the
design of more sophisticated approaches, focusing mainly on protecting victim MUES,
while guaranteeing the service quality at femtocell UEs (FUES). In general, using PC for
control channel IM requires reliable measurements and information about the existence
of a victim MUE. However, PC is an efficient and backward compatible method for
interference mitigation, which can follow the dynamic nature of generated interference in
femto-overlaid networks and is applied only when victim UEs are located inside the
transmission range of an aggressor (H)eNB. Finally, PC can be supplementary to other
IM techniques with no deterioration on the use of spectrum resources.

3.1.4Resource allocation approach

Interference-aware RA can reduce the interference perceived in data channels by
allocating interference-free resources to victim MUEs. This idea can also be exploited
for control channel protection to reduce the conflicts between neighbor cells when the
control region is sparsely utilized. LTE-A adopts a mapping technique to pseudo-
randomize the locations of control channels inside the control region [4][11]. In more
detail, the PCFICH carries the CFl, i.e., the number of OFDM symbols used for control
signaling at the beginning of a subframe. The CFI information is included in a 32 bits
long codeword transmitted in 16 REs. These REs are grouped in the frequency domain
in four RE groups and allocated in the control region according to a PCl-based formula
described in [4]. The PDCCH and the PHICH are allocated in a similar way in the rest of
the control region. In this way, the PCI value indirectly determines the allocation of all
control channels, making room for control channel protection through the use of PCI
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manipulation techniques (e.g., [11]). The idea is to use smart PCI allocation to indirectly
avoid conflicts on the control channels of neighbor cells. However, the performance of
this approach depends on the utilization level of the control region, having no effect in
case of a fully utilized control region. A heavily loaded control region may occur due to
bad channel conditions, where more resources for the PDCCH of each user are used.
Also, a cell may serve a large number of low-rate voice over IP flows, filling up in that
way the control region with control channels. On the other hand, the offloading of the
control region can be achieved by using semi-persistent-scheduling [7]. Also, in case
that CFI=1 or CFI=2, instead of using one or two OFDM symbols to carry the control
channel information, respectively, an idea is to expand the control region to carry 3
OFDM symbols providing more space for RA. In any case, as the femtocells are
expected to serve a low number of users, the RA techniques can be used as an extra
shield against control channel interference.

3.2 Performance Evaluation

In this section, we evaluate the DL control channel interference perceived by MUEs
located inside a femto-overlaid LTE-A macrocell. For this evaluation, the system level
simulator available in [12] was adopted and used with the appropriate adjustments. At
first, we assume a fully utilized control region, i.e., a scenario where each base station
fills up the control region of each transmitted subframe. The performance of CA with
cross-carrier scheduling, ABS, and PC IM schemes is assessed, targeting at the level of
control channel interference generated in the total area served by an eNB sector
(macrocell). Subsequently, we focus on specific indoor interference-hot areas inside the
macrocell, and derive the impact of HeNBs deployment density on the mean SINR and
the block error rate (BLER) perceived by victim MUEs. Finally, we examine how the
offloading of the control region allows the use of RA approaches for control channel
interference mitigation.

For the case of CA with cross-carrier scheduling, we assume 4 CCs of 10 MHz each,
while each cell selects randomly one of them for control signaling at its initial
configuration. For the use of ABSs, coordination between each HeNB and eNB is
considered. Also, in case that the MUEs perceive interference from multiple HeNBs, the
eNB allocates the control information of the victim MUEs in ABSs transmitted by the
strongest interferer. Additionally, the 3GPP PC scheme 2 [4] is selected for evaluation,
depicting the peculiarities of alleviating interference in control channels by manipulating
the transmission power of HeNBs. For the case of a non-fully utilized control region, the
selected RA IM scheme assumes coordination among neighbor HeNBs for maximizing
mutually disjoint allocations of the PDCCH.

Theoretically, each control channel IM scheme has to maintain the SINR level perceived
by victim UEs above a specified threshold, which will be referred to as Control Channel
Decoding Threshold (CCDT). A radio link failure in PDCCH is avoided with BLER<1%.
Towards this goal, each (H)eNB utilizes channel quality information to select for each
control channel transmission the most appropriate modulation/coding and aggregation
level for the PDCCH. For our analysis, we assume the frequency division duplex (FDD)
is used in the 2GHz frequency band. We further assume that Quadrature Phase-Shift
Keying (QPSK) 1/12 is used in an additive white Gaussian noise (AWGN) channel,
resulting in a CCDT value of -5dB for BLER=1% [13]. The parameters values used in
the simulation are summarized in Table 3-1.
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Table 3-1: Evaluation parameters — Interference management schemes

Parameter Value
eNBs deployment grid Hexagonal
HeNB deployment grid Random
eNBs reuse factor 1

Duplex mode FDD
Inter-eNB distance 1000m
Frequency 2GHz

Channel Bandwidth

10MHz (4x10MHz for CA)

Cyclic prefix (CP) Normal

eNB antenna type 3GPP TR36.942
eNB antenna transmission scheme 2x2

eNB TX power 43dBm

HeNB antenna type

Omnidirectional

HeNB TX power

20dBm fixed and 3GPP 36.921 PC [4]

Number of Dual-Stripe Blocks

21 per sector

Number of floors per stripe 3
Apartment size 10x10m
Target Block distance from eNB 225m
Probability of HeNB being in an Apartment 0.1

Pathloss model

Dual-stripe based on 3GPP 36.814 [14]

Environment

Urban

Penetration losses 20dB
Control Channel Decoding Threshold -5dB
Channel model AWGN

Control channel modulation

QPSK (1/12)

At first, we calculate the cumulative distribution function (CDF) of SINR values that can
be potentially perceived by MUEs in a femtocell-overlaid area served by a specific eNB
sector. Fig. 3-2a shows the performance of CA with cross-carrier scheduling and ABS
schemes, compared to a baseline scenario with no use of IM and a conventional one
where no femtocells are used. Both IM schemes shift the CDF curve to the right,
substantially lowering the frequency of occurrence of SINR lower than the CCDT.
However, a tail of very low level SINRs remains in both the CA and ABS curves,
corroborating the assertion that the elimination of interference in interference-hot areas,
such as close to HeNBs or in macrocell edges, is very challenging. Also, note that in
Fig. 3-2a the ABS scheme perform slight better than the CA with cross-carrier
scheduling scheme; this is especially so because the assumed coordination with the
eNB cancels the interference caused by the coordinated HeNB (typically the stronger
interferer).
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Figure 3-2: Control channel interference in total cell area, assuming fully loaded control region

Next we reconsider the scenario of Fig. 3-2a, but now we also use PC, in addition to CA
or ABS. As shown in Fig. 3-2b, the combined schemes of PC with CA and ABS, referred
to as CA+PC and ABC+PC, respectively, attain even better performance, which is now
much closer to that of the “No femtocells” case than either of the three schemes (i.e.,
CA, ABS, PC) operating alone. The comparison of the results in Fig. 3-2a and Fig. 3-2b
also reveals the substantial shortening of the CDF tails for low SINR values achieved by
the combined schemes.

While indoor MUEs are subject to high interference, outdoor MUEs are protected
through the insulation provided by the external walls of the buildings. Thus, for a deeper
understanding of the efficiency of each IM scheme, we evaluate the mean SINR and the
BLER values perceived by visiting MUEs in a single femtocell area (indoors), under
different femtocell deployment densities. The target building block is located 225m away
from the eNB, simulating the case where the femtocell aggressor is neither at the cell
edges nor very close to eNB.

As shown in Fig. 3-3a, an increased number of HeNBs per building block (from 2 to 18)
strongly affects the efficiency of the ABS scheme because the blank frames are used
only by the stronger interferer (in coordination with the eNB). On the contrary, CA with
cross carrier scheduling is applied to the whole set of HeNBs, independently of the
MUEs presence, and the impact of the femtocell density is considerably decreased. In
the case of CA, practically the number of interference aggressors is divided by the
number of the available CCs, decreasing in that way the number of interferers.
However, as the selection of the CCs by each HeNB is random, the interference caused
by the target HeNB (the stronger interferer) cannot be avoided, and, although the mean
SINR is slightly affected, instant fading can occur. Also, note in Fig. 3-3a that a PC
scheme applied to all HeNBs attains a better mean SINR performance than the other
schemes for HeNB densities up to 8 HeNBs per building block.

Fig. 3-3b shows the obtained results on BLER as a function of the HeNB density. Note

that, even for very low femtocell deployment densities, the use of an IM scheme is
mandatory, since, with no IM, BLER is unacceptably high. Also, observe from Fig. 3-3
that even a slight mean SINR deficit may lead to high BLER degradation; this behavior
underlines the importance of CCDT in designing control channel IM schemes.

Next we relax the assumption for a fully utilized control region, and measure the mean
SINR values on the PDCCH at a single victim MUE located inside a single femtocell
area. We consider multiple HeNBs inside a building block and different PDCCH loads in
the control region. As shown in Fig. 3-3c, the less the load in the control region, the less
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the interference at the victim MUE. Observe from the figure that for loads that fill the
control region not more than 30% and up to 5 HeNBs per building block, the mean SINR
on the PDCCH remains above the CCDT.

As shown in Fig. 3-3d, the use of PC results in significant performance improvement;
observe that with 10 HeNBs per building block, the mean SINR value on PDCCH
exceeds the CCDT. Fig. 3-3d practically shows that if we manage to achieve the
maximum number of disjoint PDCCH allocations among neighbor HeNBs and eNB, a
simple PC scheme can guarantee the successful reception of PDCCH by a victim MUE
located inside a femto-overlaid building.
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Figure 3-3: Control channel interference in a single femtocell area (indoors).

Upper part: impact of femtocell deployment density for all IM schemes with fully loaded control
region (a) on mean SINR values and (b) on corresponding BLER curves. Lower part: impact of
femtocell deployment density with partially loaded control region on mean SINR values (c) for the
RA scheme and (d) for joint RA - PC scheme.

3.3 Conclusions

This work highlights the importance of control channel protection in femto-overlaid
networks, providing an overview of control channel IM schemes tailored to an LTE-A
network. The analysis has focused on the DL control channel interference perceived by
MUEs, revealing the weak and strong aspects of each IM. Performance evaluation
results depict the effect of the femtocell deployment density and control region load on
the fundamental frequency-domain, time-domain, PC, and RA approaches, both in the
total cell area and in target interference-hot areas inside the cell. On the one hand,
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coordination seems to be a dominant feature for the CA with cross carrier scheduling
and ABS schemes, while both schemes can guarantee interference avoidance from
coordinated interference aggressors. On the other hand, PC and RA can be adapted to
the interference level, while they can alleviate interference caused by uncoordinated
nodes. Finally, for the reader’s convenience, the advantages and disadvantages of each
scheme are summarized in Table 3-2.

Table 3-2: Comparison of control channel interference management schemes

Control

Channel IM Advantages Disadvantages
= Reliable measurements and/or
= Preventive method, any new centralized coordination are
Carrier establishment of HeNB can select at required at the first configuration.
Aggregation its first configuration an appropriate | = Unable to follow the dynamic nature
(CA) with CC. of HeNBs, i.e., the unpredictable
cross-carrier = Suitable for dense femtocell switch on and off.
scheduling deployments allowing the use of = Problems on mapping the PDCCH
different CC by neighbor HeNBs. of multiple CC in the control region

of the primary CC.

= Control channel interference of the

stronger interference aggressor can * Frequent coordination among
be avoided. Thus, better (H)eNBs is needed (exchange of
Almost Blank performance than CA or PC in low ABS patterns).
Subframes femtocell deployment densities can » Throughput performance of serving
(ABS) be achieved. FUEs deteriorates.
= Reactive approach. A HeNB protects = Side effect in UEs channel
“foreign” UEs only when they are measurements.

located in its vicinity.

= Performance stability even in high
femtocell deployment densities

because the adaptation is = Reliable measurements and/or
proportional to the interference level. exchange of interference indicators
Power .
Control (PC) " React|\_/e approach. A HeNB protects - are needed.
“foreign” UEs only when they are = Negative impact on the performance
located in its vicinity. of serving FUEs may occur.
= No deterioration in spectrum
resources.
= Preventive and dynamic method.
HeNBs can allocate resources taking = Effective only under low control
Resource . . : ; "
Allocation into account possible cqnf_hcts with region Ic_)ads. _ _
neighbor HeNBs and victim UEs. = Good performance if combined with
(RA) . A
No deterioration in spectrum PC.
resources.
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4. QOE-DRIVEN INTERFERENCE MANAGEMENT IN FEMTOCELL-
OVERLAID NETWORKS

The majority of IM approaches for femto-overlaid cellular networks focus on
guaranteeing the provided Quality of Service (QoS), promising mainly a high Signal to
Interference plus Noise Ratio (SINR) at interfered (victim) users. However, a more
attractive and suitable way to evaluate the quality of a provided service (especially for
real-time services) is by measuring the end-users’ satisfaction. Currently, the
connection between network performance and end-users’ satisfaction is not strictly
defined. To give an example, the same throughput value may result to differently
perceived data rates, giving in that way totally different impressions of the same
provided service [1]. Recognizing the importance of quantifying the end-users’
satisfaction, ITU has suggested the term Quality of Experience (QoE) as "the overall
acceptability of an application or service, as perceived subjectively by the end-user" [2].
QOE is the most important factor for a user’s decision on retaining a service or giving it
up and this fact explains the emergence of shifting from QoS to QoE network
management. Moreover, since interference is one of the key quality-deteriorating factors
and has a direct impact on the users’ perceived QoE, the design of QoE-driven IM
mechanisms seems very appealing.

In this chapter, we examine whether and in what extent the interferences in a femtocell-
overlaid network are reflected as variations in the end-users’ satisfaction. Firstly, we
focus on Voice over IP (VolP) services in an LTE-A network, and quantify the QoE
deterioration of macrocell VolP users due to the interference from femtocells.
Sequentially, we examine the relation between the SINR and the perceived QoE at an
interference-victim. Finally, we exploit these results to compare the basic Power Control
(PC) IM scheme proposed by 3GPP [3] and a simple QoE-aware PC scheme, revealing
the importance of involving QoE in the IM process.

4.1 QoE and QoS Relationship

The “Quality of Service (QoS)” term was originally defined by ITU as “the collective
effect of service performance which determines the degree of satisfaction of a user of
the service” [4]. However, during the years, the study of QoS has lost this user-oriented
approach and these days it is considered as just a subset of the more general QoE
notion. Hence, QoS is no longer considered sufficient for the thorough characterization
of a product or service as opposed to the most appealing QoE notion.

The reason to differentiate between QoS and QoE and to adopt QOE as the most
suitable criterion for quality evaluation is twofold: First of all, QoS handles purely
technical aspects regarding a service and does not incorporate any kind of human-
related quality-affecting factors. This means that the same QoS level might not
guarantee the same QoE level for two different users. Apart from the system’s technical
characteristics, other factors such as the context of use, the user-specific characteristics
such as users’ experiences and expectations, the delivered content and the pricing of a
service make a significant impact on the finally perceived QoE as well [5]. The second
reason for this differentiation is that, QoS does not reflect the impact that the technical
factors have on the user's quality perception, since there is no straightforward
connection defined. This implies that, for instance, the constant amelioration of one
technical parameter does not linearly and infinitely improve the user’s experience.
Actually, this observation alone justifies why the need for the QoE notion has arisen.
Based on this gap between the QoS and QoE, some formulas have emerged recently
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trying to map QoS parameters to the overall QoE value. Two different approaches have
dominated in the literature: the perception-centric and the stimulus-centric one.

The stimulus-centric approach is based on the “WQL hypothesis” inspired by the so-
called “Weber-Fechner Law (WFL)” [6], which describes the effect of a physical stimulus
on the human perception according to the principles of psychophysics. This law claims
that the relationship between stimulus and perception is logarithmic, which drives the
conclusion that in order for a stimulus’ change to be reliably detected by an observer,
this has to differ from its original value by a constant fraction. From this law, the notion
of “just noticeable differences” emerges, which describes the smallest detectable
difference between two sequential levels of a particular stimulus.

Optimum
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Figure 4-1: The IQX hypothesis

Regarding the perception-centric QoS-QoE mapping, the so-called “IQX hypothesis” [7]
has been proposed. According to this approach, the relationship between the QoE and
one QoS degrading parameter is negative exponential and the change of QoE actually
depends on the current level of QOE. The mapping curve between the QoE and the
QoS disturbance consists of three clearly distinguishable regions, as shown in Fig. 4-1.
The first one is the constant optimal region (Region 1 in Fig. 4-1), where the QOE is
always excellent, regardless some initial impairments of one technical quality-affecting
parameter. To be more precise, the QoE is not affected inside this region at all, either
because some mechanisms inside the system provide some kind of tolerance to such
impairments or simply because the human perception (e.g. vision or hearing) is not
capable of distinguishing such changes. The second region of the QoS-QoE curve is
characterized by sinking QOE in an exponential way (so that QoS disturbances are
more impactful when the QoE is higher), while the third and last region refers to
unacceptable quality.

The clear discrimination among these three regions may be exploited by service
providers not only for their own economic benefit but also for the common good.
Regarding the providers’ benefit perspective, since there can clearly be identified a
region (Region 1) where the QOE is constantly excellent regardless some technical
parameters’ deterioration, the providers could deliberately deteriorate the performance
of some technical parameters so that all users operate just on the turning point between
Regions 1 and 2 (the point x1 in Fig. 4-1, perhaps with some safety margin). This could
be made possible by reducing resources such as spectrum resources or transmission
power. As a result, all end-users will be pushed to operate on x1 instead of any other
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“western” point of Region 1, since such a thing would not add to quality and also would
consume resources for no reason. As a direct consequence, redundant resources could
be released and saved to be provided to other users (for the common good) to who it
would really make an impact on the perceived QOE (i.e. for users operating at Region 2
or 3, trying to “push” them towards Region 1’s optimum point of operation).

4.2 QoE-aware Interference Management

The co-existence of femto- and macro-users operating on the same constrained
resource pool causes interference problems in the network, while the study of the QoE
could be beneficial for existing or future IM schemes.

The most common and direct way to mitigate the interferences is to adopt a PC-based
IM scheme. However, an important trade-off is recognized when PC-based IM schemes
are used; sufficient transmitted energy is required in order to ensure a specific QoS
level at the receiver, but at the same time increasing the energy will cause higher
interferences in the network and less battery life for the terminal. Consequently, the goal
behind PC is to carefully limit the transmission power of the interference aggressor
guaranteeing the required SINR at the target receiver. A simple yet efficient PC
mechanism would be able to estimate the exact, minimum transmission power of the
sender that would lead to the exactly sufficient SINR at the target receiver for faultless
communication with guaranteed QoS level. In this way, interference would be
smoothed, and in parallel, energy would be saved.

Taking this into account, we propose the introduction of QoE criteria to the estimation of
this minimum transmission power, exploiting the operation inside the afore-mentioned
Constant Optimal Region in terms of QoE (Region 1 in Fig. 4-1), abbreviated hereafter
as COR. Although the existence of this region has been extensively discussed and
widely accepted in the literature, to the best of the authors’ knowledge, there have not
been any studies yet that try to identify and measure the potential benefit of exploiting it
for IM. We propose the decrease of the transmit power of all affecting base stations
(eNBs and HeNBs) in order to cause the minimum sufficient SINR at the target device
(MUEs and FUEs respectively) without any impact on the user perceived quality.
Increasing the SINR further would lead to interference problems without any
corresponding increase in the perceived quality, and thus, this is considered redundant
and costly in terms of energy and resources.

The proposed QoE-aware scheme can be applied as an additional rule in any exist-ing
PC scheme. For instance, this rule may be applied on top of the PC scheme proposed
by 3GPP [3]. The mathematic formula that describes this 3GPP-standardized scheme is
as follows:

Pry = median(Penp-penp + PLuenp-muEs Pmax Pmin)

where Pr, and P.yp_penp represent the transmit power of the HeNB (interference
aggressor) and the measured received power from the eNB, respectively, while
PLy.ns-muE depicts the pathloss between the HeNB and the victim MUE. B,,,, and P,,;,
parameters refer to predefined maximum and minimum transmit power settings,
respectively, and depend on the device type.

Having defined the already standardized PC scheme, we present the proposed QOE-
aware PC rule:

“If the estimated transmission power of the PC scheme is higher than the threshold
power that leads to the lowest SINR in the constant optimal QoE region (i.e., optimum
point of operation of Fig. 4-1), reduce this power up to its threshold value, using a safety
margin”.
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This leads to an enhanced formula that incorporates the proposed QoE-aware rule on
top of the 3GPP PC scheme, as follows:

Pry = max(Pmin» Pry@zerp) — APCOR,opt)r if APcogopt > 0

where APcorope IS the decrease in transmission power that moves the SINR from the
SINR point that the Pr,3¢ppy defines, up to the “eastern” optimum point in the constant
optimal region (COR). This formula will be applied only if the Pr.3cppy SCheme provides
a QoE score inside the constant optimal region, so that the AP¢ogp: is positive, and

thus makes sense. The QOE score is measured using the Mean Opinion Score (MOS)
scale, which is presented in the next section.

In the following, we provide the background for QoOE estimation in VoIP services
towards estimating the constant optimal QOE region and the gain of applying the
proposed QoE-aware PC rule to a femtocell-overlaid LTE-A network.

4.3 QOoE of the VolP Service

4.3.1 Measuring the QoE of the VoIP Service

VolIP is one of the dominant services that will be provided by the LTE-A network. The
VoIP requirements for the E-UTRAN sub-system are described in [8]. Practically, the
VoIP service must be realized completely in packet switched (PS) domain and perform
at least as efficiently (in terms of latency and bit rate) as the VolP over Universal Mobile
Telecommunications System (UMTS) in the circuit switched (CS) do-main. Moreover,
according to ITU, a VolIP user is considered to be in outage if less than 98% of its VolP
packets have been delivered successfully to the user within a permissible delay bound
of 50 ms, while the percentage of users in outage must be less than 2% [9]. However,
these bounds do not reflect the level of end-users’ satis-faction. The end-users’
satisfaction measured in QOE is a strongly subjective term and also one of the dominant
factors for assessing a provided service. The most common measure of the QOE is the
Mean Opinion Score (MOS) scale recommended in [10]. The MOS ranges from 1 to 5,
with 5 representing the best quality, and is commonly produced by averaging the results
of a subjective test, where end-users are called under a controlled environment to rate
their experience with a provided service. However, this subjective methodology (use of
questionnaires) is cost-demanding and practically inapplicable for real-time monitoring
of the VoIP performance.

On the other hand, objective methods have been proposed to measure the speech
quality. These methods can be classified into intrusive and non-intrusive methods.
Intrusive methods, such as the Perceptual Speech Quality Measure (PSQM) and the
PESQ (Perceptual Evaluation of Speech Quality), estimate the distortion of a refer-ence
signal that travels through a network by mapping the quality deterioration of the
received signal to MOS values. However, the need for a reference signal is a draw-back
for using intrusive methods for QoE monitoring. To this end, non-intrusive methods have
been defined such as the E-model and the ITU P.563 [11]. Since the ITU P.563 method
has increased computational requirements, making it inappropriate for monitoring in
real-time basis, we adopt the easier to be applied E-model described in the next
section.

4.3.2 The E-model

The E-model has been proposed by the ITU-T for measuring objectively the MOS of
voice communications by estimating the mouth-to-ear conversational quality as
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perceived by the user at the receive side, both as listener and talker [12]. It is a
parametric model that takes into account a variety of transmission impairments
producing the so-called transmission Rating factor (R factor) scaling from O (worst) to
100 (best). Then a mathematic formula is used to translate this to MOS values. In the
case of the baseline scenario where no network or equipment impairments exist, the R
factor is given by:

R =R, =942

However, delays and signal impairments are involved in a practical scenario and hence
the R factor is given by:

R=Ry—I;—1I;—I;+A
where:
I, : the impairments that are generated during the voice traveling into the network,
1, : the delays introduced from end-to-end signal traveling,

I.; : the impairments introduced by the equipment and also due to randomly distributed
packet losses,

A . allows for compensation of impairment factors when there are other advantages of
access to the user (Advantage Factor). It describes the tolerance of a user due to a
certain advantage that he/she enjoys, e.g., not paying for the service or being mobile.
Typical value for cellular networks: A = 10.

Focusing on parameters which depend on the wireless part of the communication
(transmissions between (H)eNB and UES) it holds that [13]:

I; = 0.024d 4+ 0.11(d — 177.3)H(d — 177.3)
where:

0, x<O0
H(x)_{l x>0

)

and d is the average packet delivery delay. Also, assuming that the codec G.729a is
used, the packet loss rate, referred here as p, affects the parameter I, as follows [13]:

Iy = 11+ 401n(1 + 10p)

The R factor can be used as an assessment value; however, we transform it to MOS
values to retrieve results comparable with results provided by subjective methods. The
transformation formula is as follows:

1, ifR<0,
MOS ={1+0.035R + R(R — 60)(100 —R)-7-10=%,  if 0 <R < 100,
45, if R>100.

In the next section, we focus on the deterioration caused in parameters d and p in a
femto-overlaid LTE-A network and on the resulting user perceived quality.

4.4 Performance Evaluation

Towards quantifying the need for QoE-aware IM schemes, we first evaluate the im-pact
of macrocell-femtocell coexistence on VolP users’ QoE. We assume an LTE-A network
that consists of a target hexagonal macrocell with 6 neighboring cells and multiple
femtocells inside the target cell area. Each femtocell is deployed with some probability
inside a 10mX10m apartment, while 25 apartments define a 50mX50m square building
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block. Multiple building blocks are uniformly distributed inside the target cell area, while
the femtocells reuse the licensed spectrum of the target macrocell, exacerbating the
interference problem. For this scenario, we have expanded the open source system
level simulator described in [14] to derive the QoS fluctuations, and used the E-model to
translate them to MOS. The main simulation parameters are:

Table 4-1: Evaluation Parameters — QoE-based interference management

Parameter Value

Number of eNBs 7

Macrocell radius 500 m

eNBs TX power 43 dBm
Femtocell building block 5x5 building block
Apartment side 10m

Building block deployment

10 (x25 apartments)

HeNB presence probability in an apartment | 50%
HeNBs TX power 20 dBm
HeNBs deployment Co-channel

MUEs distribution

Uniform (inside the macrocell area)

FUES distribution

Uniform (inside the apartments)

UEs in the system Scalable
Traffic load per user 1 VolIP call
VolIP codec G.729a

FDD (focus on downlink)
10MHz

Duplex mode
Channel bandwidth/cell

Scheduling algorithm Proportional fair

Flow duration 5 seconds
QOoE model E-model
45 .
- LLLEEEELL Y A mmmmmmma N A

—e—All UEs, no femtocells
=8 All UEs, with femtocells | -
=v=MUEs, with femtocells
=4A=-FUEs, with femtocells 4

-
-

1 1
20 30 40 50 60 70 80 90 100

Number of concurrent VolP calls
Figure 4-2: Impact of the number of VolIP calls on QoE

At first, we examine the impact of femtocell deployment on the QoE performance of all
types of end-users (MUEs and FUES), assuming an increasing number of con-current
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VoIP calls inside a target macrocell area. More specifically, 10 building blocks are
uniformly distributed inside the target macrocell area, while each HeNB is located with
50% probability into an apartment of a building block. We consider that the HeNBs
operate in CSG mode and also that the 50% of VoIP flows are originated indoors, while
the rest of them outdoors. The results concerning the QoE of the users, represented
using the MOS scale, are shown in Fig. 4-2.

As shown in this figure, on average, the femtocell proliferation improves the QoE
experienced by VolIP users (the “All UEs, no femtocells” case has lower performance
than the “All UEs, with femtocells” case). Nevertheless, this improvement is mainly
caused due to the high QoE performance of VolP calls served by femtocells, reaping
femtocell benefits such as the proximity gain (“FUEs, with femtocells” case). Note that
since each femtocell serves a low number of VoIP calls (practically 1 or 2) the increase
on the total number of VolIP calls has negligible impact on FUES’ QoE, maintaining the
high QoE performance. On the contrary, the QoE of MUEs seems to deteriorate due to
the interference caused by the HeNBs (“MUEs, with femtocells” case). This observation
validates the need for more investigation on how to mitigate the interferences caused to
MUEs.

A =

] : y(x) = a.exp(b.x) + ¢
4r A™ a=55924 7
: % b =-0.5719
3.5F £ - c=0.70617 B
A
3l +  Simulation - i
%) = Curve Fitting
O 25+ _
=
2 . -
1.5+ .
1= i -
0.5+ Constant Optimal Region : Sinking Region Eunaggg%gb‘e,
0 1 | 1 | ; 1 1 ; 1
8 5] 4 0 -2 -4 -6 -8

2
SINR at target UE (dB)

Figure 4-3: Impact of SINR degradation on QoE

Moving one step further, in Fig. 4.3 we prove the existence of the constant optimal
region discussed in section 4.1 for any UE. To this end, we focus on a single building
block and we monitor the performance of the VolP call of a single user located close to
a femtocell-overlaid building block, while the SINR at this user is constantly de-graded.
The reason of the SINR deterioration might be lower transmitted power from the serving
base station or higher interferences imposed or even worse channel conditions, without
any loss of generality. We depict the results in MOS (y axis) and SINR degradation (x
axis) and perform curve fitting to define the function that best de-scribes the simulated
data. We observe that the IQX hypothesis is indeed validated, while there is a quite
large COR available for exploitation. The optimum point of operation is identified for an
SINR threshold value of around -0.8dB for this scenario.

Having defined the constant optimal region for our scenario, we apply the proposed
QoE-aware PC rule on top of the PC scheme proposed by the 3GPP, using the
formulas of section 4.2. In Fig. 4-4, we compare these two formulas depicting the
resulting transmission power by each one of them, for constant and guaranteed QoE at
FUEs. This means that all resulting plots have been derived ensuring the same
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maximum MOS value, both for the 3GPP scheme and for the QoE-aware PC scheme
(blue & red curves in Fig. 4-4 respectively). As shown in this figure, the QoE-aware PC
rule significantly reduces the required transmission power and thus the interference
perceived by victim MUEs, maintaining in parallel the required high QoE level at the
served FUEs.

12 T T

10F | —@=3GPP PC
—&— QoE-aware PC

HeNB Transmit Power (dBm)

20 40 éO éD 160 150 150 160
HeNB-MUE distance (m)

Figure 4-4: Performance of QoE-enhanced 3GPP PC

45 Conclusions

In this chapter, we focused on VolIP services in an LTE-A network, and quantified the
QoE deterioration of macrocell users due to the interference from femtocells.
Sequentially, we examined the relation between the QoE and the perceived SINR at an
interference victim, defining the constant optimal region for the SINR. For all SINR
values in this region the QOoE is constant and in high level, making room for reducing the
transmission power with no impact on the service perception of end-users. Finally, we
exploited these results to compare the basic power control (PC) interference
management (IM) scheme proposed by 3GPP and a simple QoE-aware PC scheme,
revealing the importance of involving the QoE notion in the IM process.
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5. DEVICE-TO-DEVICE COMMUNICATION IN CELLULAR NETWORKS

The term device-to-device (D2D) communication in LTE networks [1] refers to direct
short-range transmissions between UEs, without intervention of an eNB. Considering
the numerous benefits of this type of communication, this chapter summarizes the open
challenges on enabling D2D communications in LTE networks, while describes the
current D2D specifications defined by 3GPP, and the state-of-the-art approaches for
coexisting D2D and cellular transmissions.

5.1 Device-to-device communication

Differing from conventional approaches, such as Bluetooth and WiFi Direct, D2D
communication utilize licensed spectrum with quality of service (QoS) guarantees for
both data and voice communications, while no manual network detection/selection is
required. Compared to the very appealing cognitive radio communication, where
secondary transmitters detect spectrum holes of cellular (primary) users, D2D
communication refers to transmissions coordinated by the cellular network, reaping the
benefits of being synchronized and controlled by the eNB.

The introduction of D2D communications in cellular networks is expected to be
beneficial from a variety of perspectives, shifting the current cellular communication
paradigm to a more flexible and dynamic state. The short distance between D2D peers
provides better link conditions and, thus, more efficient connection with lower energy
consumption. The utilization of the spectrum and network resources is enhanced, since
the intermediate transmissions to eNB are avoided, while the coexistence of cellular and
D2D transmissions in shared spectrum can lead to higher overall spectral efficiency.
From the operators’ point of view, new business models, probably with new charging
policies, may be designed, while new types of services may be launched for commercial
and public protection scenarios.

D2D standardization efforts have already begun in Release 12 of LTE system, in which
the issue is examined under the perspective of enabling proximity services (ProSe) for
in-coverage and out-of-coverage UEs [2]. In the research field, many solutions have
been designed dealing with different aspect of D2D communication. A thorough review
of the state-of-the-art solutions reader can be found in [3].

One of the main challenges that need to be addressed prior the introduction of D2D
communications to cellular networks, is the discovery of devices in close proximity. The
device discovery problem refers to the need of a potential D2D transmitter to know
whether the target receiver is in its vicinity and, thus, in valid distance to start a D2D
communication. The solution of this problem requires frequent transmission of discovery
signals with which a UE announces its presence on a specific area or requests
discovery information from a target UE. In both of the cases consumption of radio
resources is needed. Moreover, considering the current efforts for launching D2D
communications into the market, the discovery transmitters will rapidly increase,
consuming in a more intense and massive way radio resources. Taking this into the
spatial reuse of the uplink (UL) cellular spectrum is a good candidate towards reducing
the consumption of radio resources for discovery transmissions.

5.2 State-of-the-art on coexistence of direct and cellular transmissions

The main challenge in coexistence of direct and cellular transmissions lies in the design
of efficient interference management. From this perspective, in the literature two basic
approaches have been defined: i) the spectrum underlay, where direct transmissions
reuse spectrum portions utilized by cellular transmitters, and ii) the spectrum overlay,
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where direct transmissions use temporarily empty spectrum portions. A comparison of
the two approaches can be found in [4] and [5], in terms of transmission capacity and
throughput, respectively. The key challenge in both cases is the mitigation of the
generated interferences. To this end, a widely accepted choice is the exploitation of the
UL cellular period, where the only cellular interference victim is the immobile eNB, e.g.,
[6]-[8]. This approach shifts the major interference problem to the protection of the D2D
receivers, which by itself is quite challenging, since, in both the underlay and the overlay
approaches, the interferences caused by neighboring transmissions (either cellular or
direct) are far from negligible. This is an important concern, considering that the current
trend is to reduce the cell size for achieving higher spatial network capacity. This trend
poses the need for more research on controlling the inter-cell interference perceived by
D2D receivers in multi-cellular networks.

Currently, the interference problem is dealt with interference-aware Resource Allocation
(RA) and Power Control (PC) schemes, e.g., [9]-[12]. The eNB selects appropriate
spectrum resources and power levels for the D2D transmitters, taking into account
information on the interferences among D2D and cellular nodes. An important issue
here is how the eNB acquires the interference information. To this end, different
mechanisms have been introduced, exploiting mainly measurements guided by the
eNB, e.g., [10], [13], [14]. However, even if accurate information is available at the eNB,
the enabling of D2D transmissions through interference-aware RA and PC procedures
is a very complex and hard to optimize problem. In a more distributed approach, the
ability of spatially reusing the spectrum is studied in [15], where topology informed users
transmit concurrently and in the same band with users of a carrier sense multiple
access with collision avoidance (CSMA/CA) system. Nevertheless, acquiring the
interference/topology information consumes network resources, while information
accuracy is highly dependent on network topology changes. Taking the above into
account, the design of spatial spectrum reuse solutions that reduce the need for
interference/topology information at the eNB is an important open challenge

Considering the device discovery problem, a solid and comprehensive study of the
state-of-the-art protocols for device discovery can be found in [16]. A promising solution
has been proposed by Qualcomm under the term FlashLinQ in [17]. In addition to the
device discovery, this scheme includes (i) timing and frequency synchronization derived
from cellular spectrum, (ii) link management, and (iii) channel-aware distributed power,
data rate, and link scheduling. Other approaches deal with the functional enhancements
required in cellular networks for enabling direct transmissions in spatial spectrum reuse
opportunities [18],[19].

5.3 D2D aspects in 3GPP

In parallel to the research effort from academia, 3GPP has recently begun working on
integrating D2D communications in LTE Release 12. For the better study of the problem
3GPP has adopted the following terminology [2]:

ProSe direct communication: a communication between two or more UES in proximity
that are ProSe-enabled, by means of user plane transmission using E-UTRA technology
via a path not traversing any network node.

ProSe-enabled UE: a UE that supports ProSe requirements and associated
procedures. Unless explicitly stated otherwise, a ProSe-enabled UE refers both to a
non-public safety UE and a public safety UE.

ProSe-enabled Public Safety UE: a ProSe-enabled UE that also supports ProSe
procedures and capabilities specific to Public Safety.
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ProSe-enabled non-public safety UE: a UE that supports ProSe procedures and but
not capabilities specific to public safety.

ProSe direct discovery: a procedure employed by a ProSe-enabled UE to discover
other ProSe-enabled UEs in its vicinity by using only the capabilities of the two UEs with
rel.12 E-UTRA technology.

EPC-level ProSe discovery: a process by which the EPC determines the proximity of
two ProSe-enabled UEs and informs them of their proximity.

Based on this terminology two direct communication modes are proposed: i) the
network independent and ii) the network authorized mode. The first mode of operation
does not require any network assistance to authorise the connection and
communication is performed by using only functionality and information available locally
to the UE(s). This mode is applicable:

. only to pre-authorized ProSe-enabled Public Safety UEs,
. regardless of whether the UEs are served by E-UTRAN or not,
. to both one-to-one and one-to-many direct communication.

The second mode of operation for ProSe direct communication always requires network
assistance by the EPC to authorise the connection. This mode of operation applies:

= to ProSe one-to-one direct communication,
= when both UEs are "served by E-UTRAN", and
= for Public Safety UEs it may apply when only one UE is served by E-UTRAN.

For these communication modes and considering the registered public land mobile
network (PLMN), the direct communication path and coverage status (in coverage or
out of coverage), a number of different possible communication scenarios are defined
as shown in Table 5-1, while a comprehensive illustration of these scenarios is provided
in Fig. 5-1. However, these scenarios do not cover all the possible scenarios for direct
communication, and 3GPP in working on adding more scenarios especially for the case
of group communication.

Table 5-1;: D2D communication scenarios in LTE networks

In/Out
Scenario coverage Serving PLMN/Cell
UE-A | UE-B
A Out Out No serving PLMN/Cell
B In Out No serving PLMN/Cell for UE-B
C In In Same PLMN/Cell
D In In Same PLMN - different cell
E In In Different PLMN/Cell both UEs are in both cells’
coverage
Different PLMN/Cell UE-A is in both cells’
F In In . . ,
coverage UE-B is in serving cell's coverage
G In In Different PLMN/Cell both UE are in its own
serving cell's coverage)
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Figure 5-1: 3GPP direct communication scenarios [2]

5.3.1 D2D reference Architecture

Towards supporting the scenarios defined above enhancements are required to the LTE
architecture. Fig. 5-2 depicts this architecture and aims to fulfill the following
requirements posed by 3GPP.

= Enable the operator to control the ProSe discovery feature in its network,
authorize the functionality required for the ProSe discovery functions for each
UE.

= Enable the ProSe communication or ProSe-assisted WLAN Direct
communication and seamless service continuity when switching user traffic
between an infrastructure paths and a ProSe communication path of the ProSe-
enabled UEs

= Enable HPLMN operator to authorize ProSe-enabled UE to use ProSe
communication separately for the HPLMN and for roaming in VPLMNS.

= Enable an authorized 3rd party ProSe application to interact with 3GPP network
in order to utilise the ProSe services offered by the network.
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= Be able to control ProSe communication between ProSe-enabled UEs when the
UEs are served by a same eNB or different eNBs.

= Accommodate the ProSe related security functions related to privacy, support for
regulatory functions including Lawful Interception, and authentication upon ProSe
discovery and ProSe communication

= Enable the operator to authorize and authenticate the third party applications
before making use of the ProSe feature.

= Accommodate for charging by the operators (HPLMN or VPLMN) for the
utilization of the ProSe functionality.

ProSe APP
LTE-Uu s1 SGi
T PC5 LTE-Uu
PC4
ProSe APP
PC3 PC2
UE i ProSe Function ProSe APP
) ) Server
I L1 pce

PC1

Figure 5-2: D2D-enhanced LTE architecture [2]

As depicted in Fig. 5-2, additional to the entities of the conventional LTE architecture a
number of new entities is required. These entities are the following:

Application servers (ProSe App Server) incorporates the ProSe capability for building
the application functionality, e.g. in the Public Safety cases they can be specific
agencies (PSAP) or in the commercial cases social media. These applications are
defined outside the 3GPP architecture but there may be reference points towards 3GPP
entities. The Application server can communicate towards an application in the UE.

Applications in the UE (ProSe UEs App ) use the ProSe capability for building the
application functionality. Example may be for communication between members of
Public Safety groups or for social media application that requests to find buddies in
proximity.

ProSe Function in the network (as part of EPS) defined by 3GPP has a reference point
towards the ProSe App Server, the EPC and the UE. The functionality may include but
not restricted to: interworking via a reference point towards the 3rd party applications,
authorization and configuration of the UE for discovery and direct communication,
enable the functionality of the EPC level ProSe discovery, and provide functionality for
charging (via or outside of EPC, e.g. offline charging).

Note that for the interconnection of the new entities and the connection with the
conventional LTE entities, 7 new interfaces/reference points are defined named as PC1,
PC2, PC3, PC4, PC5, PC6 and SGi (Fig. 5-2).
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5.3.2 ProSe device discovery

3GPP has already defined two basic device discovery approaches: the EPC-level,
where the core network resolves the discovery by utilizing location information, and the
direct one, where each UE is responsible for indicating UEs in its vicinity. For the first
approach the following assumptions apply [2]:

» The solutions need to support scenarios where UEs are registered to the same
or different PLMNSs, including when roaming;

= EPC-level ProSe discovery may be used independently or as a prelude to
establishment of direct path (i.e. E-UTRA ProSe Communication path or WLAN
Direct communications path) or infrastructure path between ProSe enabled UEs;

» EPC-level ProSe discovery solution shall take into consideration the user- and/or
application-related discoverability settings (e.g. UE is discoverable only by UEs
that are explicitly permitted);

= EPC-level ProSe discovery solutions shall take into consideration the interactions
with other capability settings (e.g. Presence, TS 23.141 [17]);

= EPC-level ProSe discovery solutions shall take into consideration the device
capabilities.

For the direct discovery, there are two types of discovery: open and restricted. Open
applies where there is no explicit permission that is needed from the UE being
discovered, while restricted discovery only takes place with explicit permission from the
UE that is being discovered. ProSe direct discovery can happen in coverage and out of
coverage. Out of coverage is only applicable to Public Safety. For ProSe direct
discovery at least the following issues need to be clarified [2]:

= what is the procedure of ProSe direct discovery? e.g. discovery using direct radio
signals, etc.

= how to carry out required signalling between involved entities? e.g. whether a
ProSe-enabled UE announces itself and allows itself to be discovered by others
or a ProSe-enabled UE requests that other ProSe-enabled UEs reply if in
proximity to the requesting ProSe-enabled UE

= whether it is necessary to optimally manage and trigger the ProSe direct
discovery mechanism from the network e.g. activate it only in specific
geographical location?

In general, the direct approach is considered more flexible and scalable, since it
operates under local-level requirements, shifting the complexity to the end-users, while
it is also applicable in out-of-coverage discovery scenarios.

There are two roles for the UE in ProSe discovery:

= Announcing UE: The UE announces certain information that could be used from
UEs in proximity that have permission to discover.

= Monitoring UE: The UE that receives certain information that is interested in from
other UEs in proximity.

Considering the direct discovery approach, the resource allocation can follow either a
procedure where a spectrum portion is allocated to all or group of UEs for discovery
transmissions, discovery Type 1 in [20], or a procedure where resources are allocated
on a per UE basis, discovery Type 2 in [20]. However, in both of the cases, the
consumption of radio resources is inevitable. For the second case, the resources can be
allocated for each specific transmission instance of discovery signals or can be
allocated in a semi-persistent way, while only an UE in RRC CONNECTED mode may
request resources for transmission of D2D discovery messages from the eNB via RRC.
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In chapter 7, the reader can find solutions compliant to ProSe direct discovery principles
and especially to discovery Type 2 where resources are allocated on a per UE basis for
transmission of direct discovery messages.
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6. SPECTRUM ACCESS AND MANAGEMENT FOR DIRECT
COMMUNICATION

In this chapter, the problem of finding radio resources for D2D communications in an
LTE network is studied. The idea is to spatially reuse UL cellular spectrum for D2D
communications. More specifically, two different approaches are proposed. In the first
one, eNBs are responsible for collecting interference information and allocating
resources to D2D pairs, while in the second one, eNBs allocate a spectrum portion for
D2D communications and the D2D transmitters follow a contention-based approach to
access the spectrum.

6.1 Separated resource allocation for direct communications

The approach described in this section requires the eNB to apply a resource allocation
for the D2D peers by exploiting interference information. An interference information
collection mechanism provides the network topology to the eNB and spatial spectrum
opportunities of the uplink period are assigned to requests for D2D communications. To
this end, the network topology including the resource allocation for the cellular
transmissions is represented by an enriched node contention graph (eNCG) and is
utilized by graph-coloring algorithms to provide an interference-free D2D allocation.
Results show that spatial spectrum opportunities can sufficiently serve the D2D
transmissions, increasing at the same time the total data rates in the network.

6.1.1 System model

6.1.1.1 UL opportunities

Assume a typical LTE system [1] and the time division duplex technique (TDD). The
total UL period consists of a number of adjacent UL subframes. Based on this structure,
eNB is responsible for allocating parts of the UL period (resource allocation units) to
user equipments (UEs). Let us refer to these parts as UL opportunities. We aim at
establishing D2D communications by spatially reusing the resources of these UL
opportunities.

6.1.1.2  Spatial spectrum reuse

The region under study is a circular cell area, with an eNB in its center and a number of
UEs randomly distributed inside it. During a UL opportunity, a single UE transmits data
to eNB, while the area outside its transmission range can be utilized for establishing
D2D communications [2]. Note that this kind of spatial spectrum reuse assumes that the
D2D transmitter is closer to the D2D receiver than to the eNB. A general perspective of
this assumption is to focus on indoor and short area direct communications.

The parallel transmissions (cellular and D2D) must ensure mutual interference-free
conditions. On the one hand, the interference caused by the D2D transmissions to eNB
(the unique cellular receiver during a UL period) is controlled by reversing the view of
the standard power control mechanism. According to this mechanism, eNB adjusts UE'’s
transmit power to ensure a satisfactory connection, however, for a D2D transmission
eNB uses this mechanism in the opposite way and limits the transmit power of the D2D
transmitter to protect itself.

On the other hand, the interference caused by cellular transmissions to D2D
communications is avoided through an interference information mechanism which
informs eNB for the interference conditions in each UE’s vicinity. Although deferent
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mechanisms can be adopted, for the completeness of the proposed scheme an LTE
specific mechanism is proposed in the next section.

6.1.2 Interference information collection mechanism

As mentioned above, UEs adopt a mechanism to detect and inform eNB for the
interference conditions in their vicinity. This information is used by eNB to build the
network topology and reallocate the spectrum resources ensuring interference-free
conditions. The proposed mechanism consists of three steps: i) the interpretation, ii) the
monitoring, and iii) the information submission step, while it is depicted in Fig. 6-1.

UE interprets the information
included in PDCCH

UE starts a standard
UL transmission to

Y
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IYES
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opportunity for QP period

— . . e YES
< A signal is detected =
- -

-

The UE that owns the opportunity
(as resulted by the standard
resource allocation) is imported
to the UEL

UEL is encapsulated in a
control message and is
sent to the eNodeB

v

Figure 6-1: Flow chart of the extra UE’s functionality

In the first step, the information included in the physical downlink control channel
(PDCCH) is interpreted providing to UEs the knowledge of which UL opportunity was
allocated to which UE. This is the standard way eNB informs UEs for the resource
allocation scheme and, thus, it is a common procedure followed by all UEs. According
to this information, a UE that has no allocation, selects a UL opportunity (assigned to
another UE) and starts the monitoring step.

In the monitoring step, the selected UL opportunity is monitored for a short period called
quiet period (QP), as shown in Fig. 6-2. QP is used by the UE to detect (or not) the
existence of a cellular transmission, i.e., to check if it is interfered by the UE that
transmits in this UL opportunity. If a cellular transmission is not detected the UE adds
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the identifier of the transmitting UE to a list which is referred to as User Equipment List
(UEL). Every time that no spectrum has been assigned to UE, the procedure is
repeated keeping UEL up to date and reliable for a certain time period that assumes no
or negligible UES’ mobility.

The third step takes place periodically in the physical uplink control channel (PUCCH).
Each time a UE transmits a resource request message or channel measurements,
encapsulates its UEL in PUCCH providing to eNB information for the interferences in its
vicinity.

According to the proposed scheme, the D2D communication requests are served by

D2D transmissions during UL opportunities. The main goal is to decongest eNB and
release more resources for inter-cell communications.

A secondary resource allocation procedure is added to eNB to decide on these D2D
transmissions. The result of each secondary allocation is encapsulated to physical
downlink control channel (PDCCH) to inform D2D transmitters about which UL
opportunities to use. Also, the interference information transmitted by UEs (UELS) is
required to be stored and available before any secondary allocation decisions.

Standard resource allocation Secondary resource allocation
I ap| | QP|
| ; QP | QP !
| | Qp | |
| I C> e
I I apP | I
| ' | :
| | QP | QP ;
| | | |
| | | |
1RB | | QP [ i |
L | 1 | 1
1 slot |
L 1 Subframe -

Figure 6-2: The LTE UL period (two UL subframes here)

6.1.3 Resource allocation scheme

6.1.3.1 Graph representation of the network topology

Before eNB allocates the UL opportunities, the information of UELs combined with the
results of the standard resource allocation is depicted as a graph. In general, a network
topology can be represented by a node contention graph (NCG) or a link contention
graph (LCG). In NCG, the UEs are represented by vertices, while edges indicate that
two vertices are in the interfering range of each other. In our approach a NCG
representation is enriched with the primary resource allocation constructing the
reference graph for the secondary resource allocation. The interference information is
transformed to the graph according to the following three rules:

1. Vertices represent either UEs with allocated resources (cell UES) or pairs of intra-
cell communication requests.

2. Edges represent interferences between vertices implying that connected vertices
cannot use the same spectrum (resources) simultaneously.

3. Extra edges connect the cell UEs with each other, visualizing the primary resource
allocation.
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Fig. 6-3 depicts the graph representation of a network topology according to these rules.
Vertices 1 and 2 represent two different UEs with allocated colors (resources) according
to the standard resource allocation scheme, while vertices 3 to 6 represent different
intra-cell communication requests which are colored by the proposed allocation
scheme. Each edge of the graph represents existence of interference between the
nodes it connects. For example, node 1 is connected with nodes 4 and 5, and, thus, the
intra-cell communication requests represented by nodes 4 and 5 cannot be served by
the same resources allocated to node 1. Following the third rule, an extra edge between
nodes 1 and 2 is added visualizing the standard resource allocation, i.e., it confirms that
the colors assigned to these nodes are different. In that way, the graph is enriched with
the allocations that occur by the standard resource allocation and allows for an
interference-free secondary resource allocation, as explained next.

Figure 6-3: Graph representation of a network topology

6.1.3.2 Graph-coloring secondary resource allocation

Since the network topology and the primary resource allocation have been depicted as
a graph, the secondary resource allocation can take advantage of the graph-coloring
theory [3] to allocate the spatial spectrum resources to requests for intra-cell
communications. For each intra-cell communication request there is a list of
opportunities that can be assigned according to the UELs submitted to the eNB. To this
end, we adopt the list-coloring theory which is a type of graph-coloring theory where
each vertex can be restricted to a list of allowed colors [4].

Given a graph G and a set L(v) of colors for each vertex v, alist coloring is a choice
function that maps every vertex v to a color of the list L(v). A list coloring is generally
assumed to be proper, if no two adjacent vertices receive the same color.

The objective of the secondary resource allocation is to maximize the spectrum
utilization taking advantage of simple, fast, and efficient graph-coloring algorithms [5].

Greedy Algorithm

This coloring algorithm handles colors (UL opportunities) one after another and
performs a “greedy” assignment each time. The algorithm performs as if nodes are
ranked according to their link degrees from highest to lowest, so that nodes with more
edges incident to them are served first. Then the colors are assigned sequentially upon
availability providing as final output a partition of the vertex set of the graph into
independent sets, where each set occupies one color.
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Random Sequential Algorithm (RS)

The random sequence algorithm still performs a greedy type of color assignment, with
the only difference being that the nodes are ranked randomly, independent of their
characteristics. Then sequential coloring takes place, as in the previous case.

Repeat Random Sequential Algorithm (RRS)

The repeated random sequence algorithm starts with one greedy color assignment and
then loops through random permutations trying to find an optimal coloring until a specific
predefined amount of time has elapsed.

6.1.4 Performance Evaluation

For the evaluation of the proposed scheme, we adopt the parameters provided in Table
6-1. Let an eNB located in the center of a cell region and a number of UEs randomly
distributed around it. Assume the LTE frame structure type 2 (Time Division Duplex-
TDD) and the uplink-to-downlink configuration type 0O, i.e., each UL period consists of 3
contiguous UL subframes. Also, consider that UEs of category 3 are used transmitting
with 16QAM modulation. The QP is defined by 4 symbols of 285.7 ys (for normal CP

there are 14 symbols per subframe, thus, i- 1 ms = 285.7 us). The UL resources are

assigned to requests for cellular communication according to a Round Robin (RR)
scheduling [6], while the proposed graph-coloring scheme reallocates them to requests
for D2D communications.

Table 6-1: Evaluation parameters — Graph coloring approach

Parameter Value
Cell radius 1.5 km
Frame structure Type 2 (TDD)
Frame duration 10ms
UL/DL configuration 0
UL duration 3 ms (3 adjacent subframes)
CP length 7 symbols/slot
Available bandwidth 20 MHz
Number of RB 100 RB
Quiet Period (QP) 285.7 us (4 symbols)
Standard Scheduler Round Robin
UEs’ distribution Uniform
UE class Cat. 3
Modulation 16QAM

First, we estimate the period of time required to achieve a sufficient representation of
the network topology in eNB. This time refers to the initialization of the proposed
scheme assuming that eNB has no knowledge of the network topology or interferences
among UEs. Next, we study how efficiently the intra-cell communications can be
satisfied by D2D transmissions allocated to UL opportunities. Sequentially, we calculate
the spatial spectrum reuse for increased number of UEs and different graph-coloring
algorithms (Greedy, RS and RRS) and we derive, in terms of data rates, the offloading
provided to the inter-cell communications through the additional secondary allocation.
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Figure 6-4: Reaching the network topology to eNB

For the system initialization a period of time is needed for eNB to reach a reliable
representation of the network topology. Assuming the simulation model described
above and 180 UEs that every 10 ms (TDD frame) send the interference information to
eNB, the curve shown in Fig. 6-4 is derived. As shown, about 4 seconds are enough for
eNB to collect the required information and build 98% of the network topology. After this

period, the topology can be up to date according to the interference information
messages sent periodically to eNB.
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Figure 6-5: Comparison of graph-coloring and random resource allocation

Assuming 100 UEs uniformly distributed around eNB, we study how efficiently the intra-
cell communications can be satisfied by D2D transmissions allocated to UL
opportunities. We compare the proposed graph-color based allocation (Greedy
Algorithm) and a random allocation which randomly allocates the UL opportunities to
requests for intra-cell transmissions (Fig. 6-5). Results show that in both cases, as the
number of UL opportunities increases, the percentage of satisfied requests for intra-cell
transmissions increases as well. However, for the same number of UL opportunities, the
graph-coloring scheme satisfies more intra-cell requests than the random scheme.
Additionally, with more than 20 available opportunities, the graph-coloring scheme can
satisfy 100% of the applied intra-cell requests.
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Figure 6-6: Comparison of graph-coloring algorithms

In Fig. 6-6, we provide a comparison among the different graph-coloring algorithms that
can be used for the proposed secondary resource allocation scheme in terms of
spectrum reuse. All algorithms attain considerable improvement, especially for large
number of UEs, with RRS performing better than the Greedy and the RS algorithms,
achieving up to 210% of spectrum reuse. However, the provided improvement in
comparison to the Greedy one is quite small, considering a disproportionate increase in
computational complexity expected with RRS.
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Figure 6-7: Decongestion of the inter-cell traffic

For the intra-cell communications, the transition from using standard mode to exploiting
UL opportunities results in a decongestion of the inter-cell traffic in terms of data rates.
Fig. 6-7 depicts the mean data rate offered to an inter-cell transmission with (solid line)
and without (dashed line) the proposed secondary allocation scheme. Two different
scenarios are assumed. In the first scenario, the intra-cell communication requests are
20% of the total requests (blue curves), while in the second one, they are increased to
40% (red curves). As can be observed in Fig. 6-7, in the second scenario, the extra data
rate offered to an inter-cell communication is higher than that in the first one due to the
increased number of transmissions served by UL opportunities. Also, for both scenarios,
the offered gain decreases for an increased number of UEs. This is because the
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spectrum resources are limited, and as the number of UEs increases, the impact of
spectrum reusing to each UE in reduced.

6.2 Contention-based access for direct communications

In contrast approaches where the collection and processing of interference information
is required, in this section we propose a spectrum access scheme for D2D
communication peers in an LTE network based on a contention process, providing the
performance analysis in terms of throughput, delay and energy consumption.

6.2.1 Access model and communication scenarios

Consider an LTE network where D2D and cellular communications coexist in a cell
area. For simplicity, we referred to UEs that attend to communicate directly as eUEs.
The proposed access model for eUEs borrows the distributed coordination function
(DCF) of the IEEE 802.11 standard [7]. According to this function, each potential
transmitter monitors the channel activity before a transmission attempt and if the
channel is idle for a period of time, a four-way handshaking technique, known as
request-to-send/clear-to-send (RTS/CTS), takes place [8]. More information about the
DCF can be found in Appendix 1.The key difference of the proposed scheme and the
conventional DCF procedure is that the communication channel is now divided into slots
that equals the UL period of the LTE system. Practically, the communication channel
composed by a number of contiguous (for FDD LTE) or non- contiguous (for TDD LTE)
UL subframes. Fig. 6-8 illustrates how the DCF function is applied to an UL LTE
channel.

In more detail, if eUE; wants to send data to UE;, it monitors the channel at the
beginning of the UL opportunity looking for an idle period similar to the DCF interframe
space (DIFS) of the IEEE 802.11 standard. Then, eUE; waits for a random back-off time
and sends an RTS message. On receipt of a CTS message sent by eUE;, eUE; can start
transmitting for the rest of the UL period.

DIFS DIFS
Backoff Backoff
eUE 1 HHES [ DATA [ eUE 3 [[[[TrTs] [ DATA |
eUE 2 [l Jets] | ACK eUE 1 [[[1  feTs] |acK
:I:.TE; I [ I ‘ 1 Wait for the next UL opportunity :E.TEe; I ” ‘ 1 Wait for the next UL opportunity
- - L vy Time
UL period , UL period
FRAME #1 FRAME #2

Figure 6-8: Applying DCF in the TDD LTE UL period
(each UL period consists of one or more UL subframes)

Based on the access model described above, four communication scenarios are
defined:

Scenario Al: D2D pair knows that there is no interference from the UL cellular
transmission and the device discovery procedure has been applied and guarantees that
D2D peers are in proximity.

Scenario A2: D2D pair knows that there is no interference from the UL cellular
transmission. However, device discovery is not considered and a D2D transmitter tries
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to communicate without knowing whether the target D2D receiver is in its vicinity. The
performance of this scenario strongly depends on the probability the communication
peers to be located in a close proximity. We refer to this probability as Proximity
Probability and it is studied in the next subsection.

Scenario B1: shared spectrum is used by cellular UL and D2D communications and the
D2D pair is not aware whether there is interference from the cellular UL transmission.
Practically, as the eUEs are synchronized to the eNB, the idle period at the beginning of
the UL opportunity is used as quiet period for all the eUEs allowing them to recognize
the existence (or not) of UEs activity in their receiving area. The access of the D2D
communication peers in the spectrum depends on the probability to not indicate during
the DIFS period the existence of UE’s transmission. This probability is referred to as
Access Probability and it is studied in the next subsection. Also, for this scenario a
device discovery procedure has been applied and guarantees that D2D peers are in
proximity.

Scenario B2: shared spectrum is used by cellular UL and D2D communications and the
D2D pair is not aware whether there is interference from the cellular UL transmission.
However, the device discovery result is not reliable and the D2D transmitter tries to
communicate without knowing whether the D2D receiver is in its vicinity. The
performance of this scenario strongly depends on both the Access and Proximity
probabilities.
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Figure 6-9: illustration of the Interference-free area in two different cases:
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6.2.1.1 Access probability study

This study applies to scenarios B1 and B2, where shared spectrum is used for cellular
and direct transmissions. Assume that UEs and eUEs are uniformly distributed inside a
circular cell area where the eNB is located in the center of this area. Also consider the
case that eUE; wants to reuse a UL spectrum portion to directly transmit to eUE;. To
avoid interference from the UE that utilizes the same spectrum portion, both eUEs must
be located outside UE'’s interfering range, i.e., the range defined by a specific threshold
in the acceptable interference level, and also inside the cell area to maintain the
connection with the eNB. The set of locations inside the cell for which both the two
constraints are hold, is defined as the Interference-Free Area (IFA). Denoting by r the
cell radius, by R(x) the interfering range of node x, and by d(x, y) the distance between

noaes x ana y, Fig. o- eplcts In two different cases: <— 1g. b-Ya) an
d d y, Fig. 6-9 depicts IFA i diff R(UE) < ™= (Fig. 6-9a) and
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R(UE) > rzﬂ (Fig. 6-9b), where R, denotes the distance that the cellular signal travels
beyond the eNB reducing to a predefined non-interference threshold.

Based on the definition of the IFA, and the proposed access protocol, an eUE will
access the UL channel if it is located in the IFA, since in that case, during the DIFS the
signal from the UE will be bellow the interference threshold. Thus, the access probability
of an eUE; is

Paccess(eUE;) = P(d(UE,eUE;) = R(UE)) - P(d(eNB,eUE;) <) (6-1)

where, P(d(UE,eUEi) > R(UE)) is the probability that the UL cellular transmission does
not interfere the eUE; and P(d(eNB, eUE;) < r) the probability of eUE; being into the cell
area. Appendix Il provides an estimation of this probability using Euclidean geometry,
while curve (a) in Fig. 6-10 depicts this estimation for R., equal to 10% of the cell
radius. Based on curve (a), on for the specific scenario the expected access probability

can be found using the expected distance of the UE to the eNB, which for uniform UE

distribution is r- ‘/22 and, thus, on average it holds that P, ..ss = 0.6.
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Figure 6-10: Access probability for a eUE (a) and a D2D pair (b)

Moving one step further, the probability of both eUE; and eUE; being inside the IFA at
the same time is calculated by multiplying probabilities P,ccess(eUE;) and Fuecess(eUE;).

The resulted probability is illustrated by curve (b) in Fig. 6-10 and represents the
maximum percentage of the cell region where the spectrum can be reused for direct
transmissions.

6.2.1.2 Proximity probability study

For the direct communication where the spectrum is spatially reused the appropriate
power should be used to avoid interfering eNB, in other words, eNB should be outside
the interfering range of eUE; and eUE;. For a reasonable power requirement at a D2D

receiver higher than the interference threshold that defines the interfering range, the
following conditions apply:

R(eUE;) = d(eUE;, eUE;) (6-2)
R(eUE;) = d(eUE;, eUE;) (6-3)
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Consequently, a direct connection between eUE; and eUE; is referred to as valid if and
only if the locations of eUE; and eUE; are inside the IFA and also constraints (6-2) and

(6-3) are hold. We denote as proximity probability, P, .c:, the probability two eUEs (let
eUE; and eUE;) to consist a valid D2D pair. The maximum probability Pg;...; €quals to

the probability the eUE; to be located inside the eUE; transmission region and closer to
the eUE; than the eNB as illustrated by region C (Fig. 6-11).

|

r

X!

Figure 6-11: The maximum valid region for a D2D communication

As shown in Appendix Ill, area C is:
C=n-D>*-F-S (6-4)
where D = d(eNB, eUE;) and,

F =D?-cos™?! G) - # (6-5)

2. o (XY = v o V/DZ — 2 — 2. coe—1(PFX L2 — 2 T r
o D? - cos (D) x-VD? —x - cos ( " )+(D+x) Jr2—(D +x) for 2<D Sﬁ (6-6)
7T'D2—DZ'COS_l(g)-I-X'\/DZ—xZ—TZ'COS_l(Dr;x)-l-(D—x)'\/TZ—(D—x)Z forLZ<D<r

%
r2—2:D? r r
_ D for ;< D < 7z 6.7
X = V2p2p2 r (6-7)
D for 5 <D<r
Thus, for a given D it holds that:
c
Pgirectlp = Y (6-8)

All the possible locations of the eUE; for a valid direct link establishment are inside the
transmission area of the eUE; which is bounded by the distance D = d(eUE;, eNB).
Thus, the cumulative distribution function (CDF) of the random variable D is given by
(20).

D2

T2

CDFp = (6-9)

Taking the derivative of CDF, we derive the probability density function (PDF) of D,
denoted here as PDFj, as follows:

_ dCDFp _ 2D
PDFp =—00— ="

(6-10)

Consequently, averaging over all possible choices of D, the proximity probability is as
follows:
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T T 2 DZCS—l1 D%y3 T
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0 0 -
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(6-11)

For normalized cell radius and applying (6-4), (6-5), and (6-6) in (6-11) then:
1

2 2-D3 1\ D?-+/3
Pgirect =.l- 2-D3dD — - | cos™? (E)— 2 dD —
0

0

1
) 1 V2 1
n3 J(2D%)?2 -1 B J@2-D)?2 -1 J(@2-D)2 -1
(| 2-D°dD + ——F  dD —dD + —FF dD
/ 2D 2'm-D 2D

V2 V2
1
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1 1
D D 2
—-/(2-D)2—-1dD — —J(@2:D)2—-1dD — )dD—
,1[71 ( ) fn ( ) ! T 2-D
2 2

1 2:D? 2:D?

1
2'71)3-(:05 (1—— dD+f”D3 - ——1)dD)EO.2512 (6-12)
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6.2.2 Performance Analysis

6.2.2.1 Normalized Throughput

We define as normalized throughput the percentage of an UL opportunity that is used
for opportunistic payload data exchange. Since during a UL opportunity the IEEE
802.11 DCF function is applied, existing models can be used to calculate the
normalized throughput. In the following, we apply to the proposed mode the IEEE
802.11 DCF modeling provided in [8, 9].

Assume a binary exponential back-off procedure with minimum and maximum back-off
window sizes W and 2°W, respectively. Also assume that n users are located inside the
IFA and competing for a UL opportunity. According to [8, 9], the normalized throughput
is:

Ps(n)-Pe-T[data]
(1=Pgy)-0+Ps(n):Pey-Ts+(1—Ps(1))-Pep-Te

S(n) = (6-13)

where
e nis the number of competing users,
P.(n) is the successful transmission probability,
P, is the probability that there is at least one transmission in a specific timeslot,
T[data] is the payload duration,
o is the timeslot duration, i.e., the time interval between two consecutive back-off
time counter decrements,
T, is the successful transmission duration, and,
e T, is the collision duration.
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The probability that a station transmits in a specific timeslot, denoted by 7, depends on
the conditional collision probability p, which is also dependent on the number of users n,
and is given by

_ 2(1-2p) )
t= (1-2p)(W+1)+pwW(1-(2p)P) (6-14)
where p denotes the probability that a transmitted packet encounters a collision. By
definition p is also the probability that at least one of the remaining n—1 users
transmits in the same timeslot; thus, it holds

p=1-(1-7)"1! (6-15)

The solution of the nonlinear system defined by (25) and (26) provides the probabilities
T and p for a specific number of competing users.

Given 1, p, and n, the probability of a successful transmission P,(n) is the probability
that only one user transmits given that at least one transmission occurs; the probability
P, that at least one transmission occurs, is given by P, =1 — (1 — 7)™

However, under the proposed system model, the successful transmission probability
depends on the communication scenario. More specifically,

[ nt(1-7)* 1
Ptr

nt(1-t)*t i
(P—) “ Pyirect SCenario A2
tr

scenario A1

Pi(n) = 5 . (6-16)

nt(1-7)"1

Per

nr(1-7)" !
\ 578

* Pyocess  Scenario Bl

“Pairect * Faccess scenario B2

The payload duration T[data], the successful transmission duration T, and the collision
duration T, involved in the throughput expression in (6-13) are strongly dependent on
the spectrum access protocol. For the protocol considered here, these parameters
satisfy the following equations:

T|data] = ULgj,e — (DIFS + C(p) -0 + RTS,;,e + CTSgize + 3 - SIFS + ACKj;,.) (6-17)
Ts = ULgize (6'18)
T. = RTSg,e + 2 - SIFS + CT S, (6-19)

where,
e UL,;,. denotes the duration of the UL opportunity,

e (C(p) is the expected number of slots that must be counted down before a
transmission occurs,

e RTSg,. and CTS,,. are the durations of RTS and CTS transmissions,
respectively,

o ACKj;,. is the duration of the acknowledgment (ACK) transmission,

e DIFS (DCF Inter-Frame space) is the quiet period at the beginning of the UL
opportunity, and,

e SIFS (Short Inter-Frame Space) is the minimum duration needed between a
sequence change from a transmission to a reception and vice versa.

6.2.2.2 Access delay

Using the analysis of previous works on IEEE 802.11 DCF, the expected number of
waiting slots during the back-off procedure, C(p), is given by (6-20):
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—)=p-(2-p)P
Clp) = w - (FBEER 1) (6-20)

where p is the collision probability and W the contention window size.

As shown from (6-17), the duration of a UL opportunity contains: i) the DIFS waiting
time at the beginning of the opportunity, ii) the back-off waiting slots C(p), iii) the
duration of RTS and CTS transmissions, denoted here as RTS,;,. and CTSg;,. ,
respectively, iv) the duration of the payload data transmission (transmitted by the winner
of the contention), and, v) the duration of the ACK transmission, denoted here as
ACK,;,.. Taking this into account, the average access delay for an direct connection
establishment is

T[total] = DIFS + RTS;,e + CTSgize + C(p) - T[waiting]+3 - SIFS + ACK;,. (6-21)

where T[waiting] represents the average waiting time before an eUE transmission, and
is defined as follows:

T[waiting] = (1 — Py) * 0 + Py - (1 - Ps(n)) “Te + Ps(n) - Py (Ts + DLgize) (6-22)

The first term of the sum represents the waiting time if no transmission occurs (i.e., the
duration of a single timeslot). The second term represents the waiting time if a collision
occurs, i.e., the T, duration. The third term represents the waiting time if a successful
transmission occurs, i.e., the T, duration and the waiting time during the DL period
before the new attempt. Note that under the proposed access scheme, if another
successful transmission occurs during the back-off procedure, the attempt is postponed
for the next UL opportunity and, thus, the DL duration, denoted here as DL;,., must be
included. The DLy;,, depends on the adopted system and in most of the cases it
changes dynamically based on the traffic load in the uplink and downlink.

6.2.2.3 Energy consumption

During an direct communication there is no participation of the BS, and the energy
consumption for an eUE contains: i) the energy spared during the eUE waiting to
access the channel, ii) the energy needed to directly transmit the data to the destination,
and iii) the energy needed to receive the acknowledgment. Let us denote the
transmission power as PWR:-.ns, the power required for sensing the channel (the
spectrum opportunity) as PWR,.,s. , and the power needed for receiving data as
PWR,cceive- Taking into account these definitions, the energy consumption for these
three actions on the average case is:

E[total] = E[access]| + E[data] + E[ack] (6-23)

where:
Elaccess] = PWRgense * DIFS 4+ C(p) - 0 - PWRsense + PWRirans * RTSsize + PWRreceive * CTSsize
(6-24)
E[data] = PWRqns " T[data] (6-25)
Elack] = PWR,cceive - ACKgize (6-26)

However, the parameters PWR:ans» PWRsense, and PWR,.c.ive, depend on the distance
between transmitter and receiver. Also, the power used during the RTS/CTS exchange
depends on the selected communication scenario. In scenarios Al and B1, eUEs knows
that the target receiver is in transmitter’s vicinity and, thus, the minimum required power
is used for both data and RTS/CTS message exchange. In contrast, in scenario A2 and
B2 there is no knowledge of the power that must be used by the eUE transmitter and
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the opportunistic receiver during the establishment of a direct connection, and, thus, the
maximum power that guarantees the interference threshold at eNB is used.

6.2.3 Performance Evaluation

6.2.3.1 Throughput, delay, and energy results

Let a cell region with radius 1000m, an eNB located at the center of this cell, and a
number of UEs uniformly distributed inside the cell area. Assume that all users are
equipped with omni-directional antennas and their transmitting regions are represented
by disc regions around them.

One of the bursts defines the UL opportunity that is exploited by the eUEs according to
the communication scenarios Al, A2, B1, and B2. The parameters depicted in Table 6-2
are used for the exploitation of the UL opportunity.

Table 6-2: Evaluation parameters — Contention-based approach

Parameter Value
RTS 300bit
CTS 300bit
UL opportunity size 5000us
DIFS 50us
SIFS 10us
slot 20us
Min cont. Window 5 slots
Max back off stage 32 (29
Channel bit Rate 1Mb/s
Pdirect 0.25
Poccess 0.6

In Fig. 6-12, we depict the normalized throughput for the D2D communication scenarios
Al, A2, B1, and B2. As expected, in all scenarios the normalized throughput decreases
for an increasing number of competing eUEs. However, in scenario Al, the normalized
throughput offered to a single D2D pair ranges between 40% and 75%, in scenario A2
between 25% and 50%, in scenario B1 between 35% and 69%, and in scenario B2
between 18% and 40%.

Note that each UL opportunity can be reused concurrently by multiple D2D pairs, and,
thus, the total additional throughput for a UL opportunity is a multiple of the throughput
depicted in Fig. 6-12. Another important observation is that the use of a discovery
procedure (scenarios A1 and B2) is very important, since in that case the achievable
throughput is increased while the number of eUEs restricted to them which potentially
can establish a D2D connection.
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Figure 6-12: Achievable normalized throughput of a single D2D pair

04r = A
0.35} o -
03r ,.:f,'"'(.v-' B

21 frames (1frame=10ms) ‘
02t 4 -

P

e

Access Delay (sec)

01F -

0,052 raMes,,~

=g

ot 1 I 1 1 1 I I 1
5 10 15 20 25 30 35 40 45 50 55 60

Number of contending eUEs

Figure 6-13: Access Delay for a D2D communication

From the access delay point of view, Fig. 6-13 shows that, as the number of competing
eUEs increases, the access delay linearly increases as well. Converting the access
delay to waiting frames (the frame duration is 10ms), we indicatively note that for 10
eUEs about 5 waiting frames are needed on the average, while for 30 eUEs the number
of waiting frames increases to 21.
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Figure 6-14: Comparison between energy consumptions of cellular and D2D modes

Finally, Fig. 6-14 provides a comparison in terms of energy consumption between a cell
communication between two UEs located in the same cell and a D2D communication
between these two UEs. In the vertical axis the ratio of the energy consumption in the
cellular and D2D case is depicted, while the horizontal axis refers to the number of
competing users. As can be observed, under the cellular mode, the transmitter has to
send data to the eNB and then the eNB transmits the data to the appropriate receiver.
In contrast, under the D2D communication mode, a direct connection is established
between the transmitter and the receiver requiring lower energy consumption. However,
for more than 50 competing eUESs, the energy that is consumed increases above the
cellular case, mainly due to the increased number of collisions and time waiting to
access the UL opportunity.

6.2.3.2 Spatial spectrum reuse

In scenario B1, the eUEs use the minimum power required for the RTS/CTS and data
exchanges; thus, the closer the locations of the opportunistic transmitter and receiver,
the larger the number of concurrent transmissions inside the IFA, i.e., the larger the
spatial spectrum reuse factor. In this scenario, the number of valid direct connections
can be considered as an upper bound of the spatial spectrum reuse factor. This upper
bound can be reached as the opportunistic transmitter and receiver comes closer,
minimizing the area covered by their signals. This reasonable statement is verified in
Fig. 6-15. This figure illustrates results from simulating an infrastructure-based system
with an eNB in the center of a cell area, and a cellular UE that transmits to the eNB from
a fixed location inside the cell. The eUEs of the system are uniformly distributed inside
the IFA and the number of valid direct connections located in mutually independent
areas i.e., the spatial spectrum reuse factor, is calculated. As shown in Fig. 6-15, the
relation between the spatial spectrum reuse factor and the number of valid direct
connections depends on the distance between the transmitter and receiver of each D2D
pair. The dashed line represents the maximum spatial spectrum reuse factor, which is
equal to the total number of valid direct connections inside the IFA. Figure 6-15 clearly
shows how the calculated spatial reuse factor approaches this maximum as the
distance between D2D transmitters and receivers decreases.
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Figure 6-15: Spatial spectrum reuse for scenario B1

For the case of scenario B2, Fig. 6-16 illustrates the achievable spatial spectrum reuse
factor according for an infrastructure-based system with an eNB in the center of a cell
area and an cellular UE that transmits to the eNB from a fixed location inside the cell.
Results for variable number of valid direct connections are depicted assuming eUEs
uniformly distributed inside the IFA. The dashed line represents the maximum spatial
spectrum reuse factor. As it is shown, in the average case the spatial spectrum reuse
factor is strongly correlated with the location of the UE inside the cell area.
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Figure 6-16: Spatial spectrum reuse for scenario B2

6.3 Conclusions

In this chapter, the problem of finding spectrum for D2D communications in LTE
networks has been studied. More specifically, two different approaches have been
proposed to spatially reuse UL cellular spectrum for D2D communications. In the first
approach, a graph coloring secondary resource allocation scheme has been proposed.
Spatial spectrum opportunities in the UL period are utilized serving intra-cell
communication requests. To support this, extra functionality is added to UEs informing
eNB for the interference conditions in their vicinities. This information, enriched with the
results of the standard resource allocation procedure, is depicted as a graph utilized by
graph-coloring algorithms providing an interference-free secondary resource allocation
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scheme. Results show that high spatial spectrum reuse factors can be achieved,
however the problem of gathering and processing interference information is quite
challenging. In the second approach a contention-based scheme has been proposed,
where the D2D pairs compete to access the spectrum utilized by a cellular UL
transmitter. In this approach no need for interference information collection is required.
However, the performance is highly correlated with the number of competing pairs,
raising the discovery problem which can restrict the number of users that compete to
those that are in close proximity with their target peers.
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7. SPECTRUM ACCESS AND MANAGEMENT FOR DEVICE
DISCOVERY

In this chapter, the focus is shifted to the device discovery problem. A set of
enhancements in the conventional resource request/allocation procedure of an LTE-A
access network is proposed, towards allocating spectrum for discovery transmissions.
Additionally, a centralized interference-unaware D2D coordination scheme is designed,
targeting at exploiting spatial spectrum opportunities for device discovery transmissions.

7.1 Access network enhancements for device discovery

To provide a resource request/allocation procedure for discovery transmissions the
conventional procedure used for the cellular transmissions in an LTE-A network is
exploited. For the conventional cellular transmissions in an LTE-A network, a procedure
where UEs request for radio resources to the eNB and the eNB allocates the available
spectrum to the received requests is adopted. This procedure is depicted in Fig. 7-1,
while a detailed description can be found in [1].

The spectrum assignment for DL and UL transmissions is an eNB responsibility, and
thus, each eNB uses MAC layer identities called Cell Radio Network Temporary
Identifiers (C-RNTIs) to uniquely identify its serving UEs [1]. When a UE requests for
resources, after a random access procedure, messages for establishing an RRC (Radio
Resource Control) connection are exchanged between eNB and UE (the UE from idle
mode transit to connected mode). During this procedure, a unique C-RNTI is assigned
by the eNB to the requested UE. Note that the C-RNTIs are very important for the radio
resource allocation procedure, since the coding/decoding of the physical downlink
control channel (PDCCH) that includes the resource allocation grant is based on the C-
RNTIs. Practically, each UE uses its C-RNTI to decode the individual resource
allocation message transmitted to it by the eNB, and, consequently, to identify the
spectrum portion that it will use for reception (DL) or transmission (UL).

7.1.1Resource request/allocation grant cycle for discovery transmissions

Differing from the conventional resource allocation procedure, in the resource allocation
for discovery transmissions the eNB must inform both the transmitter and receiver about
the allocation grant, tuning them to the same allocated resources. Although the
transmitter's C-RNTI is known at the eNB (it is included in the spectrum request
message), the eNB is not aware of transmitter’'s C-RNTI. Thus, it cannot inform the
potential receiver about the time and frequency that will be used. A simple solution is to
indicate each device discovery transmissions as broadcast, implying that all UEs should
decode the discovery signal. However, this blind transmission could lead to
unnecessarily consumption of processing resources and energy at UEs. On the
contrary, a one-to-one (or one-to-many) device discovery can be defined, where a
discovery transmission refers to a specific discoveree (or specific group of discoverees).
This is a reactive discovery approach, where the discoverer examines whether a
specific discoveree is in its vicinity. Focusing on the latter case, we propose the
introduction of a new MAC layer identity, called DMO-ID. The main characteristic of this
identity is that it is generated at each UE by using the application layer identity. In this
way, when the application layer identity of a target UE is known at a UE that wants to
announce its expression code, the target DMO-ID can be precisely produced. The
serving eNB, having a mapping between standardized identifiers (C-RNTIs) and DMO-
IDs, uses the former ones as in the cellular communications in order to inform both
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peers about the resource allocation grant. In the following, we assume the case that
individual DMO-IDs are used to simplify the description of the proposed scheme.
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Figure 7-1: Signaling in conventional cellular communication

The proposed scheme can be summarized in the following three steps:

1. Each UE produces its DMO-ID and transmits it to the serving eNB during RRC
connection establishment. Upon the reception of DMO-IDs, eNB maps them to
C-RNTIs.

2. When the eNB decides that data should be directly transmitted, the UE
transmitter includes the DMO-ID of the target UE in a resource request
message (as explained later in this section).
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3. The eNB allocates radio resources to this request and informs both the peers,
tuning indirectly them at the same spectrum portion. The UE transmitter sends
the discovery message using the allocated spectrum portion, while the target
UE (UE receiver) tunes to the same spectrum region trying to receive the data.

To apply these procedures in an LTE-A network, enhanced functionality is required at
the access network (EUTRAN), as explained in the following. Note that for
enhancement in the core network (beacon establishment) the approach proposed in [2]
can be adopted.

7.1.1.1 DMO-ID production and notification at the eNB

Conventionally, each UE initiates a contention-based access to the network by
transmitting a preamble sequence on the physical random access channel (PRACH).
As a result, it is supplied with a temporary random C-RNTI by the eNB via the random
access response message. Assuming that contention resolution due to potential
preamble collisions is not required or is already resolved, this temporary C-RNTI will be
promoted to normal C-RNTI, to be used for unique identification inside the cell, for as
long as this UE stays in connected mode. The random access procedure is successfully
completed upon the reception and the acknowledgement of the RRC Connection Setup
message by the UE. To enable the DMO, each UE registers to the network following the
standard procedure, including, however, its DMO-ID in the RRC Connection Request
message, transmitted via the physical UL shared channel (PUSCH), as shown in Fig. 7-
2. This is the same message where the initial UE identity (International-/Temporary
Mobile Subscriber Identity - IMSI/S-TMSI) is included. The DMO-ID is introduced as a
new information element in the RRC connection request message [1]. Assuming that
both UEs are in connected mode the eNB has acquired their DMO-IDs and,
consequently, creates an one-to-one mapping between C-RNTIs and DMO-IDs.

UE eNB

PRACH: RA Preamble
eNB assigns
C-RNTI to UE

PDSCH: RA Response

PUSCH: enhanced RRC Connection Rpquest

UE sends its

PDSCH: RRC Connection Setup DMO-ID

PUSCH: RRC Connection Setup Conjplete

Figure 7-2: DMO-ID notification at eNB during RRC connection establishment

7.1.1.2 DMO resource request

Let UE-A want to announce its discovery message to UE-B. Assume that both UEs
have already submitted their DMO-ID using the DMO-ID information element in the
RRC connection establishment. Normally, when a UE has data to transmit, the Buffer
Status Report (BSR) procedure is initiated. According to this procedure, a Regular BSR
informs the serving eNB via the PUSCH about the amount of data pending for
transmission in its UL buffers. Note that, if no BSR is already allocated (i.e., no other
transmissions are already initiated), a single-bit Scheduling Request (SR) on the
physical UL control channel (PUCCH) precedes the BSR request.
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In addition to the standard information that any UE includes in the BSR request, the UE-
A produces the DMO-ID of the target UE (UE-B) and adds it to the request Fig.7-3. An
unused Media Access Control (MAC) Control Element inside the BSR request is used
for that purpose, differentiating a discovery spectrum request from a cellular one. This
element utilizes space currently reserved for future use, and it is indexed in the MAC
Protocol Data Unit (PDU) sub-header by the Logical Channel ID (LCID) value equal to
11000. The new element is called DMO-ID element and is appended to the existing
LCID values, such as the common control channel (CCCH), the C-RNTI and the
Padding [3]. The enhanced MAC PDU structure is shown in Fig. 7-4.
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1 1
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Figure 7-3: Enhanced Resource request procedure for DMO

MAC PDU
Header cu Payload (SDU) Padding
Elements
Sub- Sub- Sub- MAC Ctrl | MAC Ctrl MAC Ciil
header 1 | header 2 header N Element 1 | Element 2 Element N
[R[rR[E] LCID=11000 | | DMO-ID l

Figure 7-4: Enhanced MAC PDU in the BSR message

In this figure, the extra MAC sub-header for the DMO-ID is depicted as the last sub-
header of the MAC header. As already mentioned, the DMO-ID is produced by using
the application layer identity. All UEs use the same algorithm/technique for the DMO-ID
production; thus, provided that the application layer identity of a target UE is known its
DMO-ID can be faultlessly produced. The selection of an efficient algorithm for this
transformation is out of this chapter’s scope. However, any mapping algorithm, keys,
etc. can be used as in the case of the mapping the application layer identity to the
expression codes. Upon the reception of a resource request, the eNB indentifies the C-
RNTIs of the requesting and the destination UE in this mapping table and uses the
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corresponding C-RNTIs to encode two allocation messages (allocation grant) for the
UEs; one for the UE transmitter (discoveree) and one for the UE receiver (discoverer).

7.2 Spatial spectrum reuse for device discovery

In this section, we focus on the UL period of a multi-cellular LTE network, and propose a
centralized interference-unaware D2D coordination scheme which spatially reuses
cellular spectrum for device discovery transmissions. We assume that the network
adopts the Fractional Frequency Reuse (FFR) inter-cell interference coordination
technique, thus, each cell area is divided into a cell-center and a cell-edge area.
According to FFR principles, a portion of the available spectrum is utilized by all the
cells, under the constraint of allocating it to transmissions from users located at the cell-
center area [4],[5]. The target of the proposed scheme is twofold: i) to provide the
optimal size of the cell-center area, and ii) to quantify the opportunities for discovery
transmission in the spectrum used by UEs in cell-center area, under limited and
controlled impact on the performance of the cellular transmissions. For this
guantification, a D2D coordinator utilizes estimations on the network density and the
distribution of the transmitting UEs, under an interference-unaware approach. The D2D
coordinator informs eNBs about the potential transmission opportunities and each one
of them configures the size of the cell-center area and enables a limited number of
discovery transmissions. The proposed approach offers the following advantages:

= Spatial spectrum reuse opportunities are utilized for device discovery
transmissions, taking advantage of the low demands of this type of
transmissions.

» An interference-unaware scheme is provided based on modeling the network at
a central coordinator, without the need for gathering and processing
interference information.

» The interference at discovery receivers, a key challenge when UL radio
resources are spatially reused for direct transmissions, is mitigated by utilizing
the characteristics of the FFR technique, a reliable and efficient technique,
already used for inter-cell interference protection.

* In the proposed scheme the additional discovery transmissions are enabled
under controlled impact on cellular ones, while it can also operate as an
optimized FFR scheme for inter-cell interference protection.

7.2.1 System Model

7.2.1.1 The main idea

In the UL period of an LTE network, the FFR technique is used for mitigating the inter-
cell interference. According to this technique, the available spectrum, denoted here by
B, is divided into two parts with different frequency reuse factors. The one part of the
available spectrum, denoted here by B;, is used in all cells, while the other part,
denoted here by B,, is divided among different cells following a non-unit reuse factor.
Hence, each cell is assigned the B; band plus a fragment of the B, band, equal to
B,/RF, where RF denotes the reuse factor (usually, RF=3). The partially-reused
spectrum band (B,/RF) is assigned to UEs located close to the cell edge, since the
stronger inter-cell interference is generated by UL transmissions of such UEs. On the
other hand, the UL transmissions from UEs located close to the center of the cell (inside
the so-called cell-center area) are more protected from inter-cell interference, and thus,
the fully-reused spectrum (B;) is utilized.
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The interference isolation provided to the transmissions in the fully-reused spectrum
motivates the investigation for transmission opportunities in the same spectrum. The
idea is to enable discovery transmissions in the fully-reused spectrum with a controlled
impact on the cellular transmissions. This idea is endorsed by the fact that QoS and
interference constraints for the device discovery transmissions are relaxed, making
such transmissions a good candidate for spatial spectrum reuse.

e

Discovery range
re Radius of cell-center area

BEEE Cell-center area

[ UL cellular spectrum )

Figure 7-5: System Model
7.2.1.2 Adopted scenario

Following the LTE principles, in the adopted system model, the available spectrum in
each cell (i.e., the bands B; + B,/RF) is divided into resource allocation units, referred
to as resource blocks (RBs). One RB is the minimum allocation unit, and thus, in the UL
each RB is assigned to a single UE for transmitting to the serving eNB. Hereinafter, we
focus on a specific RB in the band B, called target RB, and we investigate the
challenge of utilizing this RB for device discovery transmissions. The capability of
device discovery is provided to all the UEs of the network; however, to simplify our
description, the UEs that use the target RB for device discovery transmissions will be
referred to as eUEs (enhanced UEs). The cellular UL transmissions in the target RB will
be referred to as the cellular system, denoted by c, whereas the device discovery
transmissions in the target RB (transmissions by eUEs) will be referred to as the
discovery system, denoted by d. The two systems coexist inside an interference
isolated area denoted by 2, while the following assumptions hold:

Assumption 1 — The transmitted signals from any node i of system j, j € {c,d}, are
affected by: i) Rayleigh fading with factor §;;, which follows the exponential distribution
with unit mean, and ii) path loss degradation described by the simplified model D;;“,
where D;; is the distance of transmitter i from the target receiver in system j, j € {c,d},
and a is the path loss exponent.

Assumption 2 — For a target RB, the number of transmitting UEs and eUEs in the area
0 is distributed according to a stationary Poisson Point Process (PPP) with density 4,
and A4, respectively.
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The cellular network adopts an FFR scheme where each eNB in the area (2 can allocate
the target RB to a UE only when it is located at a distance, D;., smaller than a specific
distance r,, where the distance . defines the radius of the cell-center area. Additionally,
the target RB can be allocated to a number of device discovery transmissions
considering that the potential receiver is located at a distance r; from the transmitter,
where 1y is the target discovery range. Practically, for the transmitting nodes in system c
it holds that D;. < r. while for the potential transmissions of the discovery system d it
holds that D;; = r,;. An illustration of the proposed system model is depicted in Fig. 7-5.

7.2.2 Discovery transmission opportunities under optimized FFR

According to the system model described above, all the receivers in the target area 2
are interfered by transmitters of both ¢ and d systems, while due to the stationarity of
the Poisson process, they have the same statistics for signal reception, and thus, a
typical receiver can be used for interference analysis [6] (Fig. 7-6). We use the following
notation:

= P;;: transmit power used by transmitter i in system j, j € {c, d},

= P, transmit power used by the target transmitter from the typical receiver,
k € {c,d},

» D,: distance of the target transmitter to the typical receiver, k € {c,d}, and
» §,: the Rayleigh fading factor for the transmitting power P , k € {c,d}.
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Figure 7-6: Interference at a typical receiver of the network

For negligible thermal noise, the signal to interference ratio (SIR) at the typical receiver
of system k, k € {c,d}, must be above a predefined threshold wu;:

Pk'6k'D];a

SIRk = 2 > Uy (7'1)

Yje(cayXx;jen;Pij8ijDi;
For an interference-free coexistence of systems ¢ and d, the outage probability of each
system (i.e., the probability the received SIR to be below the SIR threshold, u;) must be
below a target outage probability threshold:
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P(SIRk < uk) < Hk (7'2)
where 6, is the target outage probability threshold of system k, k € {c, d}.
7.2.2.1 Optimized FFR without discovery transmissions

In the conventional case with no additional discovery transmissions in the target RB,
under the assumptions 1 and 2, the outage probability of the cellular system, is as given
bellow [7]:

/a'G

P(SIRC < u'C) =1- e—/lc-DCZ-uz (7_3)

where, G = (2m/a) T(2/a) - T(1-(2/a)), and T'(x) = foooyx‘l-e‘ydy (the gamma
function).

Using (7-3) in (7-2), yields the following constraint for D,
_in(1-0)]"?

2/a
c G

D.<r. = [ (7-4)

Acu
where, the maximum value of the D, is the distance r.. We propose the use of the value
1. as the radius of the cell-center area, since this value guarantees the constraint
defined in (7-2) even if all the transmitting UEs are located at the edge of the cell-center
area. The result depicted in (7-4) also validates the reasonable statement that under an
FFR scheme where the cell-center area radius defined by the r, value, then the denser
the cellular system the smaller the optimal size of the cell-center area.

7.2.2.2 Impact of enabling discovery transmissions

In the case that discovery transmissions exist in the target RB, under assumptions 1
and 2, the outage probability of system k, k € {c,d} is as given bellow [7], [8]:

P(SIRk < uk) =1-— e_Kk'ZjE{C,d}ij'ﬂj (7_5)

N2/
where y; = (I;—,j) " and K, = G - DZ - u/® with G = (2n/a) - T(2/a) - T(1 - (2/)), and

I'(x) = fo‘*’ y*X~1.eVdy.

Using (7-5) in (7-2), yields the following constraints involving the outage probability
thresholds 6, and 8, of the cellular and discovery systems, respectively:

Yae " Aa+Ac < & (7-6)
Ag+ Vac A < €4 (7-7)
where, ¢, = —%, and g, = —%_
opt

Under these constraints, the optimal spatial density of the system d, 1,7, is as follows
(Lemma 1 in [8]):

Afipt = min{gd' Yac* gc} —VYdc* /1C (7'8)

As can be observed in (8), the optimal spatial density depends on the power ratio y,.,
and is maximized for y,. = ‘Z—d in which case (8) yields

AP =gy (-t Ap) (7-9)

Let f denote the spatial spectrum reuse factor for the target RB. The parameter f
indicates how many discovery transmissions correspond to one UL cellular transmission
in the area . Let f,,,, denote the maximum spatial spectrum reuse factor, we have
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opt’ _
_ Ad gd'(l_gcl'/’lc)

fmax_ . = . (7'10)

Using (7-10) yields
e =2 f 2 (7-11)

G KC=G-D§-u2/a, and thus, the constraint in (7-11) is

where ¢, = c

equivalent to the following upper bound on the D, distance:

D.<r =

—ln(1—95)'(€d—f‘/1c)]1/2 (7-12)

Ac-sd-ui/a-G

where, the maximum value of the D, distance, denoted by 7/, defines the radius of the
cell-center area that should be used for enabling the discovery transmissions with
respect to the constraints of the cellular and discovery systems. Using (7-4) in (7-12)
yields

. =1."q (7-13)

1/2
f-/lC-G-Dé-u(Zi/a

where g = |1 — TIni—6y)

The factor g quantifies the impact of the discovery transmission characteristics (target
outage probability, transmission range, etc.) on the optimal radius of the cell-center
area. As can be observed from the definition of g, for reasonable characteristics for the
discovery transmissions, i.e., for 8; <1, D; > 0, and u, > 0, we have that ¢ < 1, and
thus, there is no way of holding the cellular transmission constraints without shrinking
the radius of the cell-center area. On the other hand, in the case that discovery
transmissions are enabled under no cell-center area shrinking, the expected
degradation of the cellular transmission performance depends on the selected discovery
characteristics, and it is quantified as follows. Lets denote by u;, the new achievable
SIR value of the cellular system in the case that the discovery transmissions are
enabled. Using equations (7-12) and (7-4) in (7-13), it holds that

U =Uc" Q (7-14)

where Q = g%. As depicted in (7-14), the factor Q is a fanction of g, while it is the key
parameter that quantifies the expected impact of the enabling of discovery
transmissions, on the cellular system performance. The definition of g in (7-13) imposes
that a careful selection of transmission characteristics (e.g., spatial spectrum reuse
factor f) for the discovery transmissions could lead to a quite low value of factor g, and
thus, to a limited degradation factor Q, for the cellular transmissions. Based on this
conclusion, in the next section we propose a D2D coordination scheme for enabling
discovery transmissions under controlled degradation of the cellular transmission
performance.

7.2.3 The proposed D2D coordination scheme

The proposed D2D coordination scheme can be considered as an advanced FFR
mechanism where additional transmissions are enabled in the spectrum used by UEs
inside the cell-center area. It requires a D2D coordinator, which controls the radius of
the cell-center area of each eNB in the area 2 and configures the characteristics of the
discovery transmissions. The D2D coordinator is able to communicate with all the eNBs
in the area 2, while it can be located at a delegate eNB or at a core-network entity. No

D. Tsolkas
103



Spatial spectrum reuse in heterogeneous wireless networks: interference management and access control

channel measurements are available before the discovery transmissions, so the
coordinator operates under an interference-unaware approach.

7.2.3.1 Functionality at the D2D coordinator

The main objective of the D2D coordinator is to provide each eNB with: i) the radius of
the cell-center area and ii) the discovery transmission characteristics that guarantee the
transmission constraints of the cellular and the discovery systems, respectively. To this
end, the analysis of section 4 and more specifically the results depicted in (7-4) and (7-
14) are exploited. For the utilization of (7-4) the D2D coordinator has to make two
fundamental estimations; one for the density of the UL cellular transmitters in the area 2
and one for the pathloss exponent factor that best describes the wireless environment in
the network.

Estimation of cellular system density

Let V denote the available target RBs in the fully-reused band B; and |eNB| the
deployed eNBs in the area 2. For each one of the available target RBs in an UL
subframe, the expected number of cellular transmitting nodes in a spatial unit is denoted
by A.(v), where v = 1,2..V, and it is the product of the number of deployed eNBs in the
area (2 and the traffic loading:

|eNB|
a(n)

Ac(W) = z(v) -

where a(£2) indicates the magnitude of the area 2, and z(v), z(v) = [0,1], indicates an
estimation of the traffic loading in the cellular system for RB n. In the case that all the
RBs are uniformly utilized:

(7-15)

. |eNB|
a(n)

1) =z (7-16)

for every RB v, v = 1,2..V. Thus, the D2D coordinator considers that the cellular system
densityis 1, = z -%, for every RB of band B;.
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Figure 7-7: Attenuation factors that fit better to 3GPP urban and rural environments

Estimation of the attenuation factor

For the estimation of the attenuation factor a, the D2D coordinator decides on the value
of the factor a that better fits to the wireless environment of the network. To this end, the
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D2D coordinator can either i) try to find a realistic path loss model that describes the
wireless environment and then select the factor a that gives the best matching with the
simplified model, or ii) make a dynamic estimation based on measurement at eNBs.
Here, we adopt the first approach and provide the value of the factor a that should be
used in the case that the wireless environment matches with the urban or the rural
environment defined by 3GPP in TS 36.942 [9]. In Fig. 7-7, we depict the performance
of the pathloss models proposed by 3GPP. As can be observed the values a = 4.39 and
a = 3.35, should be selected by the D2D coordinator for the urban and the rural
environment, respectively.
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Figure 7-8: Flow chart of the functionality at the D2D coordinator

Sequentially, the D2D coordinator selects target thresholds for SIR, and outage
probability for the cellular transmissions. Note that these thresholds refer to potential
signals received at an eNB if all the cellular transmitters were located at the cell-center
area edges (i.e., to the worst case scenario). The estimations of 4, and a and these
thresholds are used for the calculation of the optimal radius of the cell-center area,
considering no additional discovery transmissions, as defined in (7-4). This functionality
is represented by the left branch of the flow chart depicted in Fig. 4. In parallel, the D2D
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coordinator selects a degradation factor Q, and examines whether there are discovery
transmission parameters, i.e., target spatial spectrum reuse factor f, target discovery
transmission range, and target SIR and outage probability thresholds that can
guarantee the selected factor. In the case that a set of discovery transmission
parameters are found, the D2D coordinator sends its decision to eNBs together with the
A‘C’ipt'and Y4c parameters, which are used to configure the discovery transmission, as
explained in the following subsection. In the case that a set of discovery transmission
parameters are not found, i.e., the factor Q cannot be guaranteed, the discovery
transmissions are not enabled and the D2D coordinator waits for a network offloading
i.e., a lower cellular transmission density. Both of the cases are represented by the right
branch of the flow chart depicted in Fig. 7-8.

7.2.3.2 Functionality at eNBs

In each cell, the serving eNB calculates the maximum number of eUEs that can utilize a
target RB in band B;, and the maximum acceptable transmit power for each one of
them. Note that the interference-free coexistence of cellular and discovery
transmissions in the target RB is guaranteed if these bounds are hold, independently of
the resource allocation scheme that selects which specific eUEs will transmit. For the
calculation of these bounds each eNB utilizes the Agpt’and Yac Values sent by the D2D

coordinator and Lemma 1.

Lemma 1. Assume that the eUEs are distributed inside the area £ according to a
PPP. Let N(S) denote the number of eUEs in the set S. Then for cell area W, where
W is a subset of £, it holds that

Pri(NW)=m|N2)=M) = (%) .pm.(l_p)M—m

where p = a(W)/a(2), 0 <m < M.

The proof is straightforward and can be found in [10] and in Appendix IV. Lemma 1
states that, given that the number of eUEs in 2 is M, the conditional distribution of the
number of eUEs inside a specific cell area W, subset of (2, is binomial with parameters
M and p = a(W)/a(Q).

The acceptable population of eUEs in area (2 for the optimal spatial density is
M =a(Q) - AP (7-17)

Thus, according to Lemma 1, in a specific cell area W, the expected number of
concurrent device discovery transmissions that can utilize the spectrum of a single UE
transmitter is

My =p-a@)- AP = aw) - AP (7-18)

For each one of the M,, transmissions, the eNB of the cell area W uses the power ratio
Ydc = ? provided by the coordinator to estimate the required transmission power.
d

\2/a
Since y,. = (%) , the transmit power, P;, of each device discovery transmission is
d
_ (ed —-a/2
Pa= P (%) (7-19)
where P;. is the transmit power allocated to UE i in the cell-center area.
opt’

Practically, when an eNB receives the 1;" and y,. parameters, it utilizes (7-18) to
define the number of discovery transmissions which will be enabled in each RB of the
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fully reused spectrum. Sequentially, for each subframe and for each one of the RBs in
band B, utilizes (7-19) to define the transmission power of the discovery transmissions.
The flow chart of the functionality at each eNB is depicted in Fig. 7-9.

The functionalities at the D2D coordinator and the eNBs realize the idea of enabling a
limited number of discovery transmissions in spectrum used by UL cellular
transmissions. The main characteristic of the proposed approach is that no interference
information is needed, while it can operate as an optimized FFR scheme when the
enabling of the discovery transmissions is expected to burden the cellular transmissions
more than a bearable value represented by factor Q.
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Figure 7-9: Flow chart of the functionality at eNB

7.2.4 Performance Evaluation

In this section, we use LTE-compliant parameters to quantify the discovery transmission
opportunities, and we validate the efficiency of the proposed scheme using simulations.

7.2.4.1 Analytical Results

In Fig. 7-10, we calculate the optimal radius of the cell-center area for the approach
where no additional transmissions are allowed, considering that 7 eNBs are deployed in
an area of 10-10°m?. The optimal radius of the cell-center area is estimated for
different loading factors and pathloss exponents, considering SIR threshold for the
transmissions from the edge of the cell-center area u, = 2. As can be observed in Fig.
7-10a, a decreased loading factor leads to an increased optimal radius for the cell-
center area, due to the thinning of the density of the cellular transmissions. Also, the
impact of the selected cellular outage probability on the optimal radius of the cell-center
area is stronger for low loading factors. For instance in Fig. 7-10a, the almost vertical
curve that represents the loading factor z = 0.8 implies a slight impact of a potential
outage probability increment on the optimal radius of the cell-center area. In Fig. 7-10b,
we investigate the optimal radius of the cell-center area under different pathloss
exponents. The results are proportional to that provided in Fig. 6a. Higher pathloss
exponents represent worse wireless environments, where the attenuation of the
transmitting signals is more rapid, and thus, larger cell-center areas can be used.
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Figure 7-10: Impact of loading factor (a) and pathloss exponent (b) on the optimal radius of cell-
center area for different outage probability thresholds

In Fig. 7-11, we consider again that 7 eNBs are deployed in an area of 107m?2, where
z=0.5, and a=4.39. We calculate the factor Q in the case that additional discovery
transmissions are enabled, under the following thresholds: u. = 2, u; = 0.2, r; = 50m.
The factor Q is depicted for different target discovery outage probability thresholds and
spatial spectrum reuse factors. As can be observed in Fig. 7-11, factor Q is quite close
to one, when the target outage probability is above the 0.1 value (i.e., 1% of the
discovery transmissions will fail if all the potential receivers are located at the edge of
the discovery range). Form Fig. 7-11 shows that the discovery transmissions can be
enabled with very low impact on the cellular ones when the target spatial spectrum
reuse factor is lower than 2 and the outage probability threshold is above 0.1.
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Figure 7-11: Quantification of factor Q for different discovery outage probabilities and target
spatial spectrum reuse factors

In Fig. 7-12, we adopt the same scenario as in Fig.7-11 and we investigate the impact
on the achievable cellular SIR value from the enabling of discovery transmissions under
the following thresholds for the cellular and discovery transmissions: u,. = 2, 8. = 0,09,
f =2,6,; =0,1. The results vary for different target discovery ranges and discovery SIR
values. Fig. 8 shows that if discovery transmissions with transmission range from 40m
to 80m and target SIR from 0.05 to 0.2, the achievable SIR value of the cellular
transmissions decreases from 1% to 18%, respectively.
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Figure 7-12: Impact of device discovery range on the cellular outage probability threshold

7.2.4.2 Simulation Results

To validate the efficiency of the proposed scheme, we simulated a specific scenario
using the system level LTE simulator described in [11] with the appropriate extensions
for direct transmissions, and the parameters depicted in Table 7-1.

Table 7-1: Evaluation parameters — Spectrum access for discovery

Parameter Value

Number of eNBs (|leNB|) 7

Magnitude of the area (a(2)) 107m?

loading factor (z) 0.5

Distribution of UE transmitters Poisson

Distribution of eUE transmitters Poisson

Path loss model 3GPP 36.942

Channel type Rayleigh Fading (unit mean)

Environment urban

Thermal Noise Density -174 dBm/Hz

Noise figure 5dB

UE/eUE antenna type Omni-directional

UL Cellular Resource allocation in fully reused spectrum B; | Proportional fair

UL power control for UEs g/lligirtrp#gwsrt]ﬁgsmission power to achieve the target
RBs in band B; are allocated in Round Robin

Resource allocation for discovery transmissions fashion. One RB can be allocated to multiple
discovery transmitters

At the D2D coordinator, the following target parameters were used: a = 4.39, f = 2, ,
6. = 0.09, u, = 1.85 (at the edge of the cell-center area). The bearable degradation is
set to Q = 0.93 (i.e., 7% lower SIR when all the cellular transmitters are located at the
cell-center area edge — worst case scenario) which is translated to the following
characteristics for the discovery transmissions: 6; = 0.1, u; = 0.18 and r; = 50m.
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Figure 7-13: SIR values at a target eNB without discovery transmissions

First, we considered the FFR technique without the additional discovery transmissions
and we monitored the network for 300 UL subframes. Fig. 7-13 depicts the SIR values
at a target eNB, and as can be observed, the measured values are close to the target
one, while their mean value is slightly above the target. This result validates the
efficiency of the proposed coordinator when it is used for inter-cell interference
protection. This is an interesting result, considering that no interference information was
used, while the power control for each UE transmission ignored the potential
interference from neighboring cells. Moving one step further, in Fig. 7-14 the measured
u./u,. ratio and the threshold set by the coordinator, i.e., the Q = 0.93 value, are
compared towards quantifying the impact of the additional discovery transmissions on
the SIR value received at a target eNB. As can be observed in Fig. 7-14, the measured
degradation respects the target constraint, i.e., the measured u;/u. value is above the
Q threshold, and, thus, the analytical results are validated.
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Figure 7-14: Measured u_/u, ratio and comparison with the threshold Q

In Fig. 7-15, we repeat the simulation with the parameters used in Fig. 7-13; however,
this time we measure the SIR at a potential discovery receiver located at the edge of the
discovery range. As can be observed in Fig. 7-15 due to the Rayleigh fading effect the
measured SIR values vary around the target value u; = 0.18, while the mean value of
the measured SIR values is almost the same with the target one. This result, in
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combination with the result depicted in Fig. 7-13, implies that under the proposed

scheme bidirectional

interference protection

iIs provided, while the

introduced

interference is quite limited, both at the eNBs and the potential discovery receivers.

1+ — Measured value | |
"""" Target value
— Mean value

081

0.6 ‘ l |
044 | [ ﬂ ; h |
1|| "I\I.'J lil |\I | lk\ H| ILYI 1I H IIIJ‘|| m)ml | lle l “II\ \ l\ Ill I 'w | { |

| I I|I |
f‘?[\ ||‘I' '\H.\w 1T “ '(‘\ | I."“"|I i I‘”IF i || A L

1! II‘I 'I‘lllli ey ' (If|‘ ‘I' '|‘|,I w \l‘ ',

0.

ry

SIR at discovery receiver

1 1 1 |
0 50 100 150 200 250 300
Subftame number

Figure 7-15: SIR values at a target discovery receiver

7.3 Conclusions

In this chapter, the device discovery problem has been faced from two different
perspectives. First a set of enhancements applied on the conventional resource
request/allocation procedure of an LTE-A access network has been proposed to enable

discovery transmissions,

and second a centralized interference-unaware D2D

coordination scheme has been proposed towards finding spatial spectrum opportunities
for device discovery transmissions.

For the first approach, the main advantages are the following:

The recent directions by the 3GPP on integrating ProSe communications in
future LTE releases are adopted.

Spectrum resources are ensured at the discovery peers (discovery peers are
tuned at the same spectrum region.

The proposed scheme can be easily integrated to the current LTE release
(Rel.10) to enable one-to-one (or one-to-many) discovery transmissions.

For the second one, the main conclusions are the following:

The proposed scheme can be used as an advanced FFR scheme for inter-cell
interference coordination in LTE networks, where in addition to the inter-cell
interference protection, discovery transmissions are enabled in part of the cellular
spectrum.

Under certain conditions for network density and discovery transmission
characteristics, a number of discovery transmissions can be enabled in a multi-
cellular network even if no interference information is available.

The device discovery transmissions are more suitable for spatial reuse of the
cellular spectrum than other type of transmissions, since QoS and reliability
requirements in such transmissions are relaxed.
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8. SUMMARIZED RESULTS AND CONCLUSIONS

The introduction of femtocells and D2D communications in 3GPP cellular networks
(LTE/LTE-A) shifts the conventional spatial spectrum reuse paradigm, to a more
dynamic, flexible and distributed one, where the design of more efficient radio resource
management, interference management and spectrum access schemes is required.

3GPP has already defined the specifications for the femtocells in Release 8, while the
most recent enhancements can be found in Release 12. A lot of effort has also been
allocated by 3GPP to the standardization of the D2D communications in Release 12
and beyond. D2D communications define an emerging technology which, in 4G
networks, is expected to play an important role under the public safety concept, while in
5G networks will totally change the current cellular communication landscape.

This thesis dealt with challenges arising from the introduction of femtocells and D2D
communications in 3GPP cellular networks, and especially in LTE/LTE-A networks. The
focus was on the following challenges:

» Interference management in femtocell-overlaid networks
This problem refers to femtocells that reuse the cellular spectrum under the co-
channel deployment, raising new types of interference. The problem is more
severe when femtocells operate under the closed subscriber group mode, and,
thus, deny the access to non-subscribed users. In this case, the interference
perceived during the downlink by unsubscribed users in femtocell proximity
needs more investigation. Special investigation is needed for the interference in
control channels, which carry vital information for the connection maintenance.

= Spectrum access and management for D2D communications
This problem refers to the management of the radio resources used for the direct
transmissions in a cellular area. The main issue is how the available radio
resources will be shared between cellular and direct communications, and also
how the radio resources that are used for direct transmissions will be allocated to
the D2D transmitters. The target is to guarantee interference-free conditions to
cellular and D2D users.

= Spectrum access and management for device discovery
This problem is quite similar to the previous one. However, it referred to
discovery transmissions, i.e., frequent, low range direct transmissions with no
QoS requirements that are used by a device in order to discover another device
in its vicinity. Device discovery is an important procedure and is required prior the
establishment of a D2D communication. The nature of these transmissions calls
for designing different spectrum access and management schemes, than that
used for the D2D communications.

A comprehensive study of the above mentioned problems has been provided, while
some innovative solutions and working directions were proposed. The main
achievements and results are listed below:

Interference management in femtocell-overlaid networks

= The interference protection of control channels is a severe problem which poses
the design of interference management schemes tailored to these channels. A
thorough study on LTE-A standardized tools used for control channel protection
has been provided, while qualitative and quantitative comparison revealed the

special characteristics of each scheme.
o The carrier aggregation with cross carrier scheduling and the almost blank
subframes, requires hard coordination among femtocells and between
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femtocells and macrocells. It was shown that due to this requirement the
above mentioned interference protection schemes cannot follow the
dynamic nature of femtocell deployment posing for fast, reliable, and
efficient coordination algorithms.

o Extensive performance evaluation process showed that in dense
femtocell-overlaid networks, the control channel protection through
distributed uncoordinated interference protection schemes is preferable.

o The power control approach was proved to be one of the most efficient
uncoordinated interference protection schemes. The drawback of this
scheme is that the interferences at the victim users cannot be reduced
further than a bound defined by the required signal strength/quality at the
serving users.

The involvement of QoE in network management was studied, and a QoE-driven
power control scheme for interference management was proposed. Simulation
results shown that the involvement of QoE criteria in interference management
procedures is beneficial. More specifically, the proposed QoE-driven power
control scheme decreases the transmission power of the femtocell base stations
in lower levels that that achieved by QoS-based power control, reducing
altruistically the interference at macrocell users and guaranteeing the QoE at
serving users.

Spectrum access and management for D2D communications

It was shown that, under a full knowledge of the interference map in a network,
graph coloring theory can be used for allocating radio resources to D2D
communicating pairs, achieving high spatial spectrum reuse factors.

Simulation results shown that gathering and processing interference information
at the base station is a very complex problem which also burdens the network
with extra signaling. This result raises the investigation for schemes where
unreliable interference information or part of the interference information is
available.

Performance analysis has been provided in terms of normalized throughput,
access delay and energy consumption, of a contention-based scheme for D2D
communications, where the D2D pairs compete to access the spectrum with no
need for interference information collection and processing in a central node. The
performance of a contention-based scheme is highly correlated with the number
of competing D2D pairs, and also the access and discovery probability

The use of Euclidian geometry provided us with upper bounds for access and
discovery probabilities (i.e., the probability a D2D transmitter to be outside the
interfering area of a cellular transmitter and the probability the target D2D
receiver to be located in transmitter’s range) in an interference isolated cell.

Spectrum access and management for device discovery

D.Tsolkas

Thorough study of the LTE/LTE-A standardized access procedures showed that
an application layer identity can be used for enabling resource allocation
signaling for reactive device discovery transmissions. To this end, empty records
allocated for future use in standardized RRC connection request and BSR
messages, can be utilized to communicate the new identities to the serving base
station.

It was proved that, under certain conditions for the network density and the
wireless environment, the FFR (fractional frequency reuse) technique can be
exploited both as an inter-cell interference protector and an enabler of additional
discovery transmissions.
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o0 Analytical results shown that, for LTE/LTE-A network parameters,
interference-unaware spatial spectrum reuse is suitable only for low-range
low-demand transmissions, such as the discovery transmissions.

o Simulations proved that the theoretical bounds found through the analysis
can be used in a realistic environment. More specifically, monitoring of the
cellular transmission performance showed that the measured degradation
is below the analytically calculated degradation threshold.

To conclude, this thesis focuses only on a subset of the numerous challenges that have
currently arisen towards designing the mobile communications of the future. However,
some solid and efficient solutions have been proposed, which abide by the most recent
specifications defined by 3GPP. The main focus was on mitigating the interference in
femtocell-overlaid networks and enabling D2D communications in LTE/LTE-A networks.
Three general outcomes highlight the future research directions: first, the use of QoE
promises a completely new network management and service provisioning model,
second, a sharp change in the current spectrum management is required to accomplish
a successful integration of cellular and D2D communications, and third, the solution of
device discovery problem will launch a series of new proximity services, providing user
devices with an augmented sense of their vicinity.
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ABBREVIATIONS — ACRONYMS

3GPP 3rd Generation Partnership Project
ABS Almost Blank Subframes
BSR Buffer Status Report
CC Component Carrier
CCDT Control Channel Decoding Threshold
CP Cyclic Prefix
C-RNTI Cell Radio Network Temporary Identifier
CsG Closed Subscriber Group
CTS Clear-To-Send
D2D Device-to-Device
DCF Distributed Coordination Function
DL Downlink
DMO-ID Direct Mode Operation Identity
eNB evolved NodeB
EPC Evolved Packet Core
EPS Evolved Packet System
E-UTRAN Evolved Universal Terrestrial Radio Access Network
FDD Frequency Division Duplex
FFR Fractional frequency Reuse
FUE Femtocell User Equipment
H-ARQ Hybrid-Automatic Repeat Request
HeNB Home eNB
HeNB-GW HeNB - Gateway
HIl High Interference Indicator
IFA Interference-Free Area
IM Interference Management
ITU International Telecommunication Union
LTE Long Term Evolution
LTE-A LTE-Advanced
MAC Media Access Control
MME Mobility Management Entity
MOS Mean Opinion Score
MUE Macro User Equipment
NKUA National and Kapodistrian University of Athens
OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal Frequency Division Multiple Access
Ol Overload Indicator
PAPR Peak to Average power Ratio
PC Power Control
PCFICH Physical Control Format Indicator Channel
PCI Physical Cell identity
PDCCH Physical Downlink Control Channel
PDSCH Physical Downlink Shared Channel
PDU Protocol Data Unit
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P-GW Packet Data Network - Gateway
PHICH Physical H-ARQ Indicator Channel
PRACH physical random access channel
PRB Physical Resource Block
ProSe Proximity Services
PUCCH Physical Uplink Control Channel
PUSCH Physical Uplink Shared Channel
QoE Quality of Experience
QoS Quality of Service
RA Resource Allocation
RB Resource Block
RE Resource Element
RNTP Relative Narrowband Transmit Power Indicator
RRC Radio Resource Control
RTS Ready To Send
SC-FDMA Single Carrier —Frequency Division Multiple Access
S-GW Serving Gateway
SINR Signal to interference plus Noise Ratio
SRS Sounding Reference Signal
TDD Time Division Duplex
UE User Equipment
UL Uplink
UNIPI University of Piraeus
VolP Voice over Internet Protocol
X2-GW X2- Gateway
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APPENDIX |

The fundamental access method of the IEEE 802.11 MAC is Carrier Sense Multiple
Access with Collision Avoidance (CSMA/CA). The DCF is be implemented in each
station belonging either in ad-hoc or infrastructure network configurations. Before a
station attempts to perform a transmission, it will first sense the wireless medium in
order to detect the possible presence of transmissions by other stations. If the wireless
medium is idle, the station may perform its transmission. Carrier Sensing (CS) may be
either physical or virtual. Physical Carrier Sensing is used for the detection of other
WLAN users’ presence. On the other hand, Virtual Carrier Sensing is performed through
the exchange of the Request To Send / Clear To Send (RTS/CTS) frames before the
transmission of the data frame in order to inform the other WLAN users of the upcoming
transmission. The RTS and CTS frames contain a Duration field that defines the period
of time that the medium is to be reserved to transmit the actual data frame and the
returning ACK frame. Thus, all other stations within the reception range of both the
sender and the receiver of the RTS/CTS frames are informed of the reservation of the
wireless medium. The duration information contained in the RTS and CTS frames is
used by each station to adjust their Network Allocation Vector (NAV) that maintains a
prediction of future traffic on the medium based on duration information that is
announced in RTS/CTS.

The time interval between frames is called the Interframe Space (IFS). There are three
basic IFSs that provide priority levels for access to the wireless media.

i.  Short Interframe Space (SIFS): It is used prior to transmission of an
Acknowledgment (ACK) frame, a CTS frame, the second or subsequent MPDU
of a fragment burst, and by a station responding to any polling by the PCF.

ii. PCF Interframe Space (PIFS): It is used only by stations operating under the
PCF to gain priority access to the medium at the start of the CFP.

iii. DCF Interframe Space (DIFS): The DIFS shall be used by stations operating
under the DCF to transmit data frames (MPDUs) and management frames
(MMPDUSs).

A station will perform carrier sensing in order to determine whether the wireless medium
is idle or occupied. In case the medium is occupied by another transmission, the station
will defer until the wireless medium is idle again, for a period of time that equals DIFS, in
the case of correct reception of the last frame detected on the medium. After this DIFS
medium idle time, the station shall then generate a random backoff period for an
additional deferral time before transmitting. This process minimizes collisions during
contention between multiple stations that have been deferring to the same event. The
whole procedure is illustrated in figure below:

Immediate access when Medium is
free >= DIFS/AIFSIi]

——DIFS— Contention Window

DIFS P -
«—> «—PIFS—]
. 7777,
Busy Medium <—SIFS—>| Backoff-Window / Next Frame
|
pI—i« Slot time

Select Slot and Decrement Backoff
as long as medium is idle

A

l——Defer Access
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APPENDIX Il

The interference free area (IFA) in the case that R(UE) < *Ren can be easily calculated

using the difference between the cell area nr? and the PU transmition area nR(UE)?,
IFA = r? — nR(UE)?

However, in the case where R(UE) > Hzﬁthe calculation is more complex and includes
the determination of the S area shown in the following figure.

circle 2

R(UE] r

The S area is the part of the interfering area (circle 2) that is not included in the cell area
(circle 1) and it is determined via the difference between the circular segments ADC and
ABC. Using Euclidean geometry for the circular segment ABC it holds that:

2
r
(circular segment ABC) = ) (6 —sin (0))

where gz argcos (’r—c) and x is the distance between the center of the circle 1 and the
line segment AC.

Also, for the circular segment ADC it holds:

. R(UE)? :
(circular segment ADC) = > (@ — sin (¢))
¢ _ x—d(eNB,UE)
where o = argcos (—R(UE) )
Thus, the S area is:
R(UE)? ) r? )
§ == (¢ —sin(p)) — = (6 —sin (9))

And
IFA=mnr?—nR(WE)*+S

For a UE that is located in a specific place inside the cell, i.e., the d(eNB, UE) is known,

the probability for eUE; to access the spectrum is: Py c.ss(eUE;) = %.
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APPENDIX Il

The C;; region in the case where R(eUE;) <r is calculated using the difference

between the interfering area nR(eUE;)? of eUE; and the circular segment ABC as shown
in the following figure.

R(eUE})

Using Euclidean geometry it holds that:
A2
Cij = R(eUE;)? — X7 (¢ — sin (¢))

where ¢ = %n due to the fact that the AC line is in the middle of the distance between
eNB and eUE,.

In the case that R(eUE;) > r the extra calculation of the S area (see figure bellow) is
required.

Using Euclidian geometry it holds that

5 = B (p = sin () = (6 = sin (6))

YA
and Cij = R(eUE;)* — @(QD —sin (@)) =S
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APPENDIX IV

Let 0 < m < M, then:
Pr(NW)=m, N(2)=M)

Pr(NW)=m|N(2) =M) =

Pr(N(2)=M)
B Pr(NW)=m, N\Q\W) =M —m)
- Pr(N(Q) =M)

As W and 2\W are disjoined areas N(W) and N(2\W) are independent. Thus, the
numerator can be rewritten as follows:

B Pr(NW) =m)-Pr(N(Q\W) =M —m)
B Pr(N(Q) =M)

o-tean) Qe AWD™ | s aqaw) Qe AW
m.

(M —m)!
o—tcate) Qe 20"

M! _ (a(W))m _ (a(.()\W))M_m

- om!- (M —m)! \a(2) a()
— M LA _ -m
= (m) p™-(1-p)"

where p = a(W)/a(Q).
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