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OZET

Projenin konusu Dik Frekans Bolmeli Coklama (OFDM) kullanan isbirlikli kablo-
suz ¢oklu erisim sistemlerinde 6z kaynak (gii¢, altkanal ve role) tahsisidir. Adanmis role
istasyonlar1 ve/veya diger kullamcilar kaynagin ilettigi sinyali tekrarlayarak alicidaki veri
kalitesini artirmaya yardimeci olabilirler. Boyle bir senaryoda yukarida bahsedilen 6zkay-
nak tahsisi roélesiz duruma gore daha karmasiktir. Proje bu arastirma alanindaki boslugu

doldurmay1 hedeflemistir. Proje ii¢ ana ig paketine boliinmiigtiir.

Ik kisimda bir baz istasyonundan cok sayida aliciya réle yoluyla yapilan (asag
gonderim, downlink) iletim ele alimmigtir. Bu kapsamda belli bir kesinti (outage) ihtimalini
saglayan enerji-verimli kaynak tahsisi yapilmigtir. Daha sonra SC-FDMA ; OFDMA'in bir
alternatifi olarak farkedilmig ve bu teknigin kendine 6zgii kisitlar1 dikkate alinarak rolesiz
durum i¢in eniyi kaynak tahsisi problemi ele alinmigtir. Proje sirasinda ayrica OFDMA
tabanl teke gonderim ve ¢oga gonderim durumlar i¢in belli kaynak tahsislerine kargilik
gelen asimptotik basarim analizleri yapilmigtir. Son olarak igbirlikli réleli ¢oga gonderim
icin gii¢ ve altkanal tahsisi problemi incelenmigtir. Bu is paketinde kaynak tahsisinde
eniyileme tabanli bir yaklagim izlenmigtir. Yapilan bagarim analizlerinde ise olasilik kurami

kullanilmigtar.

Ikinei i paketinde iki ve daha fazla kullanicinin karsilikli roéleleme ve igbirligi ya-
parak verilerini bir merkeze ilettikleri (yukari gonderim, uplink) senaryo incelenmigtir. Bu
durumda erigilebilir veri hizinin analizi yapilmigtir. Bu is paketinde ayrica iki ve daha fazla
OFDMA kullanicist olan durumda en iyi kodlama/kod ¢ozme stratejileri geligtirilmistir,
¢ok sayida kullanici bulunan sistemlerde en iyi partner se¢imi problemi ¢oziilmiigtiir. Bu

konuda ¢ozlim i¢in enformasyon-kuramsal bir yaklagim izlenmistir.

Son ig paketinde ise bir OFDMA altkanalinin birden fazla kullanici tarafindan kul-
lanildig1 girigimli kanal ele alinmigtir. Girigsim kanalinda rélenin ulagilabilir veri hizim
artirdigi gozlemlenmistir. Son ig paketinde roleli ve OFDMA kullanilan bir girisim kanalinda
erigilebilir kapasitenin bulunmasi amaclanmigtir ve bu konuda ileriki ¢alismalarda yol gos-
terici olabilecek bulgular elde edilmistir. Problemin ¢6ziimiinde enformasyon-kuramsal ve

eniyileme-tabanl bir yaklagim izlenmigtir.



ABSTRACT

In this project resource allocation (power, subchannel, relay etc.) in Orthogonal
Frequency Division Multiplexing (OFDM)-based cooperative multiple access systems is
studied. When a source node transmits, dedicated relay stations or ordinary neighbor
nodes can relay the signal and improve the data quality at the destination. In such a
scenario resource allocation is more complex than the non-relayed case. This project aimed

to fill the literature gap in this area. The project is divided into three main work packages.

In the first part downlink cooperative-relayed transmission in a cellular system was
addressed. In this context energy efficient resource allocation in the presence of a tar-
get outage probability was address. Secondly, resource allocation for a SC-FDMA based
noncooperative downlink system was studied. Thirdly, asymptotic performance analysis
of some downlink, multiuser unicast and multicast resource allocation schemes were per-
formed. Lastly, optimal resource allocation in an OFDMA-based multiuser, multirelay
multicast system was addressed. In the resource allocation problems an optimization ap-
proach is followed , while in the performance analyses, a probability theoretical approach

is followed.

In the second work package an uplink system , where two or more wireless terminals
transmit their data to a center, using cooperation and relaying. For such systems achiev-
able rate was analyzed. In this work package optimal coding/decoding strategies are also

developed. An information theoretic approach was followed in these works.

In the last work package systems, where an OFDMA subchannel is used by multiple
nodes simultaneously was addressed. In such interference channels it was observed that
relays can significantly improve the performance. In this work package in was aimed to
find expressions for the achievable rates in OFDMA based interference channels. Some
preliminary results were found , that would lead to important future works. In this part,

information-theoretic and optimization approaches were taken.
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1. GIRIS

Projenin konusu Dik Frekans Bolmeli Coklama (OFDM) kullanan isbirlikli kablosuz
¢oklu erisim sistemlerinde 6z kaynak tahsisidir. OFDM’de genis-bant bir kanal, ¢ok sayida
dar-bant ve birbirine dik alt tasiyiciya bdliiniir. Bu sayede girisim ve ¢ok yollu soniim-
lenmeden kaynaklanan problemlere karsi direng saglanir. OFDM bu 6zellikleri nedeniyle
WiMAX gibi yeni nesil kablosuz iletisim sistemlerinin temelini olusturmaktadir. Coklu
erisim ortaminda tasiyicilarin kullanicilara paylastirilmasi ile OFDM bir g¢oklu erisim
teknigi olarak da kullanilabilmektedir (OFDMA). Farkli frekanslarda olmalari nedeniyle
alt tasiyicilardaki sinyaller farkli soniimlenir. Bu durum alt tasiyicilarin kullanicilara, el-
deki toplam giiciin de alt tasiyicilara akilci bir sekilde tahsis edilmesini gerektirir. Alt
tasiyici ve gii¢ tahsisi literatiirde yogun olarak calisilmis bir konudur. Problem sadece
toplam veri kapasitesini eniyilemekten ibaret degildir. Ozellikle kentsel alan aglarinda
kullanici veri hizlarinin adil olmasi ve belli kullanicilarin gecikme ve veri hizi kisitlarinin

saglanmasi da problemin olasi parcalaridir.

Kablosuz ortamda sinyallerin yayilma 6zelligi baz1 isbirligi firsatlarini beraberinde
getirir. Bu durumda kaynagin ilettigi sinyali duyan diger cihazlar alicidaki veri kalitesini
artirmaya yardimci olabilirler. IEEE 802.16j standardi kentsel kablosuz erisim sistem-
lerinde kapsama alani ve veri hizini artirmak amaciyla réle istasyonlarinin kullanimi i¢in
gerekli bir takim kurallari belirlemektedir. Bu standartta ayrica baz istasyonu ve role is-
tasyonuna isbirligi yapma firsati da verilmistir. Boyle bir senaryoda yukarida bahsedilen
biitiin hizmet kalitesi, adillik, gii¢ kisiti, alt tasiyici soniimlenme katsayilari gibi parame-
trelere role istasyonu gii¢ kisiti ve rolenin ayni anda veri iletip alamamasi gibi kisitlar da
eklenir. Hatta kullanici réle eslemesinin kanala uyarlamali olarak degistigi, isbirligi strate-
jilerinin (yiikselt-ilet, ¢oz-ilet, sikistir-ilet vb.) kanal, role ve kullaniciya gore degistigi
senaryolar da gelecekte miimkiin olabilir. Literatiirde bu problemi bu kapsamda ¢ézen
calisma yoktur. Is paketi-1 bu alandaki bosluklar1 doldurmay: hedefledi. Bu problemlerin
coziimiinde eniyileme-tabanli ve bilgi-kuramsal yaklagimlar izlenmistir. Onerilen algorit-
malarin, protokollerin bagarimlari, benzetim ¢alismalariyla test edilmistir. Diger yandan
bazi kanal tahsis algoritmalarinin veri hizi bagarimlar: analitik tekniklerle incelenmigtir
ve bu analitik sonuclarin dogrulugu yine benzetim yoluyla test edilmistir. Is Paketi 1

kapsaminda yapilan ¢aligmalar1 ve elde edilen bulgular1 Béliim 2 'de inceleyebilirsiniz.

Isbirlikli iletigim i¢in adanmig role istasyonlar: sart degildir. Siradan kablosuz ciha-

zlar da hem kendi tirettikleri paketleri iletip, hem de bagka iletimler icin igbirligine gide-
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bilirler. Boyle bir igbirligi yukar1 génderim (uplink) hiicresel iletigsimde, sensor aglarinda,
kablosuz yerel alan aglarinda, taktik alan aglarinda kullanilabilir. Ustelik sadece iki degil
, ikiden fazla kullanicinin da ayni anda igbirligine girmesi miimkiindiir. OFDMA kul-
laniminda alt tagiyicilarin sinyalleri diklestirdigi goz 6niinde bulunduruldugunda erigilebilir
toplam hiz1 eniyileyen alt tasiyic1 ve gii¢ dagilimlar: heniiz ¢oziilmiis problemler degildir ve
bu projede bu konuda énemli bulgular elde edilmistir. Iki veya daha fazla kullanicili igbir-
likli OFDM sistemlerinde erigilebilir veri hizi bolgesi ¢ikarilmigtir. Bu projede ayrica iki
ve daha fazla kullanicili durumda OFDMA igin en iyi kodlama/kod ¢ozme stratejileri de
geligtirilmistir. Bu konuda ¢6ziim i¢in enformasyon-kuramsal bir yaklagim izlenmistir. Cok
kullanicili sistemlerde en iyi igbirlik¢i ortak se¢imini gerceklestirilen algoritmalar tasarlan-

migtir. Bu konudaki bulgular Boliim 3’te bulunabilir.

Literatiirde OFDM-tabanli kaynak tahsisinde genelde bir kanal tek bir kullaniciya
tahsis edilmistir. Bu merkezi bir kontrol mekanizmas: gerektirir. Ozellikle daginik sistem-
lerde bu miimkiin degildir ve ayn1 kanali birden fazla kisi paylagir. Girisimin ¢ok giiglii
olmadig1r durum igin bugiine kadar yapilan ¢aligmalar sinirhdir, fakat son dénemde umut
verici gelismeler olmustur. Girigim kanalinda rélenin ulagilabilir veri hizini artirdigir go-
zlemlenmigtir. Bu projede roleli ve OFDMA kullanilan bir girisim kanalinda erisilebilir
kapasitenin bulunmasi hedeflenmistir. Bu biiyiik problemin ¢oziimiinde yol gosterici ola-
bilecek 6n sonuclar bulunmustur. Iki alicili roleli girisim kanalinda veri hizini enbiiyiikleyen
kaynak aktarimi problemi ¢oziilmiistiir. Ayrica gii¢ kisit1 altinda roleli girisim kanalindaki
kesintiyi en kiigiikleyen gii¢ tahsisi bulunmustur. Bu konudaki bulgular1 Béliim 4’te bu-

labilirsiniz.

Projenin temel katkilar1 arasinda hem kuramsal katkilar hem de pratige yonelik
katkilar vardir. Bir taraftan giincel teknolojilerle (6r. IEEE 802.16j, LTE) alakali ¢oztimler
onerilirken, diger yandan karsilikli ve ¢oklu isbirligi, roleli girisim kanallari konusunda
kuramsal sonuclara varmistir. Proje ekibi ii¢ arastirmacidan olusmustur. Proje bu iig
arastirmaci arasinda, adanmis roleli sistemlerde hizmet kalitesi tabanli 6z kaynak tahsisi,
¢ok kullanicili goklu igbirlikli sistemlerde kapasite bolgeleri ve buna erigen 6z kaynak tahsisi
ve ¢ok kanalli girigimli kanallarin kuramsal analizi ve 6z kaynak tahsisi olarak ii¢ parcaya

boliinmiistiir.

Projemizde bir adet tam zamanh doktora 6grencisi (bir sene boyunca), bir adet tam
zamanl yiiksek lisans 6grencisi (iki sene boyunca) ve 1 adet yar1 zamanh doktora 6grencisi
(bir bucuk sene boyunca) caligmistir. Ogrenci bulmakta zorlansak ve bazi hedeflerimizde

istenen noktalar ulagamasak da proje kapsaminda genel toplamda 9 adet yaymlanan, 1
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adet gonderilen konferans bildirisi ve 1 adet kabul edilen, 4 adet gonderilen dergi makalesi
projenin oldukca verimli gectigini ve faydali oldugunu gostermektedir. Proje kapsaminda

bir doktora tezi tamamlanmigtir, ayrica iki bursiyer de yiiksek lisans derecelerini alacaktir.

Bundan sonraki rapor boliimlerinde her bir ig paketi kapsaminda gergeklegen calig-

malar1 ve elde edilen bulgular1 anlatacagiz.
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2. Ig Paketi 1: OFDMA Tabanli Cok Réleli Cok kullanicilh
Isbirlikli Sistemlerde Hizmet Kalitesi Tabanli Ozkaynak Tahsisi

2.1. Giris ve Genel Bilgiler

Bu is paketinde bir baz istasyonundan ¢ok sayida kullaniciya yapilan OFDMA ta-
banl iletim iizerinde ¢aligilmigtir. Bu is paketi proje onerisinde 5 adet alt ig paketine

ayrilmist1. Oncelikle bu alt is paketlerinde neler yapildigini kisaca 6zetleyelim:

[.P. 1.1 Yiiksek Lisans (Y.L.) 6grencisi bulunmasi ve egitimi: Mayis 2009’da (Proje bagladik
tan 2 ay sonra) Fatma Irem Sokmen adl yiiksek lisans 6grencisi tam zamanl bursiyer
olarak bagladi. Kendisinin bursiyerligi Nisan 2011 sonunda endiistride ig bulmasiyla son
buldu. Bu proje kapsaminda beraber yaptigimiz ¢aligmalarla Yiiksek Lisans Tezini tamam-
ladi.

[.P. 1.2 Cok kullanicili bir sistem i¢in hizmet kalitesi tabanlh adil gii¢, alt tasiyici ve zaman
tahsis algoritmalari

Ik olarak bir kaynak , bir réle ve cok alicili bir sistem ele alindi. Baz istasyonu sadece
kanallarin ortalama degerlerini bilmekteydi. Bu durumda belli bir kesinti ihtimalini (Out-
age Prob.) ge¢cmeyecek gekilde minimum giigle iletim yapmak i¢in her kullaniciya tahsis
edilecek kanal sayis1 ve iletim giicii miktar1 eniyilendi. Bu ¢aligma sonucu (SOKMEN &
Girici, 2010b) konferans bildirisi gikt1 ve 10 kadar MAC Track bildirisi iginde en iyi bildiri
odiilii aldi.

Proje siirecinde yaptigimiz okumalar sonucunda OFDM’in bir alternatifi olan Tek Tagiyicili
FDMA (SC-FDMA) teknigini farkettik. Bu teknikten yiiksek basarim saglanabilmesi igin
birtakim kaynak tahsis kisitlarina uyulmasi gerektigini 6grendik ve bu kisitlar: iceren ve
degigik bagarim kriterlerini amaglayan (minimum gii¢ harcanmasi, veri hiz1 kisitlarina
uygulmasi, toplam veri hizinin enbiiyiiklenmesi gibi) problemler kurarak ¢ozdiik. Sonug
olarak bu calisma (SOKMEN & Girici, 2010c) bildirisinde yaymnland.

[.LP. 1.3 Belli role stratejileri ve alt kanal tahsis algoritmalari i¢in veri hizi ve kuyruk-
kuramsal analiz.

Haberlegme Kuraminda genellikle iki yaklagim vardir 1) Bir haberlegsme sisteminde en
yiiksek bagarimi saglayan teknigi bulmak (eniyileme) 2) Belli bir teknigin bagarim analizini
matematiksel olarak yapmak. Bu ig paketinde bu ikinci yaklagim izlendi. Sira Istatistigi
(Order Statistics) ve Ug Deger Kurami (Extreme Value Theory) gibi teknikler kullanilarak

bir baz istasyonunun ¢ok sayida kullaniciya iletim yaptigi igbirliksiz durumlarin analizi
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yapildi. Bu kapsamda (GIRICI et al., 2010) ve (SOKMEN & Girici, 2011) bildirileri
yaymlandi. Bu konularda heniiz igbirlikli sistem analizine gegilemedi.

I.P. 1.4 Isbirlikli Coga Goénderim

Burada bir baz istasyonundan ¢ok sayida kullaniciya réleler yardimiyla yayin yapilan du-
rum incelenmigtir. Baz istasyonu ve roleler oransiz kodlar kullanmaktadir. Bu durumda
toplam enerji harcamasini enkiigiikleyen altkanal ve gii¢ tahsisi islemistir. Yapilan ¢alig-
malar bir dergi makalesi haline getirilerek (GIRICI, 2011) degerlendirmeye génderilmistir.
Bu konuda proje bittikten sonra da calismaya devam edilecektir.

[.P. 1.5 Kanala ve trafige uyarlamali role ve igbirligi stratejisi se¢imi algoritmasi:

Bu kisimda kaynak tahsis problemini en genig kapsamda ele almay1 amaclamistik, ancak,
onceki i paketlerinden dolay1 zamanin yeterli olmamasi, yeterli ilginglikte bir problem
bulunamamasi veya bulunanlarin zamaninda ¢oziillememsi gibi nedenlerle bir sonug ala-

madik.

2.2. Gereg ve Yontem

Daha evvel bahsettigimiz gibi, bu projede genel olarak iki tiir yaklagimimiz vardir 1)
Eniyileme 2) Matematiksel Bagarim Analizi. Kaynak tahsis problemleri dogal olarak eniy-
ileme problemleri olarak formiile edilir. Bu problemler genellikle dogrusal programlama,
koveks programlama veya tamsay1 programlama problemleri olarak modellenebilir. Bizim
problemlerimizin biiyiik bir kismi konveks ve tamsay1 programlamadir. Konveks program-
lama i¢in Lagrange carpanlar1 ve Kuhn-Tucker sartlar1 kullanilabilir. Eger kisitlar esit-
lik olarak saglanmayabiliyorsa Kuhn Tucker sartlarim1 kullanmak zorlagir. Bu durumda
Interior Point (I¢ nokta) yontemleri kullanilabilir. MATLAB’da bu metodu uygulayan
bir fonksiyon olsa da kullanmaya kalktigimizda kisitlar1 saglamayan c¢oziimler 6nerdigi
goriilmiistiir, bu nedenle bu yontemleri MATLAB’da kendimiz kodladik.

OFDM’de genelde bir kanal bir kullaniciya veya roleye ya verilir ya da verilmez.
Dolayisiyla burada karar degigkeni bir ikili tamsayidir (0,1). Belli 6zel durumlar diginda bu
tiirdekig problemleri ¢ozmek ¢ok zordur. MATLAB’daki bintprog fonksiyonu bu konuda
isimize yaramaktadir. Calisma tarzimi genellikle buldugumuz algoritmalar1 eniyi ¢oziimle

benzsetimler yoluyla karsilagtirmak olmustur

Bagarim analizi yaptigimiz durumlarda olasilik ve istatistik kuramina ihtiyacimiz
oldu. Belli bir sayidaki diigiimden en iyi kanal sahip olanin kanal kazanci, veya belli sayida

diigiimden en kotii L. kanal degerine sahip olanin kanal kazanci gibi degerleri Sira Istatis-
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tigi (Order Statistics) ve Ug Deger Teoremi (Extreme Value Theorem) kullanarak analiz
ettik ve ortalama, degisinti gibi 6zelliklerini bulduk. Buldugumuz sonuglarin dogrulugunu

benzetimlerle test ettik.

Proje boyunca bir Yiiksek Lisans Ogrencisi yetistirdigimiz icin pedagojik acidan
basitten karmagiga gitmek gerekiyordu. Ornegin, tek roleli sistem, 3 diigiimlii sistem,
igbirliksiz sistem gibi basit hallerden bagladik. Sonradan bunlar1 karmagiga dogru gotiirme
sansimiz pek olmadi. Yiiriitiicli olarak kigisel gayretle daha karmagik bir sistemi iizerinde

bir makale yazild:.

Raporun bu boliimiiniin geri kalaninda proje bulgularindan yayin bazinda bahsede-

cegiz.

2.3. OFDMA-Tabanh Isbirlikli Sistemlerde Enerji Verimli Kaynak Tahsisi
(Is Paketi 1.2)

Bu calismada bir kaynaktan ¢ok sayida aliciya , bir réle yardimiyla yapilan iletimi
isledik. Roleler kapsama alanini, veri hizin1 ve enerji verimliligini gelistirmek amaciyla
konusglandirilmaktadir. Rolenin uzaktaki diigiimler igin kaynaktan gelen sinyalleri gii¢clendirmesinin
yamisira alicilar hem kaynaktan hem de roleden gelen sinyalleri birlegtirerek sinyal /giirtiltii
oranini artirilar (PABST et al., 2004). Bu ¢alismada Yiikselt-Ilet (AF) ve Coz-ilet (DF)
(LANEMAN et al., 2004) teknikleri dikkate alinmigtir. Birinci teknikte role aldigi sinyali
gliclendirerek iletir (bu sirada giirtiltii de giiglenir). Ikincide ise role duydugu mesaji 6nce
¢ozer, sonra tekrar kodlayip gonderir (Buralda hata yayilimi olabilir). Roleler maliyeti
azatmak amaciyla basit olmalidirlar ve bu nedenle ayni anda alim ve iletim yapamazlar.
Bu nedenle iletim siiresi ikiye ayrilir. Birinci alt¢ercevede kaynak ve ikinci alt gergevede
role(ler) iletim yapar. Alcilar iki zaman diliminde yapilan iletimi de duyabilirler. Kay-
nak ve rélenin sinyallerinin birlegtirilebilmesi i¢in iki zaman diliminin esit ve génderilen

sinyallerin ayni1 kipleme ve kodlama ile kodlanmig olmasi gerekir (LANEMAN et al., 2004).

OFDMA Tabanl kaynak tahsisi konusunda daha evvel yapilan calismalardan (SOK-
MEN & Girici, 2010b) bildirimizde bahsedilmigtir. Bu ¢aligmalarda genelde veri hizini
maksimize etmek amaclanmigtir. Ayrica kanal durumunun tamamen bilindigi gibi ¢ok da
gercekci olmayan bir varsayim yapilmistir. Ozellikle rolelerin de oldugu durumda, rélel-
erden kullanicilara olan kanal durumu da baz istasyonuna iletilmelidir, ki bu daha fa-

zla veri yiikii yaratir. Anlik kanal durumunun aksine ortalama kanal durumu ¢ok daha
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yavas degigir ve bunun kaynak tarafindan bilinmesi daha makuldiir. Bu durumda kay-
nakta sadece yavag degisen yol kaybi ve golgelemeden kaynaklanan kanal durumu bilgisi
olacaktir ve her altkanalda ve zamanda degisen Rayleigh soniimlenmesi bilgisi olmaya-
caktir. Bu nedenle biitlin altkanallardaki kanal zayiflamas1 kaynaktan bakildiginda egit
degerde olacaktir. Kaynak tahsisi problemi bu durumda basitlesmektedir. Yalniz bu du-
rumda kaynak tahsisi kararlar1 bir belirsizlik altinda verilmektedir. Verilen bir iletim giicii
ve kipleme/kodlama i¢in bir kesinti ihtimali tanimlanmaktadir. Bu ihtimal anhik SNR
degerinin hatasiz alim igin gereken degerin altina diigme ihtimalidir (LANEMAN et al.,
2004).

2.3.1. Sistem Modeli

Sistem modeli goyle 6zetlenebilir. Toplam K adet kanal olsun ve her kullanici igin
kesinti ihtimalinin P,,;’u agsmamasi hedeflensin. n numarali kullanciya aktarilan kanal
say1sl1 k,, olsun ve bu kanallardan herhangi birinde kesinti olmasi kullanici agisindan kesinti

anlamina gelsin. Bu durumda kanal kesinti ihtimalinin P57 = 1 — (1 — PY%")'i agmamast

ou out
SD SR
y 9

- , g%P n numaral kullamicr icin kaynak-alici, kaynak-role ve role-alict

gerekir. g
kanallarinin degigsmeyen kisimlaridir, ve kaynak bu bilgilere sahiptir. hsg, hiE, hﬁl,f ise
ayni kanallardaki k numarali altkanalin séniimlenme bilgisidir, ve tssel dagilimhidir. Kay-

nak bu bilgiye sahip degildir.
Dikkate aldigimiz iletim yontemleri agagidakilerdir (Sekil 2.1 ):

Non-Cooperative Relaying with Time Optimization (NCR-TO): Ilk altcercevede kaynak,
ikinci alt cercevede ise role iletim yapar. Burada alicinin kaynak ve réleden gelen sinyal-
leri birlestirme gibi bir fonksiyonu yoktur. Kanal kazanclarina gore kaynak ve rolenin
siireleri uyarlanabilir. Bagar1 saglanmasi i¢in hem role hem de kullanicinin sinyali dogru
¢ozmesi gerekir. Burada sunu not etmeliyiz, her altkanal i¢in farkl altcerceve siireleri
olmasi gercekte miimkiin olmayabilir veya zor olabilir. Fakat burada amacimiz zamani
eniyileyerek ulagilabilecek bagarim konusunda bir iist limit bulmaktir. Benzetimler sonu-
cunda zaman eniyilemesi yapilmayan AF ve DF yontemlerinin daha iyi sonu¢ verdigini
gorecegiz. Konveks optimizasyon teknikleri kullanarak (yani kesinti ihtimali ifadesinin

kaynak ve role enersilerine gore tiirevi alinarak) en az enerji harcamasin agagidaki gibi
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Sekil 2.1. Iletim yéntemleri ve onlara karsilik gelen cerceve yapilari. (a)Non-Cooperative

Relaying with Time Optimization (NCR-TO) (b) Cooperative Relaying (Coz-ilet (DF)

veya Yiikselt-Ilet (AF) ) without Time Optimization (c)Decode and Forward Relaying
with Time Optimization (DF-TO)

bulduk (SOKMEN & Girici, 2010b)

R, an) + 67]3D(/<3n> an) -

W

SR(
111 ( Pout(h}n))

Y (1, ) = €

En (’inyoén + \/EO ﬁn,an)en (’in»an)

SR
ny Qn 2.2
e ) = T ) 22
€92 (nn,an e91( nn,an)e (nn,an)
+
egD(’fm an) \/ (2.3)

—In(1 ( Pout(’%n))

By
Burada gerekli olan bazi tanimlar goyledir: € (k,, ) = @, Tk, NoW (2 nWsTpon _ 1>,
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€2 (K, ap) = (1 — ) Tk NoW QW — 1) Buradaki «,,, 0 ile 1 arasindadir ve
kaynagin T’ siireli gercevenin ne kadarmi kullandigimi belirler (Réle de 1 — «,, kadarm
kullanir). «a,, degeri optimize edilmelidir.

Decode and Forward based Relaying (DF):Burada alici birinci periyotta kaynagin, ikinci
periyotta ise rolenin ilettigi sinyalleri birlegtirebilir. Bu nedenle birinci ve ikinci altcerceve
esit uzunlukta olmalidir. Basar1 saglanmasi i¢in hem roéle hem de kullanicinin sinyali dogru

¢ozmesi gerekir. Burada optimal enerji harcamas: agagidaki iki denklemin ¢oziimiidiir.

29,7 9n"
(1 + €§Dw)6 D = SSR (24)

s QQSDQT?D s RD\2 eg(ﬁn) RD (691(’%))2
P (kn )W< DY+ By (k) (elP)? — P —WIO (2.5)

Amplify and Forward Based Relaying (AF): Burada DF’den farklh olarak role aldig: sinyaki
¢ozmeden iletir. Bagari i¢in sadece kullanicinin sinyali dogru ¢ézmesi yeterlidir. Yapilan

analiz sonucunda agagidaki minimum enerji harcamasi degerleri bulunmustur (€% (x,) =

2Rn
0.5T 1k N, W, (ZWSTf"””" - 1))

1 g5Re (k)2 1 8gRD gRD
RD n n
= XAl —0/1+ -2 —1 1 3 2.6
T gEn\| 265D P (k) 16( - g5t S/t g8 3) (2:6)
1 G5B (k)2 1+ 89" +3
€ = g D s X (2.7)
g an Pout( ) 1 + 8gRD —1

Decode and Forward with Time Optimization (DF-TO): Birinci periyotta kaynak iletir
fakat alici sinyali ¢ozmez. Ikinci periyotta role ve kaynak eszamanl olarak iletim yapar ve
alic1 bu iki sinyali birlestirir. Boylece bu iki periyodun siireleri kanala uyarlanabilir. Mini-

mum enerji harcamasi yaklagik olarak agagidaki iki denklemin ¢oziimiidiir ( €2!(k,, o) =

% —_—
Tk, N, W (QWSTJ”“”“" — 1) ve €22 (K, an) = (1 — ) Tk N,W <2W5Tf”"“°‘”) — 1))
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Yukarida bulunan biitiin denklemler yaklasik degerlerdir, ancak bu degerler hede-
fimiz olan diislik kesinti ihtimali durumunda gercege ¢ok yakindir. Ayrica baz durumlarda
direkt iletim roleli iletimden daha bagarilidir, bu durumda direkt iletim secilir. Detaylar
(SOKMEN & Girici, 2010b)’da bulunabilir.

Yukaridaki analizde k,, degerlerinin (yani n numarali kullaniciya ayrilmig kanal
sayisinin) verildigi kabul edilmigtir. Asagida bu degerlerin nasil bulunacag ile ilgili bir
¢oziim Onerdik. Bu algoritmaya gore oncelikle her kullaniciya birer altkanal verilir. Daha
sonra bir kanal daha aldiginda enerji harcamasin en fazla diiglirecek kullaniciya bir kanal

daha verilir. Agagida ayrica optimal kanal tahsisi ¢oziimii de verilmistir.

Eniyi Kanal Tahsisi: Kullanici n igin su fiyat fonskiyonunu tanimlayalim c, =
lex(1),ex(2),...,e5(K)], ve burada e (k) ise kullanmic1 n’ye k adet altkanal aktarildigin-
daki gereken en az enerji harcamasi olsun. Bu enerji degerleri (SOKMEN & Girici, 2010b)
makalesindeki analizler ile bulunur. Béylece genel fiyat vektoriinii ¢ = [c, o, . . ., cy] sek-
linde N K uzunluklu bir vektor olarak tanimlayalim. Kullanici n i¢in kanal tahsis vektori
soyle tanmimlanir: x,, = |1, T, - - ., Tnx), ki burada x,;'nin 1 olmasi i¢in n’ye k adet
altkanal aktarilmasi1 gerekir, yoksa 0 olur. x,, vektoriiniin ayni sadece bir hanesi 1 ola-
bilir. Genel tahsis vektorii x = [xj,Xs,...,xy| olarak tanmimlanir. Eniyilemenin amaci
cx” degerini enbiiyiiklemektir. Iki temel kisit vardir 1) Toplam tahsis edilen kanal sayis
K’dan kiigiikegit olmali, 2) Her kullamec i¢in 1’den K’ya kadar bir altkanal sayisi segilme-

lidir. Ayrica 1k, ve Og sirasiyla birler ve sifirlardan olusan K uzunluklu vektérler olsun.

Problem su sekilde tanimlanir.

max cx’ (2.10)

s.t.

1,2...,K,1,2...,K,...,1,2...  K|x' <K (2.11)
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Esitsizlik (2.11) toplam altkanal sayisinin K degerini gegmemesini saglar (Sol tarafta
NK uzunluklu bir vektor var). Matris (2.12) ise N satir ve NK siituna sahiptir. Her
kullanicr igin sadece bir rakam (altkanal sayisi) se¢ilmesini saglar. Sonug olarak bu problem
standart bir ikili tamsay1 programlama problemidir ve MATLAB bintprog fonksiyonu ile
¢oziliir. Bizim amacimiz daha 6nce 6nerdigimiz (her seferinde enerji harcamasini en fazla

azaltan tahsis) bagarimini test etmektir. Tki yontemin bagarimi neredeyse aymdir.

2.3.2. Benzetim Sonucglar:

Yapilan benzetimler (SOKMEN & Girici, 2010a) sonucunda AF yénteminin DF ile
beraber en iyi yontem oldugu ve igbirlikli ¢egitlemenin bagarimi ciddi sekilde arttirdigi
anlagilmigtir. Zaman eniyilemeli ama igbirliksiz olan yontem basarisiz olmustur. Bagarim

karakteristigi 2.2 ve 2.3 Sekillerinde goriilebilir.

2.4. SC-FDMA Tabanli Yukar:1 Gonderim Sistemler i¢in Kaynak Tahsisi (I§
Paketi 1.2)

Giinlimiiz literatiiriinde ¢ok kullanicili ve ¢ok kanalli iletigim sistemlerinde kanal
tahsisi problemi genellikle OFDM varsayimi ile ele alinmaktadir. OFDM WiMax, LTE
gibi yeni nesil kablosuz erisim sistemlerinin fiziksel katman teknolojisidir (EKSTROM
et al., 2006). Fakat yakin donemde en az OFDM kadar {izerinde digiiniilen bir teknoloji
de tek tagiyicih frekans bolimli goklu erigim (SC-FDMA) teknolojisidir. OFDM’de alt
kanallar paralel olarak iletilirken SC-FDMA’de seri olarak iletilir. Tek Tagiyicili Frekans
Boélmeli Coklu Erigim (Single Carrier Frequency Division Multiple Access ) OFDMA’den
farkl olarak semboller 6ncelikle DFT kullanilarak frekans alaninda N altkanala yayilirlar.
Daha sonra bu N altkanal bilgisi M altkanal igerisinde (M > N) bir yere yerlestirilir. Daha,
sonra bu M tasiyicilik frekans alani sinyaline IDFT uygulanarak zaman alanina gevrilir
ve her zaman diliminde bir zaman alani sembolii gonderilir (seri iletim) SC-FDMA ile
OFDM benzer veri hiz1 performansina ve karmagikliga sahiptir, fakat seri iletim sayesinde

tepe-ortalama gii¢ oram (peak to average power ratio - PAPR) problemine daha az maruz



21

Energy Expenditure vs Relay Distance (16 users, 10Mbps total rate)
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Sekil 2.2. Onerilen 4 yontemin enerji harcama basarimlarim role uzakhgi ile
iligkisi.Hedef kesinti ihtimali 0.01. 16 Kullanici ve veri hiz1 gereksinimi 10Mbps. AF ve
DF yontemleri zaman eniyilemesine gerek duymadiklar: i¢in hem daha basittirler hem de
igbirlikli olmayan sisteme gore daha iyi basarimlar vardir. AF (Yiikselt ilet sistemi )

hatay1 yaymadig1 i¢in daha basgarilidir.

kalir. Diger yandan SC-FDMA alicilarinda yiiksek frekans yiiziinden ciddi bir semboller
arast girigim (Intersymbol Interference - ISI) problemi vardir; bu da frekans alaninda
esitleme (equalization) ile ¢oziiliir. SC-FDMA sayesinde mobil vericilerde PAPR problem-
ini ¢cozmek icin gereken karmagik yapilara gerek kalmaz, ISI problemi ise baz istasyonunda
¢oziilebilir. Kisacasi, bu teknik uplink’te yani mobil cihazlardan baz istasyonuna olan ile-
timde faydalidir ve nitekim LTE’de tercih edilmektedir.

Bu galisma kapsaminda PAPR ve ISI gibi fiziksel katman kavramlarindan ziyade
kaynak tahsisi, hizmet kalitesi gibi ortama erigsim ve ag katmani kavramlar ile ilgilen-
mekteyiz. SC-FDMA, kaynak tahsisi agisindan iki 6nemli kisitlama getirir, 1)Bir altkanal
sadece bir kullaniciya tahsis edilebilir (Bu OFDMA’de de vardir) 2) Bir kullaniciya birden
fazla alt kanal verilirse bunlar frekans alaninda yan yana olan kanallar olmalidir (WONG
et al., 2009). Ayrica kullanicilardan baz istasyonuna (uplink) iletimde her kullanicinin
ayr1 gii¢ kisit1 vardir. Cevre hiicrelere girisimin simirlandirilmasi igin toplam gii¢ kisit1 ve
PAPR’1 azaltmak i¢in kullanici kanali bagina egit gii¢ sinirlamasi getirilebilir. Bu konuda
(WONG et al., 2009) makalesinde agirlikli toplam veri hizini eniyileyen bir kaynak tahsis

teknigi bulunmustur.
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Energy Expenditure vs. Number of Users (1400m Relay distance, 10Mbps total rate)
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Sekil 2.3. Enerji harcamasi ile kullanici sayisinin iligkisi. Toplam veri hiz1 gereksinimi
10Mbps. Kaynak role uzakligi 1400 metre. Kullanici sayis1 arttikca enerji harcamasi

diigmektedir (goklu kullanici gegitlemesi). AF yontemi yine en iyi bagarima sahiptir.

Bir £ kullanicisina K, alt kanal kiimesi verilirse asagidaki veri hizina sahip olur.

P [
m = Wy, 1 1 i , P? : ) m 2.1
Ry, =w kg’c 1% ogQ( +m1n(,lcm’ )N0W5> ke (2.13)

Burada P* kullanic1 gii¢ kisiti, P® alt kanal gii¢ kisiti, Wy altkanal bant genigligi, N,

giirtiltii giicliniin izgesel yogunlugu ve h,, i, ise k kullanicisinin m kanalindaki kanal kazancidir.

Yukarida bahsedilen N tagiyicilik gruba chunk adi verilir. Yani toplamda KN/N=K
adet chunk vardir. OFDMADe bir kullaniciya K adet chunk’tan 2% degisik tahsis yapila-
bilecekken SC-FDMA’De bu say1 C' = %KQ + %K + 1 olur. Mesela K=4 i¢in asagidaki

matris tamimlanabilir (Bu matris biitiin kullancilar igin aynidir).

,Ym e M

N
3
I

o O o O
o O O =
o O = O
o =k O O
= o O O
S O = =
O = = O
— = O O
O = =
— = = O
e e e

Bu matris biitlin kanal tahsis oriintiilerini igerir. M C boyutlu bir kaynak tahsis vektori
x = [x1,.., X)X = [Ty Tmo)’) seklinde tammlanir. Bu vektoriin bir ele-

maninin 1 olmasi, ona karsilik gelen kanalin ona karsilik gelen kullaniciya tahsis edildigini
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ifade eder. x vektorii ile aym1 boyda olan bir r vektorii tanimlanir ve bu vektérde de

karsilik gelen kanal tahsisi durumunda agirlikli veri hizinin ne olacag: ifade edilir.

Eniyileme problemi géyle tanimlanmigtir:

maxr’ x (2.14)

Kisitlar

Ax = 1M+K7xj € {O, 1},Vj (215)

seklindedir. Burada 1,;, x , M + K-uzunluklu bir siitun vektoriidiir. A matrisi asagidaki

gibidir:

(A, .. Ay |
1% 0L
A=|"°¢ ¢ (2.16)
| 0¢ 1o |

Burada 1% 1’lerden olugsan C uzunluklu bir satir vektoriidiir. Yukaridaki kisitlara uyul-
dugu zaman her kanal en fazla bir kullaniciya verilir ve bir kullanici kanal tahsis ortintii-
lerinden mutlaka ve sadece birini secer. Bu problem MATLAB’daki bintprog fonksiyonu
ile ¢oztilebilir (WONG et al., 2009).

Bu dénem yaptigimiz caligmada bu problem formiilasyonunu degisik problemlere
uyguladik ve bu problemler i¢in eniyiye ¢ok yakin performanslh algoritmalar bulduk. Yap-
tigimiz ¢calisma European Wireless 2010 konferansinda sunuldu. Calismada asagidaki prob-

lemler iglendi:

a) Hiz kisitlarmin minimum kanal ile saglanmasi: Burada amag eldeki kanallarin en azini kul-
lanarak kullanmicilarin hiz kisitlarinin saglanmasidir. Burada orijinal problemdeki r vek-

toriiniin yerine kanal masrafini ifade eden s tanimlanir. Bir oriintii bir kullanicinin hiz
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kisitini kargilayamiyorsa sonsuz masraf yazilir. Hiz kisit1 karsilaniyorsa o zaman o oriin-
tiideki kanal sayis1 (A,, matrisinin ilgili siitunundaki 1’lerin sayisi1) kadar masraf yazilir.
Hiz kisitlarinin minimum giig ile saglanmasi: Burada da kullanicilarin hiz kisitlarinin min-
imum agirlikli toplam giicle saglanmasi amaclanir. Burada da bir e vektorii olugturulur.
Burada bir oriintiiye karsihik gelen gii¢ kullanic1 giiciinden azsa ve o oriintiideki kanal
bagina diisen gii¢ maksimum kanal giiclinden azsa, o zaman bu gii¢ miktar1 o kullanic1 ve
orunti icin masraf olarka yazilir. Aksi halde masraf olarak sonsuz yazilir.

Kuyruk uzunluklarimi dikkate alan kaynak tahsisi: Burada amag¢ kuyruk uzunluklar: ile
agirliklandirilmig veri hizlarinin toplaminin eniyilenmesi amaglanir. Bu problem orijinal
agirlikli veri hiz1 toplami problemine benzer. Tek farki bir oriintii ile génderilebilecek veri

hizinin kuyruk uzunlugu ile sinirlhi olmasidir.

Yukaridaki problemlerin her biri bintprog ile ¢oziiliir. Ancak bu fonksiyon tipik
kullanic1 ve kanal sayilar i¢in ¢ok yavas caligir. Bu nedenle daha hizli ¢aligan algorit-
malar sarttir. Iki tiir algoritma onerilmistir. Birincisinde kanallar teker teker tahsis edilir.
Bitigik tahsis kisit1 nedeniyle her kullanici igin feasible (miimkiin) olan kanallarin lis-
tesi tutulur. Bir kullaniciya belli bir araliktaki alt kanallar tahsis edilmigse ondan sonra
sadece bu araligin sagi ve solundaki kanallar verilebilir. Her seferinde masrafi en ¢ok azal-
tan veya kazanci en cok artiran kaynak-kullanicr ciftinde tahsis yapilir. Ikinci algoritma
alternatifinde ise kanallar bloklar halinde tahsis edilir. Bir kullaniciya yukaridaki A ma-
trisindeki bir 6riintii tahsis edildiginde onunla kesigen biitiin oriintiiler artik gozard: edilir.
Biitiin kullanicilar i¢in biitiin 6riintiilerin masraflar1 veya kazanclar1 hesaplanir. Herkesin
masraflar (kazaglar1) biiyiikten kiiglige siralanir. En biiyiik masrafa (kazanca) sahip kul-
laniciya ona kargilik gelen oriintii tahsis edilir ve o oriintii ile kesigen Oriintiiler biitiin

kullanicilar i¢in gézard: edilir. Bu ¢aligmalar konusunda daha ayrintili bilgiyi ve literatiir
analizini (SOKMEN & Girici, 2010c) makalemizden edinebilirsiniz.

Bu bildiriyi yaymladiktan sonra (WONG et al., 2009)’daki ¢oziime alternatif bir
¢Oziim tireten Improved Recursive Maximum Expansion (IRME)(LIU et al., 2010) adinda
bir galigmaya rastladik. (LIU et al., 2010) galismasinda gii¢ tahsisi dikkate alinmamigtir.

Bu algoritmada 6ncelikle her kullanici-altkanal ¢ifti igin su sekilde bir 6lgev hesaplanmigtir:

hmk
o1 1+ PP——
w(n)Wslog, ( + NoWs)

Bu sekilde N x K’lik bir matris olusturulur. En biiyiik degere sahip kullanici-altkanal c¢if-

tine o altkanal aktarilir. Daha sonra bu kullanicinin alt kanal kiimesi sag ve sol tarafa dogru
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genigletilir. Bu genisletme gu sekilde yapilir: Bir altkanal i¢in kullanici 6lcevleri yukari-
dan agagiya siralanir. O altkanali almasi miimkiin olmayan (bitigiklik kisitina uymayan)
kullanicilar siralamaya dahil edilmez. Kullanicinin 6l¢evi Tr'inc1 sirada veya daha iyi ise
altkanal o kullaniciya verilir. Daha fazla genisletilemedigi noktada elde kalan altkanallar
ve kullanicilar i¢in en yiiksek Ol¢eve sahip altkanal-kullanici ¢iftine aktarim yapilir ve bu
sefer de o kullanici i¢in genisletme islemi yapilir. Bu islem altkanallar bitene kadar devam
eder. Esik degeri Tr = 1 oldugunda bu algoritma yukarida agiklanan Wong ve ark.’nin
(WONG et al., 2009) algoritmasina benzer.

Bu galigmay1 daha sonra devam ettirerek (WONG et al., 2009) ve (LIU et al.,
2010)’daki toplam veri hizin1 eniyileyen algoritmalardan daha iyi bir algoritma bulduk. Bu
algoritmamizda bu gozlemler dikkate alinarak 6ncelikle biitiin altkanallar (2.13) 6lglitiini
enbiiyiikleyen kullaniciya verilir. Daha sonra en sag ve en soldaki altkanallardan basla-
narak » R, x, aglhkl toplam veri hizini en ¢ok artiran kullaniciya yeniden aktarim
yapilir. Bu aktarimlar yapilirken bitisiklik kisitina dikkat edilir. Bu algoritmanin bir avan-
taji, IRME algoritmasindaki gibi bir Tr egik degerine ihtiya¢ duymamasidir. Sekil 2.4
sadece veri trafigi talep eden kullamicilar vardir. Onerilen algoritmanin en iyisi oldugu

goriiliiyor.

Empirical CDF of relative performances (N=10,NNE=0, K=25)

IRME(Tr=4to 1 .
from top to
bottom) i

K OPT/proposed ]
s - — — OPT/IRME(Tr=4)
020 g OPT/IRME(Tr=3)|]
A - = = OPT/IRME(Tr=2)
0L - OPT/IRME(Tr=1)[
----- OPT/MUI

1 1.25 15 1.75 2 2.25 2.5
X (performance ratio with respect to the optimal)

Sekil 2.4. Sadece elastik (veri trafigi) kullanicilar.Onerilen algoritma optimale sadece
10% uzak..
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Sekil 2.5. 1 ve 3 adet elastik olmayan kullanici.

2.5. OFDMA Tabanli Asagi Gonderim Sistemlerde Hafiza Paylagimi (I§
Paketi 1.3)

Kalifiye 6grenci bulamamamiz ve yeterli zaman bulamamak gibi nedenlerle bu is
paketinde istedigimiz tarzda bir is yapamadik. Ancak yine de, igbirlikli olmasa da bir
OFDMA tabanl sistemin analizini yapabildik (GIRICI et al., 2010). Bu calismada bir
kaynaktan ¢ok sayidaki aliciya iletim yapilan bir sistemi isledik. Burada kanalin kapasitesi
kanaldan aktarilmak istenen trafik hacminden kii¢iiktiir ve bu nedenle amag¢ bu trafigin
maksimum kismini aktarabilmektir. Kaynakta belli bir paket hafiza kapasitesi (buffer)
vardir. Amag bu hafiza kapasitesini kullanicilar arasinda paylagtirmaktir. Yani her kul-
lanicinin trafigi ayr1 bir hafiza bolgesinde tutulur. Yeni bir paket geldiginde hafiza doluysa
paket kaybolur. Eger bu paylasim yapilmazsa, yani herkesin trafigi ortak bir hafizada tu-
tulursa trafigi ytliksek olan kullanicinin paketleri hafizay:r tamamen kaplayacak ve toplam
iletilebilecek veri hiz1 diigsecektir (OZEL, 2009). Eniyi bigimde bu hafizay1 paylagtirabilmek
i¢in sistemin kuyruk-kuramsal analizini yapmak ve hafiza miktar: ile iletilebilen veri hiz

arasinda bir iligki kurmak gerekir.
2.5.1. Sistem Modeli

Kaynaktan i kullanicina olan k numarali OFDM kanalindaki SNR degeri v;, =

Y h; . olarak ifade edilir. Burada ~? ortalama SNR ve h; . ise 1 ortalamali iissel dagihml

bir rasgele degiskendir. Kaynak her alt kanal i¢in arg max; A’;—O’“ = h;x} kullanicisin |, yani
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normalize SNR degeri en yiiksek olan kullaniciy1 segmektedir. Bu se¢im tarzi adillik ve

toplam veri hiz1 arasinda bir denge kurar.

Sistemi bir M/G/1 kuyruk modeli ile modelleyebiliriz. i numarali kullaniciya m;

paketlik hafiza bolgesi ayrilirsa paket kaybolma orani agagidaki gibi ifade edilir.

—A)(m;—
)‘(M - )‘) eXp<_2(M)\A2)_(i_M521‘)>

(p=A)(mi—1)
—2 u/\AQJruSQ )

Pd()‘7 2 mz) =

Vi (2.17)
p? — A% exp(

Burada, S = VEa[TT[Q ‘dir ve T paket iletim zamamdir. A = VEG[TT[S‘;]’

felis zamanlar1 arasindaki farktir. Bu zaman farki tissel dagihml oldugundan A = 1’dir.

dir ve T, ardigik paket

En iyi kullanicinin veri hizini bulmak igin extreme value theory (ug deger kuramini) kul-
landik. Paket iletim zamaninin istatistigini hesaplamak igin ise (SIEGMUND, 1969) calig-
masinda bahsedilen stopping time kavrami kullanilmigtir ve bir paketin tamaminin iletilme
siiresi durma zamani olarak modellenip ortalama de degisintisi bulunmustur. Sonug olarak

yukarida bahsedilen E[T] ve Var[T| degerleri i¢in agagidaki yaklagik ifadeler bulunmusgtur.

LN 1
WT,a+ Egb
LI (WL (B2 4 (a+ Bob)? (1— 4))

(C o

E[T] (2.18)

Var[T) ~

Burada W bant genisligi, T zaman dilimi siiresi, L paket uzunlugu, N kullanici

sayisi, Fy = 0.5772.., K altkanal sayis1 a = logy(1++°In N) ve b = log, (%) “dir.

2.5.2. Benzetim Sonuglari

Sekil 2.6 'da toplam hafiza kapasitesi ile veri hiz1 arasindaki iligki incelenmigtir.
Bu proje agisinda burada onemli olan gey buldugumuz analitik ifadelerin her durumda
benzetim sonuglar: ile ¢ok benzer olmasidir. Daha sonra bu ifadeler kullanilarak yapilan
hafiza paylasiminin basarimi cda incelenmistir. Daha detayl bilgiler icin (GIRICI et al.,

2010) bildirimizi inceleyebilirsiniz.
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Sekil 2.6. Analitik ifadelerin benzetim sonuglariyla uyumu. Toplam hafiza artirilarak
degisik uzakliktaki kullanicilar i¢in toplam veri hiz1 grafigi ¢ikarilmigtir. Biitiin

durumlarda analitik ve benzetim sonuclar1 arasinda 1%’den az fark vardir.

2.6. OFDMA-Tabanli Coga Gonderim Sistemlerde Kaynak Tahsisi (I§ Paketi
1.4)

OFDMA tabanli goga gonderim konusunda bir literatiir boglugu gorerek planimizda
bir degisiklik yaptik ve bu konu iizerinde cahstik. Ozellikle Reed-Solomon gibi silinti (era-
sure, or. Reed-Solomon) kodlar1 ve oransiz kodlarin kullaniminda ¢oga génderim kapa-

sitesinin ¢ok arttigini, ancak bu konularda yeterli ¢caligma yapilmadigimi gordiik.

OFDMA tabanli ¢oga gonderimde normalde iletim hizi her alt kanalda en zayif
kanal kazanch kullanici tarafindan belirlenir. Bu da veri hizinin kullanici sayisi arttikca
cok diismesine neden olur (SOKMEN & Girici, 2011). Baz istasyonlarina yakin olan kul-
lanicilar, kanal durumlar1 ¢ok iyi olmasina ragmen bu yiizden yiiksek hizda yayin alama-

zlar.

(BAKANOGLU et al., 2010) galismasinda ise gok daha akillica bir fikirle Reed-
Solomon kodlamasi kullanilmig ve veri hiz1 ciddi sekilde artirilmigtir. Biz ise bu ¢aligmada

bu algoritmadan daha iyi bir algoritma onerdik.
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2.6.1. Sistem Modeli

Bsr baz istasyonu K adet kullaniciya iletim yapmaktadir. Bu kullanicilar G adet
gruba ayrilmistir ve her gruba farkl bir yaym yapilmaktadir. Iletimler N adet altkanal-
dan yapilmaktadir. n altkanalinda k kullanicisina olan kanal kazanci h,, ;,’dir. Baz istasy-
onu toplam giicii Pr’dir. g grubunun hedef coga gonderim veri hizi R%7dir. ¢ grubunun
veri hizi R9’nin buna miimkiin oldugu kadar yakin olmasi amaclanmaktadir. Bu amag

asagidaki gibi formiile edilebilir.
9
a :mgin{%} (2.19)

Karar parametreleri agsagidakg gibidir

a) k alt kanall hangi gruba verilecek (9, 4, = 0,17,Vn, g)?
b) Her altkanalda kag bit génderilecek (¢, = C*, C?,...,CM? n)?

c) Hangi kullanicilar n kanalindan génderilen ¢,, biti ¢ozecekler? (w,, ; = 0,1?,Vn, k)

Yukaridan anlagilacag iizere bir gruptaki her kullanici o gruba tahsis edilen her
kanali ¢ozmek zorunda degildir. Burada énemli olan sey ¢oziilen kanallardaki bit toplam-

larinin kag¢ oldugu onemlidir. Grup g¢'nin erigebildigi ¢coga gonderim veri hizi asagidaki

gibidir.
N
9 = mi 2.2
R min Zl Cn W, jOn, g (2.20)
Burada S9 g grubuna tahsis edilen kanallarim kiimesidir. B9, = ZnNzl CnOn,g ise g grubuna

gonderilen toplam bit sayisidir. RY bitlik orijinal veri Reed-Solomon kodlamasi ile kod-

lanarak RY

9 .m bit haline getirilir. Alicilar bu gonderilen RY,,, bitin herhangi RY tanesini

¢ozebilirse orijinal bitleri de ¢ozer. ¢, artirilsa daha az sayida kullanici bunu ¢ozebilir. ¢,
azaltildiginda ise daha ¢ok kullanici bu kanaldan istifade edebilir, ancak bu sefer de herkes
az bit elde etmig olur. Bu nedenle n kanalinda ¢, génderildiginde gereken gii¢ , o kanalin
tahsis edildigi (d,,, = 1 olan ) gruptaki, o kanal ¢6zecek kullamcilar (w,j, = 1 olan)

arasindan n kotii kanalli olanin ihtiyac duydugu giice esittir. Onerdigimiz kaynak tahsis
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algoritmas: (Iterative Subchannel and Bit Allocation for Multigroup Multicast (ISBM))
agagidaki gibidir

Giicii kanallara egit olarak dagat.

Biitlin kullanicilarin biitiin kanallarda saglikli bir sekilde alabilecegi en yiiksek bit sayisini
(byx) bul.

Biitiin kanallara esit bit yiikle: ¢ = ¢; = ... = ¢y. Coga génderim hizini en biiyiik yapan
¢ degerini bul.

Biitiin kanallar1 gruplara tahsis et. Her seferinde en diigiik o’li grubu sec.

Bu ilk agamay1 tamamladiktan sonra kanallara sirasiyla bak. O kanal hangi gruba verilse
ve o kanalda ne kadar bit gonderilse « degeri en biiyiik olur, bul. Daha fazla iyilesme
olmayana kadar bu adimdaki dongiiyii devam et.

Biitiin kanallardaki bit sayilarini saglayacak minimum gii¢ seviyesini hesaplayip artan
giicleri topla. Bu giicii kullanarak baz1 kanallardaki bit sayilarim artir (RPA). Detaylar
(SOKMEN & Girici, 2011) bildirimizden okuyabilirsiniz .

2.6.2. Benzetim sonuclari

Yukarida 6nerdigimiz algoritmayr (BAKANOGLU et al., 2010)’daki algoritmalar ile
kargilagtirdik (Sekil 2.7). Kargilagtirma sonucunda algoritmamizin (BAKANOGLU et al.,
2010) bildirisindeki SAAU-EP+RPA algoritmasiyla neredeyse ayni bagarima sahip oldugu
goriilmiigtiir. Ancak benzetimlerde gordiiglimiiz kadariyla bizim algoritmamiz bu algorit-
madan 3 kadar kadar hizlidir. Yani sonug olarak iyi bagarimli ve hizli bir algoritma énermis
olduk. Klasik ¢oga gonderim kaynak tahsisi tekniklerinin (Equalc) ¢ok tizerinde bir ver
hiz1 bir veri hiz1 elde edildigi goriilmektedir.

2.6.3. Bir kaynak tahsis yonteminin bagarim analizi (IS PAKETI 1.3)

Bu béliimde tek bir ¢oga gonderim grubu oldugunu varsaydik. Gruptaki herkesin
kaynaga uzakhigimin ayni oldugunu (yani ortalama SNR ayni) ancak her kullanici i¢in her

kanalin Rayleigh soniimlenmesinin rasgele ve bagimsiz olarak degistigini diiglindiik.

Kaynak tahsisi su sekildedir: Her altkanal i¢in kullanicilarin o kanaldaki kanal
kazanglar diigiikten yiiksege siralanir. Bu kullamcilardan 1/rincinin erigebilecegi veri
hiz1 ¢, olarak belirlenir (yani en kot 1/r-1 kullamicr digindakiler bu mesaji ¢ozebilir,

r < 1dir). Yani herhangi bir kullanicinin bir kanali kullanma ve faydalanma ihtimali
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Multicast Rate vs Number of Users (G=1, N=128, P'=1000, BER=10"%)
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Sekil 2.7. Kullanici sayis1 - Coga gonderim hiz grafigi

1 — 1/r’dir. r arttik¢a kullanicilarin daha fazlasi bu kanali kullanabilir, ancak bu sefer
de ¢, degeri duger. Bu durumda (SERFLING, 1980) kitabindaki 6zellikler kullanilarak
¢, degeri Gauss dagilimli olarak modellenebilir. Detaylar icin (SOKMEN & Girici, 2011)
bildirimizi inceleyebilirsiniz. Cok sayida kullanici ve kanal i¢in toplam ¢oga génderim veri

hizinin ortalamasi agagidakig gibi yaklagik olarak ifade edilebilir.
2
1 g k k -1 _—
N,III(IEOOE[R] E[R"] + v/Var|RF|ert ( 1) (2.21)

ve buradaki erf ~!(.) bildigimiz hata fonksiyonudur. Bu ifadedeki beklenen deger ve degisinti

ise
lim E[RM =K =) m (- 1(1—1) (2.22)
K,Jifrgoo N r . Yo r '

lim Var[R"] = K (1 — 1)

K,N—oco r

x [(% _ﬁ)_ T * % (ln (1 — 7o In(1 — %)))2] (2.23)

olarak bulunmugtur.
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Sekil 2.8 yukarida bulunan analitik sonuglarla benzetim sonuglarini kargilagtirmak-
tadir. Burada analitik ve benzetimsel sonuglarin hemen hemen ayni oldugu goriilmektedir.
Analiz ettigimiz kaynak tahsis yonteminin bir bagarisi kullanici sayisindan bagimsiz ol-
masidir. Yani ayn1 r parametresi i¢in biitlin kullanici sayilarinda benzer ¢oga génderim
veri hizlar elde ediyoruz. Ancak bagarimin r parametresine ¢ok bagl oldugunu ve r = 3
icin en iyi basarimin elde edildigini goriiyoruz. Altkanal sayisi arttikca teorik ve pratik

sonuglar birbirine (merkezi limit teoremi sayesinde) yakinlagmaktadir.

Analytical and Simulation Results (y0=6, N=64)
50
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= = K=30 simulation
401 —— K=60 analytical
= = K=60 simulation
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Sekil 2.8. Benzetim ve analiz sonuclarinin karsilagtirilmasi: N = 64, 128 altkanal ve
K = 30,60 kullanici.

2.7. OFDMA-Tabanlh Roleli Coga Gonderim ve Ortak Bilgi Birikimi (I§
Paketi 1.4)

Yukarida bahsettigimiz ¢oga génderim ¢alismasindan sonra bir de igbirlikli bir sistem
tizerine caligmaya karar verdik. Bu ¢aligmada ideal oransiz kodlarin kullanildig: bir sistem
diigiindiik. Oransiz (Rateless) Kodlarda orijinal veri paketleri arasindan rasgele bir kiime
segilerek XOR iglemi ile toplanir ve génderilir. Bu iglem stirekli tekrarlanir ve alici (kiimesi)
orijinal paketleri ¢bzene kadar bu siirer. Bu sekilde alicilarin her paketi ayr1 ayr1 almalari
ve geri besleme ile bu durumu bildirmelerine gerek kalmaz. Sadece belli sayida kodlan-
mig paket almalari yeterlidir ve bunu alip orijinal paketleri ¢ozdiiklerinde geri bildirimde
bulunmalar1 yeterlidir. Bu, 6zellikle ¢cok kullanicili coga gonderim tiirii uygulamalarda ise
yarar. OFDM tabanli sistemlerde ise alicilar bir altkanalin tamamini ¢6zemeseler bile her
altkanaldan bir miktar paket toplayarak sonunda istenen mesaji elde edebilirler. Buna

ortak bilgi birikimi (Mutual Information Accumulation) adi verilir. (MOLISCH et al.,
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2007). Boylece her kullanmcr her alt kanalda bir miktar bilgi toplar, kendine gore kazanci
iyi olan kanallardan daha ¢ok bilgi toplar ve minimum toplam bilgiye sahip kullanicinin
erigtigi veri hiz1 sistemin ¢oga gonderim veri hizi olur. Her kullanici her altkanaldan bilgi
toplayabildigi icin klasik kodlama ydntemlerine gore ¢ok daha yiiksek veri hizina ulasil-

maktadir.
2.7.1. Sistem Modeli ve Problem Tanimi

Bir baz istasyonu N kullaniciya ve rélelere ilk zaman periyodunda iletim yapmak-
tadir. M adet role istasyonu ¢ozdiikleri sinyalleri tekrar kodlayip ikinci zaman diliminde
tekrar iletmektedirler. Bir altkanali sadece bir réle kullanabilir. Rolelerde ve kullanicilarda

biriken veri hizlar1 agagidaki gibi ifade edilebilir.

K
RY(pS,pPm) =~ (log(1+ pigih ) + log(1+ pigin)) . Vn e N (2.24)
k

K
RE(PS) =) log(1+pigih),Vm € M (2.25)
k

Bu ifadedeki parametrelerin tanimlarimi (GIRICI, 2011) makalemizden gorebilirsiniz. Amacimiz
p%, pf baz ve role iletim gliclerinin toplamini minimize etmektir. Burada yapilmasi gereken
bu giiclere ve hangi altkanalin hangi réle tarafindan kullanilacagina karar vermektir. Bunu
makalede bir eniyileme problemi olarak tamimladik. Eger role-altkanal eslesmesi bize ver-
ilirse, giiclerin eniyi tahsisi konveks bir problemdir ve Interior Point yontemi ile ¢oziilebilir.
Bu yontemi makalede tarif ettik. Altkanal-role iglesmesi ise tahminimize gore tissel kar-
magiklikli kombinatorik bir problemdir. Biitiin M¥ olasihig incelemek gerekir. Bu in-
celeme siiresini kisaltmanin yollar1 da vardir ve makalede bunlardan da bahsedilmistir.
Yine eniyi ¢ozlim pratikte uygulanmayacak kadar ¢ok zaman almaktadir ve optimale

yakin basit kaynak tahsis yontemleri uygulanmalidir.

Makalemizde bir kag basit yontem 6nerdik. AP-ASA algoritmasi kanal gii¢lerini ve
role eslesmelerini dongiilii a¢gozlii (greedy) bir algoritma ile yapar. EP-ASA’da ise kul-
lanilan toplam gii¢ kanallara egit dagitilir. AP-FSAda ise bir role-altkanal eslesmesi bagtan

belirlenir ve biitiin zaman dilimlerinde bu eslesme kullanilir. Son algoritmanin basarisiz
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olacagr agiktir, sadece kargilagtirma amaclh 6nerilmigtir. OP-OSA eniyi ¢6ziimdir. OP-
ASAda ise altkanal eglesmesi 6nerdigimiz algoritma ile yapilirken gii¢ tahsisinde Interior
Point metodu kullanilir. Yapilan benzetimler sonucunda énerdigimiz algoritmalarin (AP-
ASA, EP-ASA), rdle, altkanal ve kullanici sayis1 artarken optimale yaklagtig goriilmiigtiir
(bkz. Sekil 2.9).

Power Expenditure vs Number of RSs (I0=4.32Mbps, K=24 subchannels)

-9~ OP-ASA

AP-ASA
-o— EP-ASA
-©- AP-FSA

35

w

N=20 users N=40 users

I
51

"

Mean Total Energy Expenditure

s
&)

0.5

w
IS
ol
o
~

Number of Relays (M)

Sekil 2.9. Onerilen algoritmalarin bagarimlar:. AP-ASA ve EP-ASA aralarindaki

bagarimlar: réle istasyonu ve kullanici sayilar arttikga OP-ASA’ya yakinlagmaktadir.
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3. Is Paketi 2: Dik Frekans Bolmeli Coklu Erigim (OFDMA)
Kanallarinda Karsihkh Igbirligi Stratejileri, En Iyi Gii¢ ve Alt
Tasiyic1 Tahsisi

3.1. Giris ve Genel Bilgiler

Kablosuz iletisim kanallari, sinyal yayilimi sirasinda ortaya ¢ikan soniimlenme ve
¢oklu erigim karigimi gibi sorunlar nedeniyle iletisim protokollerinin tasarimini daha mey-
dan okuyucu hale getirmektedir. Ancak, gii¢, bant genisligi, zaman gibi kaynaklarin etkin
tahsis ve kullanimi ile, yukarida bahsi gegen sorunlar agilabilmekte, hatta kanalin zaman
ve frekans ile degisken olan yapisi sonucu ortaya ¢ikan gesitlilik kavrami, kanal kapasitesini

artiric1 sekilde kullanilabilmektedir.

Bir iletisim sisteminde tahsisi dikkatlice yapilmasi gereken en énemli kaynaklardan
biri gonderici giiclidiir. Gii¢ kontrolii, kablosuz iletigimin temel problemlerinden olup, bu
probleme saglanmasi gereken kisitlara, ve ele alinan performans 6lgiitlerine gore degisik
yaklagimlar miimkiindiir. En genel haliyle bakacak olursak, gii¢ kontroliine iki temel bakig
acis1 oldugunu soyleyebiliriz. Bunlardan birincisi, servis kalitesi garantisi kisitina yonelik
gii¢ kontroli olup, amaci kanal ne kadar kotii olursa olsun, onu kompanse edecek sek-
ilde giicii artirarak saglanan servis kalitesini belli bir seviyenin iizerinde tutmay1 amaclar
(ZANDER, 1992; YATES, 1995). Bu tip gii¢ tahsisi, daha gok gergek zamanl ses, video
gibi gecikmeye duyarh veri trafigi i¢cin kullanmilmaktadir. Gii¢ kontroliine ikinci yaklagim
ise sistemin bilgi kuramsal kapasitesini, daha uzun zaman araliklar1 iizerinden eniyile-
meyi hedefler, yani ortalama veri hizlarini hedef fonksiyonu olarak kullanir. Bu durumda
ortaya cikan giic kontrolii teknikleri daha cikarci yapidadir: Ornegin, kotii kanal deger-
lerinde giicii artirmak yerine azaltarak, ortalama gonderi giiciinden tasarruf eder, daha
sonra kanal durumu iyilestiginde daha yiiksek gii¢ kullanarak uzun dénemde erisilebilen
hizlar1 eniyilerler. Bu tip gii¢ tahsisi ise, veri ya da dosya transferi gibi, toplamda ¢ok daha
yiksek hizlar1 gerektiren, ancak gecikme acisindan gercek zamanh trafik kadar kisith ol-
mayan senaryolar i¢in uygundur. Son dénemde bu tip uygulamalara olan ihtiyacin artmasi
sonucu, gii¢ kontroliine bilgi kuramsal yaklagim daha da 6nem kazanmigtir. Bu projede de,
ozkaynak tahsisi ergodik sontimlenme varsayimi altinda (BIGLIERI et al., 1998), gecik-

meye duyarsiz trafik icin, bilgi kuramsal bir yaklagimla yapilmigtir.

Sontimlenen kanallarda gili¢ kontroliine bilgi kuramsal yaklagim ilk olarak Gold-
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smith ve Varaiya tarafindan (GOLDSMITH & Varaiya, 1997) getirilmigtir. Buna gore,
tek gonderici, tek alicili bir sistemde, kanal durumunun gonderici ve alic1 tarafindan tam
olarak bilindigi durumda en iyi kodlama yapisi, degigen uzunluklarda kod tablolarinin za-
manda ¢oklanmasi ile elde edilmig, bu yap1 da anlik kapasiteye ulagsan gii¢ degerlerinin elde
edilmesini saglamigtir. En iyi gii¢ dagiliminin, kanal kalitesi ile dogru orantili olarak giig
tahsisini 6ngoren su-doldurma (waterfilling) stratejisi oldugu ispatlanmigtir. Bu stratejide,
iyi kanal degerlerinde ¢ok, kotii degerlerde az gii¢ kullanilmakta, ¢cok kotii kanal soniimlen-
melerinde ise hi¢ gii¢ kullanilmamaktadir. Cok kullanicili sistemlere gecildiginde, sistemin
toplam kapasitesini eniyileyen gii¢ dagilimi Knopp ve Humblet tarafindan hesaplanmigtir
(Knopp & Humblet, 1995). En iyi gii¢ dagilimi, su garpici sonucu da beraberinde getir-
mistir: herhangi bir anda, yalnizca en kuvvetli kanala sahip olan kullanic1 sistemde tek
basinaymis¢asina su-doldurma yontemi ile elde edecegi gii¢ degerinde géndermeli, diger-
leri ise beklemelidir. Yani, gii¢ eniyilemesi problemi, en iyi ortama erigim teknigini de
otomatik olarak dikte etmektedir. Bu da, gii¢ kontroliiniin protokol tasarimindaki 6nem-
ine igsaret etmektedir. Cok kullanicili sistemlerin kapasite bolgesini eniyileme problemi ise
Tse ve Hanly tarafindan ¢oziilmiigtiir (TSE & Hanly, 1998). Burada, en iyi kod tablosu
se¢iminin degigsken veri hizlarinda kod tablolarinin ¢oklanmasi yerine, belirlenen bir kod
tablosundan segilen kod sozciiklerinin elemanlarinin anlik olarak degigen gii¢ degerleriyle
carpilmasiyla da elde edilebilecegi ispatlanmigtir. Boylece, gii¢ kontroliiniin kanal durum
bilgisinin varhginda kapasiteye erismek icin sadece gerekli degil, ayni zamanda da tek

bagina yeterli oldugu gosterilmigtir.

Bu projenin konusu olan OFDMA kullanilan ¢oklu erigim sistemleri, aslinda vektor
¢oklu erigim kanallarinin 6zel bir durumudur. Bu kanallar igin en iyi gii¢ dagihmi (YU
et al., 2004)’de ele alinmig olup, her bir boyuttaki gii¢ dagiliminin kullanicilar iizerinden
seri bir gekilde yapilacak dongiisel su-doldurma ile elde edilebilecegi gosterilmistir. Buna
gore, her gii¢ giincellemesi sirasinda, biri hari¢ tiim kullanicilarin, tiim boyutlara ayirdik-
lar1 gii¢ degerleri sabitlendiginde, kalan kullanici i¢in yapilacak en iyi 6zkaynak tahsisinin,
kullanicilar {izerinden dongiisel giincelleme yapildiginda sistem i¢in de en iyi 6zkaynak
tahsisine ulasacagi bulunmustur. Benzer sonuclar, yine vektor coklu erigim kanallarina
bir érnek tegkil eden CDMA sistemleri igin de elde edilmigtir (KAYA & Ulukus, 2004,
2006). Ayrica, gonderinin hangi dogrultuda yapilacagini belirlemesi agisindan yine bu
projede ele alinacak olan OFDMA sistemindeki alt-tagiyici tahsisine denk bir problem
olan CDMA imza dizisi se¢iminin, gii¢ kontrolii ile birlikte ele alindigr (KAYA & Ulukus,
2003, 2005)’de, gii¢lerin tek bagina eniyilendigi (KAYA & Ulukus, 2004)’e kiyasla ¢ok
daha kolay ve uygulanabilir bir birlikte gilic-dizi tahsisi stratejisi elde edilmistir. Buna

gore, toplam kodlama kazanci, yani serbestlik derecesi (degree of freedom) N olan bir
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CDMA sisteminde, kanal siralamasi bakimindan sadece en iyi N kullanicinin, birbirler-
ine dik boyutlarda géndermesinin sistemin ergodik kapasitesi i¢in en iyi se¢im oldugu,
ve birlikte en iyi olan stratejilere kullanicilar iizerinden daginik bir bi¢cimde gerceklegtir-
ilebilecek bir gii¢ ve dizi glincellemesi ile ulagilabilecegi gosterilmigtir. Bu da, OFDMA
sistemlerinde de alt-tasiyici ve giiclerin birlikte dagitildigi problemlerin beklenenden daha

basit ve anlaml sonuglar verebilecegi dogrultusunda umut vericidir.

OFDMA kullanan sistemler i¢in 6zkaynak tahsisi temel olarak iki boyutlu bir eniy-
ileme igerir: giig tahsisi ve alt-tagiyic1 tahsisi. Jang ve Lee (JANG & Lee, 2003), giig ve
alt-tasiyici eniyileme problemini iki agamaya bolerek ¢ozmiislerdir. Buna gore, oncelikle
her alt-tasiyici kendisi iizerinde en iyi kanal katsayisina sahip kullaniciya atanmalidir.
Daha sonra, problem dik bir yapiya ulastigindan, gii¢ eniyilemesi paralel Gauss dagilimh
kanallarda tek kullanicili su-doldurma ile ¢oziilebilmektedir. Aslinda, gere¢ ve yontem
béliimiinde de tartigilacagi gibi bu iki agamali ¢ozlim gerekli degildir, direk olarak giig
eniyilemesi probleminin alt-tasiyicilarin sadece bir kullanici tarafindan kullanilabilecegi
kisit1 koyulmadan ¢oziimii de, ayni sonucu daha basit bir gekilde verecektir. Daha 6nce
bahsedildigi gibi, bu tip bir ¢6ziim ag agisindan optimal olmasina karsin, kullanicilar i¢in
adaletli olmayabilir. Benzer bir problemin orantili adillik (proportional fairness) kisiti
altinda ¢oziimii Shen, Andrews ve Evans tarafindan gerceklegtirilmigtir (SHEN et al.,
2005). Bu makalede, su-doldurma tipi ¢oziimiin karmagiklagtigi gozlenip, bunun yerine iki
kullanicili bir sistem icin en iyiye yaklagan dogrusal karmagikliga sahip bir algoritma oner-
ilmigtir. Gao ve Cui (GAO & Cui, 2008), toplam hiz1 eniyilerken, minimum hiz garantileri
saglamak amaciyla once bu kisitlar1 saglayacak, daha sonra kalan alt-tasiyicilar dagita-
cak bir yontemle biitiinlesik giic, alt-tasiyici ve veri hizi tahsisi problemini ele almiglardir.
Kesinti analizleri, adilligi gz 6niine almayan su-doldurma tipi algoritmalara kiyasla kesinti
olasiliginin ¢ok diisiik oldugunu gostermistir. Yine benzer bir problem, veri hizlarinin bir
fonksiyonu oldugu varsayilan bir fayda fonksiyonununu eniyilemek suretiyle (NG & Sung,
2008)’de ¢oziilmiigtiir. Burada da, Lagrange teknikleri ve digbiikey eniyileme teorisinde
karsimiza sik¢a ¢ikan Karush-Kuhn-Tucker (KKT) kosullar1 kullanmilmig, ve diigiik kar-

magiklikli bir algoritma tasarlanmasi hedeflenmistir.

Monahram ve Bhashyam (MOHANRAM & Bhashyam, 2007), OFDMA 6zkaynak
tahsisi problemini, gelen verilerin olugturduklar: kuyruk uzunluklarini ve gelig hizlarini da
hesaba katarak, yine alt-tasiyic1 ve giicler lizerinden ardigil olarak ¢6zmiiglerdir. Wong ve
Evans tarafindan, asag1 baglantida OFDM kullanan bir iletigim sistemi icin alt-tasiyici ve
gli¢, ve buna baglh olarak hem siirekli, hem de ayrik hiz uyarlamasi problemleri, ergodik

veri hizlarinin agirlikli ortalamasi amag fonksiyonu olarak aginarak ve Lagrange ciftesligi
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teknikleri ile ¢oziilmig, ve en iyiye yakinsayan algoritmalar bulunmugtur (WONG &
Evans, 2008). Phischella ve Belfiore, minimum hiz kisitlamasi olan kullanicilar barindiran
¢ok hiicreli bir OFDMA sistemi i¢in, toplam gonderi giiclinii en kiigiikleyen, bulugsal
bir yontem Onermiglerdir (PISCHELLA & Belfiore, 2008a). Bu yonteme gore, 6nce kul-
lanici ve alt-tagiyici bagina hedef sinyal giiriiltii oranlar1 belirlenip, daha sonra bu oranlari

saglayacak gii¢ dagilimi yapilmaktadir.

Bir kablosuz iletisim sisteminde tasinmakta olan trafik, yalnizca gecikme kisith ya da
yalnizca gecikme kisitsiz olmak durumunda degildir. Her iki tiirden veriyi (6rnegin, dosya
transferleri ve ses birlikte) tagiyan heterojen aglar da mevcuttur. Bu tip trafigi tagiyan ve
OFDMA kullanan bir ag (TAO et al., 2008)’da ele alinmis, her bir alt-tagiyicinin kullanimi
icin adaylarin yalnizca bir gecikme kisitsiz kullanici ile, tiim gecikme kisith kullanicilar
oldugu ispatlanmig, ve probleme dongiisel bir ¢oziim Onerilmigtir. OFDMA igin agag:
baglant1 kanallarindaki 6zkaynak tahsisi iizerine ¢aligmalar da gegitlendirilebilir. Bunlara

iyi bir 6rnek, civa/su-doldurma tipinde bir ¢oztimle sonuglan (LOZANO et al., 2008)’dir.

Kablosuz iletisim aglarinda kullanic1 igbirligi fikri son yillarda ¢ok 6n plana ¢ikmis
olmasina karsin, kokleri oldukca eski bilgi kuramsal sonuclara dayanir. Isbirliginin en basit
formu, ilk olarak van der Meulen (VAN DER MEULEN, 1971) tarafindan ele alinan,
daha sonra Cover ve El Gamal’in ¢igir agan makalelerinde (COVER & Gamal, 1979)
kapasite ve erigilebilir veri hiz1 teoremleri ile, kodlama ve kod¢ézme teknikleri énerdikleri
yonlendirici kanalidir (relay channel). Yonlendirici kanalinda bir kaynak, bir yonlendirici,
bir alic1 vardir. Burada tek amag kaynagin mesajini yonlendiricinin de yardimi ile aliciya
aktarmaktir. Literatiirde kablosuz kanallarda igbirligini ele alan ¢ogu ¢alisma, bu tipte tek
tarafli yonlendirmeyi ele almaktadir. Ancak, bdyle stratejiler, yonlendirici olarak gorev
verilen diigiimlerin kendi mesajlar1 da oldugu durumda uygun degildir, zira giiniimiizde
iletisim sistemlerinde ayni anda pek ¢ok kullaniciya yiiksek veri hizlarinda hizmet vermek

gerekmektedir.

Ote yandan, kablosuz kanallarin yayihim 6zelligi nedeniyle, agdaki her kullanici es
zamanli olarak ortama eristiginde, alicilarda geleneksel iletigsim sistemlerinde ¢oklu er-
isim karigimi olarak nitelendirilen problem ortaya ¢ikmaktadir. Fakat, karigim olarak nite-
lendirilen sinyaller, aslinda kablosuz ortamca bize bedava olarak saglanilan, ve akillica
tasarlanmig protokollerce igbirligi i¢in kullanilabilecek birer ilave bilgiden bagka bir sey
degildir. Kullanicilar birbirlerinin mesajlarini kismen ¢ozebildiginde, giiglerini birlestirmek
suretiyle bir yapay c¢oklu anten sistemi gibi davranarak ortak kodlama sayesinde ¢asitlilik

kazancina ulagabilir, ve daha yiiksek veri hizlarina cikabilirler. Burada bahsedilen, gercek
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(gok tarafll) igbirligi sistemlerinin temelleri, yine 1980’li yillarin baglarinda ¢oziilen iki
gondericili temel bilgi kuramsal problemlere dayanir (COVER & Leung, 1981; WILLEMS
& van der Meulen, 1983; WILLEMS, 1983; WILLEMS & van der Meulen, 1985). Once-
likle, Cover ve Leung (COVER & Leung, 1981), kullanicilarin kanal giktisina tam erigimi
oldugu bir model i¢in erisilebilir veri hizlarini elde etmiglerdir. Hemen sonrasinda, Willems
ve van der Meulen (WILLEMS & van der Meulen, 1983), gondericilerden yalnizca birine
geri besleme olmasi durumunda da ayni veri hizlarina ulagilabildigini géstermislerdir. Yine
Willems ve van der Meulen, 6nce kullanicilarin birbirlerine sonlu kapasiteye sahip bir
baglantilar1 oldugu ve bu sayede kismi igbirligi yaptiklar1 durumda, kanalin kapasitesini
bulmuglardir (WILLEMS, 1983); daha sonra ise kullanicilarin birbirlerinden "kopya ¢ek-
tigi" casgitli senaryolarda yine kanal kapasitesini elde etmiglerdir (WILLEMS & van der
Meulen, 1985). Bu tip kanal modelleri, smirh igbirligi imkani olan daha gergek¢i kanallarin

erigilebilir veri hizlarina birer iist limit vermeleri agisindan 6nemlidir.

Kablosuz iletisim kanallarinin bilgiyi yayici 6zelligini tam olarak modelleyen iki
kullanicihi ¢oklu erigim kanali modeli ise, Carleial (CARLEIAL, 1982) ve sonrasinda da
Willems ve ark. (WILLEMS et al., 1983) tarafindan ele alinan genel geri beslemeli ¢oklu
erigsim kanali modelidir. Bu modele gore, kullanicilara farkli iki kanal ¢iktis1 geri beslen-
mektedir, ve bu ¢iktilar kablosuz kanallarda "kulak misafiri olunan" bilgiyi simgelemekte-
dir. Bu model igin Carleial tarafindan elde edilen ilk erigilebilir veri hiz1 bolgesi, Willems
ve ark. tarafindan blok Markov bindirmeli kodlama ve geriye dogru kod¢ézme yontemleri
kullanilarak hem daha basitlegtirilmig, hem de biiyiitiilmiigtiir (WILLEMS et al., 1983).
Bu sonuglar, yakin ge¢gmiste Sendonaris, Erkip ve Aazhang tarafindan séntimlenmeli Gauss
giiriiltii dagilmh bir kanal icin uygulanarak, vaadettigi yiliksek kazanclar sayesinde igbir-
lik¢i iletigim konusunun ¢ok hareketlenmesini saglamigtir (SENDONARIS et al., 2003).
Bu projede de kullanilacak olan blok Markov kodlama teknigi, ve (SENDONARIS et al.,
2003)’un sonuglarina daha sonra donecegiz. Egzamanli olarak Laneman, Tse ve Wornell
tarafindan yapilan gahigmalarda da (LANEMAN et al., 2004), zaman bolmeli daha pratik

bir igbirligi sisteminin kesinti analizi yapilmigtir.

Ozellikle son bes yilda, bahsi gecen calismalarla tetiklenen isbirlikci iletisim iizer-
ine sayisiz yayinlar ve geligmeler kaydedilmigtir. Bunlar arasinda kayda deger bir ilerleme
yonii, igbirlik¢i kullanici sayisinin ikiden fazla oldugu durumlardir. Ancak bu yondeki
caligmalar, yine gogunlukla yalmzca yardim etmeye adanmig yonlendiriciler (dedicated
relays), ya da ¢ok sayida kullaniciya hizmet eden tek role gibi sistemlere sinirli kalmigtir.
Bu galigmalardan belli baglilar1 ¢oklu erigim yonlendirici kanallar (Multiple Access Re-
lay Channels) (SANKARANARAYANAN et al., 2004), tek gondericili ¢ok seviyeli yon-
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lendirici kanallar (Single Source Multiple Level Relay Channels) (XIE & Kumar, 2004),
paralel yonlendirici aglaridir (Parallel Relay Networks) (SCHEIN, 2001). Yalmiz ¢ok yakin
donemde, ¢ok kullanicili sistemlerde karsilikli igbirligine yer veren ilk ¢aligmalar yapilmig,
ve erigilebilir veri hizlar agisindan kayda deger artiglar elde edilebilecegi gosterilmigtir
(EDEMEN & Kaya, 2008). Yonlendirici kanallarla ilgili diger bilgi kuramsal sonuglari
iceren ¢ok iyi bir derleme (KRAMER et al., 2005)’da bulunabilir.

Isbirlikci iletisim konusunda dikkate alinmasi gereken bir diger yon ise, bu sistem-
lerde kaynak tahsisi, 6zellikle de gii¢ kontroliidiir. Bu konudaki ¢ok sayidaki caligma, yine
yonlendiricilerin kendi mesajlarinin bulunmadigi durumlar iizerine yogunlagmig olup, kod-
lama ve kod¢ozme yapilarinin daha karmasik oldugu, ¢oz-ilet stratejisi kullanan karsilikh
isbirlikci sistemler konusunda o6zkaynak tahsisi sonuclar1 oldukca simirhidir. Oysaki, bu
konudaki ¢aligmalar, ayn1t CDMA ve OFDMA sistemlerinde oldugu gibi, en iyi gii¢ kon-
trolii uygulandiginda hem igbirligi stratejisinin beklenene gore ¢ok daha basitlestigini, hem
de erigilebilir hizlarin oldukga arttigim gostermektedir (KAYA & Ulukus, 2007). Bunlarin
is1ginda, OFDMA ve CDMA gibi ¢oklu erigim sistemlerinde ig birligine de yer verildiginde

ozkaynak tahsisinin 6nemli bir problem oldugu sonucuna varabiliriz.

Isbirligine dayali OFDM sistemleri iizerine de son yillarda sayilar1 artan pek cok
caligma yapilmigtir. Clinkii OFDM, karigimi engelleyen yapaisi ile igbirligi sinyallerinin bir-
birlerine karigmamasini saglayabilir. OFDM ile igbirligi konularinin birlikte ele alindig:
ilk galigmalardan biri (YATAWATTA & Petropulu, 2004)’dir. Bu ¢aligmada, OFDM, alt-
tasiyicilar: iki parcaya boliinerek yiikselt ve ilet stratejisini birbirine dik boyutlarda uygu-
lamak amaciyla kullanilmig, kullanicilarin ergodik kapasiteleri icin st limitler ile, olasi en
yiksek cegitleme derecesi elde edilmigtir. Lin ve Stefanov, igbirlik¢gi OFDM’ye tamamiyla
farkli yaklagimda bulunmug, OFDMnin WIMAX gibi yeni nesil teknolojilerde yer ala-
cagindan hareketle, onu sadece bir ¢oklama yontemi olarak kullanmig, ve OFDM ile bir-
likte evrigimsel kodlar ile elde edilen kodlamali igbirliginin kullanilmasi sonucunda olugan

ikigerli hata olasiligi performansimi ele almiglardir (LIN & Stefanov, 2005).

Bu projenin konulari arasinda yer alan igbirlikgi OFDMA igin 6zkaynak tahsisi
konusunda, 6zellikle 802.16j standardinin olusturulmasi asamasinda igbirligine de yer ver-
ilmesi sayesinde son birkag yil icerisinde ¢ok sayida gelisme olmusgtur. 2005 yilinda Han
ve ark., tek tarafli igbirligine dayali, ¢ok diigiimli bir kablosuz ag i¢in, hangi kullanicinin
hangisine yonlendirici olarak atanacagi problemini, bir eglestirme matrisi ve gii¢ dagilim-
larini degisken, veri hizlarini da hedef fonksiyonu olarak segerek, ve yiikselt-ilet stratejisini

kullanarak ¢ozmiiglerdir (HAN et al., 2005). Problemin ayrik ve karmagik yapisi nedeniyle
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biitlinlesik gii¢ ve eglestirme matrisi hesaplamasi NP zor olarak belirlenmis, bu nedenle bu
matrisin hesaplanmasi bulugsal ve en iyi olmayan bir yontemle yapilmistir. Yine yiikselt-
ilet teknigi kullanan, zaman boélmeli bir yonlendirici kanalinda OFDM kullanildiginda giig
dagilimi problemi, kaynak ve réle giigleri lizerinde ayr1 ayri iki, ve toplam bir kisit oldugu
iki durumda ¢oziilerek, her alt tasiyiciya atanmasi gereken giic (HAMMERSTROM &
Wittneben, 2006)’de verilmistir. Bae ve Cho (BAE & Cho, 2007), asag baglant1 igin,
goklu atlamali iletigimle birlikte kullanilacak olan, her kullaniciya belirli bir 6zkaynagin
ayrildigini garanti eden, bulugsal bir algoritma 6nermiglerdir. Cogu zaman oldugu gibi, bu-
rada da alt-tagiyicilarin ayrik kullanicilara atanmasi kisitindan yola ¢ikilarak, sonrasinda
bu tamsayi-kisit alt-tasiyic1 paylagimina izin verecek sekilde esnetilmistir. Coklu atlamali
aktarim kullanabilen bir OFDMA sistemi i¢in tek kaynak, gok sayida aktarici, tek alici
i¢in Ozkaynak tahsisi problemine bir yaklagim da (KIM et al., 2008)’de ele alinmigtir.
Burada yari ¢ift yonlii gonderi varsayimi altinda, ¢apraz katman eniyilemesi problemi ag
topolojisi, link hizlari, ¢izelgeleme gibi daha ¢ok ag katmani parametreleri géz ontine ali-
narak Lagrange eniyileme yontemi ile ¢oziilmiigtiir. OFDMA kullanan hiicresel aglar baz
istasyonlarinin igbirligine dayali bir protokolde, gii¢ kontrolii teknikleri farkl ¢izelgeleme
metodlar i¢in (PISCHELLA & Belfiore, 2008b)’de elde edilmigtir. Burada, igbirligi strate-
jisi olarak dik olmayan yiikselt iletin (NAF) kullanilmasi 6ngoriillmiigtiir. Ancak, igbirligi
yine tek taraflidir.

Isbirlik¢ci OFDMA icin kaynak tahsisi ile biitiinlesik isbirligi stratejisi tasarimu ilgi ce-
kici bir problemdir, zira alt-tagiyicilarin kanal diklegtirmesi, igbirligi protokoliiniin yapisini
belirlemede etkendir. Bu probleme, ticretlendirme ve fayda eniyilemesi tarzinda bir yak-
lasim Ng ve Yu tarafindan verilmistir (NG & Yu, 2007). Ng ve Yu, fayda fonksiyonu yak-
lagimiyla problemi uygulama katmani ve fiziksel katmanda iki alt probleme indirgeyerek,
hem en iyi yonlendiriciyi, hem yiikselt-ilet ve ¢oz-ilet stratejileri arasindan en uygununu,
hem de her alt-tasiyici {izerindeki gii¢ degerlerini eniyileyen ¢oziimler énermislerdir. Bu
calisma oldulga kapsaml goriinmesine kargin, temel eksikligi yonlendirici segimi i¢in kaba
kuvvet arama yontemi kullanmasi, ve fayda fonksiyonunu da jenerik bir bigimde, belli
digbiikeylik varsayimlarini saglayacak sekilde se¢mesidir. Ayrica, ele alinan problem yine

yalnizca tek tarafli yardimlagmaya izin vermektedir.

Yukarida kisaca bahsedilen, igbirlik¢i kablosuz kanallarda yonlendirici se¢imi prob-
lemi de bagl bagina bir aragtirma konusudur. Bu problem OFDMA kullanilmadigi du-
rumda dahi ¢ok gesitli sekillerde ele alinabilir. Bunlara bir 6rnek, (LIN et al., 2006)’de kod-
lamal1 igbirligi sistemleri icin verilen, gergeve hata orani ve ikigerli hata olasilig1 parame-

trelerine bagh olarak tanimlanan kullanici igbirligi kazancina bagh bir yonlendirici /igbirlikgi
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ortak secimidir. Burada, evrisimsel kodlama, ve BPSK kiplemesi kullanilarak, mesafeye
bagli bir igbirligi stratejisi de 6nerilmigtir. Yine, OFDMA kullanilmayan, basit yiikselt-ilet
ve ¢oz-ilet stratejilerinin ele alindigi, fakat bu kez tek tarafli bir igbirligi sistemi igin, giig
eniyilemesine bagh ortak se¢imi konusu (MAHINTHAN et al., 2008)’de irdelenmistir. Bu
calismadaki amag ise, igbirligine katilan kaynak ve yonlendirici ¢iftinin toplam gonderi

enerjisini en aza indirmektir.

Isbirlikei iletisimde ortak secimi problemi, OFDMA kullanildiginda ¢ok daha fazla
esneklik kazanmaktadir, ¢linkii artik her alt tagiyicmin farkli bir génderici/yonlendirici
¢ifti icin daha avantajli olma ihtimali ortaya ciktigindan, alt tasiyici bazinda bir ortak
se¢imi yaklagimi dahi yapilabilir. Dai, Gui ve Cimini, son donemde yaptiklar1 bir seri ¢alig-
mada, sirasiyla ikili atlamali ve ¢oklu atlamali OFDMA kullanan igbirlik¢i iletigimde segici
yonlendirme problemi ile, ikili atlamali kanalda alt-tasiyic1 permiitasyonu yontemlerini 6n-
ermiglerdir (DAT et al., 2007; GUI & Cimini, 2008; GUI et al., 2008). Bu ¢aligmalar, her
alt-tasiyicimin farkh bir igbirligi i¢in kullanilabilecegi duruma giizel birer 6érnek teskil et-
mektedir. Ancak, bu ¢aligmalarda da adanmig kaynak ve yonlendirici ¢iftleri var oldugu
varsayimi yapildigindan, kargilikli bir igbirligi s6z konusu degildir. Tek kaynak, tek alici,
ve ¢ok sayida yonlendirici oldugu durumda yiikselt ve ilet stratejisi altinda yonlendirici
ve alt-tagiyic1 tahsisi problemi, (KANEKO et al., 2008)’de de ele alinmig, bu sistem igin
kesinti olasilig1 list limitlerinin benzetimi yapilarak, “ortalamada en iyi yonlendirici segimi”
tekniginin, pratik uygulamada en uygun yontem oldugu sonucuna varilmigtir. Son olarak,
tiimlegik alt-tasiyici eslestirme ve gii¢ dagilimi konusu, her alt tasiyicinin yalniz bir kul-
lanicida kullanilmasi kisiti altinda (WANG et al., 2008)’de iglenmigtir. Burada, ¢oz-ilet
yapis1 kullanan igbirliginin iki ayaginda alt-tasiyicilar iizerindeki kanal katsayilarinin bir-
lestirilerek, egsdeger biitiinlegik bir kanal katsayisi elde edilmesi ile, en iyi eslestirme, diigiik

karmagiklikli bir yontemle elde edilmigtir.

Sonug olarak, OFDMA i¢in gii¢ kontrolii ve alt-tasiyic1 dagilimi, igbirlikci iletigimde
gli¢ kontrolii, kargilikli igbirlik¢i iletisimde yonlendirici se¢imi, tek tarafli igbirlikgi OFDMA’da
ozkaynak tahsisi gibi konularda ¢ok yakin zamanlarda yapilmis pek ¢ok calisma bulunmak-
tadir. Ancak, (WILLEMS et al., 1983; SENDONARIS et al., 2003) gibi kaynaklarda ele ali-
nan, ¢oz-ilet stratejisine dayanan kargilikli igbirligi durumunda, OFDMA kullanildiginda
igbirlik¢i protokollerin alt-tasiyicilarin sinyalleri diklestirdigi de géz 6ntine alinarak yeniden
tasarlanmasi, erigilebilir hizlar1 birlikte eniyileyen alt-tagiyic1 ve gii¢ dagilimlarinin bulun-
masi, birden fazla kullanici oldugu durumda alt-tasiyicilar lizerinden karsilikli igbirlikci
ortak se¢imi problemleri ele alinmamigtir. OFDMAnin getirdigi temel avantajlardan biri,

farkl tagiyicilar lizerinde es zamanh olarak gonderi yapilabilmesi oldugundan, bu ortama
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erigim tekniginin, igbirligi stretejilerinin gesitliligi konusunda yeni imkanlar ortaya cikara-
cag1 goriilmektedir. Bu is paketinde, bahsi gegen bu problemler iizerine yogunlagilmis, ve

¢oziimler tretilmisgtir.

Bu is paketinde yapilan ¢aligmalarin temel amaci, OFDMA kullanan sistemler igin
igbirligi yontemleri geligtirerek, ergodik erisilebilir veri hizlarim1 hesaplamak, ve gii¢ ve alt-
tasiyict gibi kaynaklarin tahsisi ile bu hizlar1 en iist seviyeye ¢ikarmaktir. Bu dogrultuda
ele aldigimiz, birbirleri ile ilintili 4 temel problem, ve elde edilen g¢iktilar, asagida kisaca

Ozetlenmigtir:

“Is Paketi 2.2: Igbirlikci OFDMA icin dik olmayan kodlama ve kod¢ozme yapilar ile veri
hiz1 denklemlerinin olugturulmasi” kapsaminda, (SENDONARIS et al., 2003)’da belirtilen
kodlama/kodgdzme yontemleri, OFDMA kullanilan kanallara, altkanal i¢i ve altkanal-
lar arasi igbirlik¢i kodlama adi verilen iki 6zgiin yontem geligtirilmesi ile genellenmisg,
ve kargilik gelen veri hiz1 kisitlari igin ifadeler elde edilmigtir. Bu is paketinin sonuglari
IEEE Globecom 2010 konferansinda yaymmlanmigtir (BAKIM & Kaya, 2010), ve IEEE
Transactions on Wireless Communications dergisinde yayinlanmak iizere kabul edilmigtir
(BAKIM & Kaya, 2011a).

“Is paketi 2.3: Blok Markov isbirlik¢i kodlama kullanan sistem icin giic eniyilemesi” kap-
saminda, Karush-Kuhn-Tucker kosullar1 kullanilarak, en iyi giic dagilimi politikasinin
saglamasi gereken kisitlar elde edilmistir. Erigilebilir veri hiz1 bolgesi tizerindeki herhangi
bir noktanin analitik olarak enbiiyiiklenmesi probleminde, en iyi gii¢ degerlerinin birbirleri
cinsinden kapali formdaki ifadeleri bulunmugtur. En iyi gii¢ dagilimini elde eden, ve en
iyi degere yakinsarligi kesin ve oldukc¢a hizli olan bir déngiisel algoritma geligtirilmistir,
ve sonug olarak elde edilen gii¢ dagilimlar: irdelenmistir. Yine alternatif bir ¢6ziim olarak
geligtirilmesi 6ngoriilen, ve en iyi gii¢ degerlerini elde eden ’subgradient’ algoritmasi da
tamamlanmig, ve veri hizin eniyileyen dongiisel algoritmamizin sonuglarini dogrulamak
amactyla kullanilmigtir. Sonugta elde edilen eniyilenmis erisilebilir veri hizi bolgesi, giig
kontrolii olmayan duruma gore son derece yiiksek bir kazang¢ oldugunu gostermektedir.
Elde edilen sonugclar: iceren bir konferans bildirisi Aralik 2011°de Houston, Texas’ta yapila-
cak olan IEEE Globecom Multicell Cooperation Workshop’una kabul edilmigtir (BAKIM
& Kaya, 2011b). Ayrica daha ayrintili sonuglar: iceren bir makale, IEEE Transactions on
Wireless Communications dergisine gonderilmek tizere hazirlanmigtir (BAKIM & Kaya,
2011c).

“Is paketi 2.4: Sabit alt-tasiyic1 tahsisi kullanan isbirlikci OFDMA sistemi icin giic kon-
trolii, alt-tasiyic1 ve giiclerin birlikte eniyilenmesi” konusunda, alt tasiyicilarin kanallarin

ortalama durumlarina gore bagtan tahsis edildigi yar1 ¢ift zamanh bir igbirligi protokolii
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geligtirilmis, erisilebilir veri hizlar1, altkanallar arasi igbirliginin 6zel bir durumu olarak for-
miile edilmis, ve benzetimleri farkl sontimlenme dagilimlar: i¢in yapilmigtir. Bu asamanin
sonuglari, ig Paketi 2.2 konusundaki tiim sonuglarimizla birlikte, IEEE Transactions on
Wireless Communications dergisinde yayimlanmak tizere kabul edilen makalemize dahil
edilmistir (BAKIM & Kaya, 2011a).

o “Is paketi 2.5: Cok kullanicili sistemlerde isbirlikci ortak secimi” konusunda, kullanicilar
ve aliciin tek boyutlu (dogrusal) bir dizilimde olduklar1 durumlar ile iki boyutlu bir dii-
zlemde belli dizilimlerde bulunduklari durumlar i¢in toplam ortalama veri hizini eniyileyen
ortak sec¢imi, oncelikle kaba kuvvet benzetimler yolu ile, kanala uyarlanmayan gii¢ dagilim-
lar1 i¢in bulunmus, ve kullanicilar arasindaki uzaklhigin ve kullanici-alic1 uzakliklarinin en
verimli ig birligi politikasini biiylik 6l¢iide dikte ettigi gozlemlenmistir. Daha sonra, en
iyi gli¢ dagilimi sonucunda elde edilen veri hiz1 ¢iftlerinden de yararlanilarak, herhangi
bir sayida kullaniciya sahip bir OFDMA sisteminde, en iyi ikigerli griplama algoritmasi,
¢izge kuramindan enbiiyiik agirlikli eglegtirme (maximum weighted matching) problemine
doniigtiiriilmiis, ve problemi polinom zamanda ¢ozen optimal algoritma geligtirilmigtir.
Bunun yanisira, sadece kullanicilar arasi uzakliklara dayali bulussal algoritmalar da oner-
ilmig, ve bunlardan son derece basit goriinen bir tanesinin, en iyiye ¢ok yakin sonuclar
verdigi gosterilmistir. Bu i paketinin sonuglari, IEEE WCNC 2012 konferansina bir bildiri
olarak gonderilmistir (BAKSI et al., 2011)

Bu ig paketi kapsaminda gerceklestirilen ¢alismalar sonucunda, tam zamanl olarak
caligmasi nedeniyle projeden desteklenmeyen, fakat is paketleri 2.2-2.4 {izerinde c¢aligan
doktora 6grencimiz Sezi Bakim'in doktora tezi bagariyla tamamlanmig (BAKIM, 2011),
projenin son bir yilinda bursiyer olarak desteklenen Saygin Baksi'nin yiiksek lisans tezinin

onemli bir boliimii, is paketi 2.5’te ele alinan konular cercevesinde olugsmustur.

Bu boliimiin geri kalani géyle diizenlenmigtir. Boliim 3.2’de, projenin biitiiniinde
kullandigimiz ana model olan iki kullanicii OFDMA modeli sunulacaktir. Boliim 3.3’te ig
paketi 2.2 ve ig paketi 2.4 kapsaminda elde edilen erisilebilir veri hizlarinin denklemeleri,
ve bunlarin benzetim sonugclar: verilecektir. Béliim 3.4’te igbirlik¢ci OFDMA igin gii¢ eniy-
ilemesi probleminin ¢éziimii sunulacak, ve en iyi gii¢c dagiliminin o6zellikleri tartigilacaktir.
Boliim 3.6'te igbirlik¢i ortak se¢imi konusundaki sonuglarimiz anlatilacaktir. Boliim 3.7’da

ise yapilmig olan ¢aligmalarin sonuclar1 6zetlenecektir.
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Sekil 3.1. Gauss giiriiltiilii ve soniimlenen igbirlikgi OFDMA kanah (BAKIM & Kaya,
2011a).

3.2. Sistem Modeli

Tiim is paketinde ele alinan problemler i¢in temel olugturan, N adet alt tasiyici
igeren, Gauss giiriiltiiye ve soniimlenmeye maruz kalan bir OFDMA sistemi i¢in kanal

modeli Jekil 1’de gosterilmis olup, asagidaki gibi ifade edilir:

O X XD 4 20 5
Yl(i) _ hgil)Xg(i) + Z{i), (3.2)
YQ(Z') _ hgiQ)Xl(i) + Z2(i)’ (3.3)

Burada X ,Ei), k numaral gonderici tarafindan 7. alt tagiyicida olusturulan kod s6zciigiinii,
Z lii), k numaral kullanicida i. alt tagiyicida sinyale eklenen beyaz Gauss giiriiltiisiinii, h,(jj)
ise k ile j numaral kullanicilar arasindaki i. alt tasiyicidaki frekansta sabit soniimlenme
degerini temsil etmektedir. k = {0, 1,2} den biri olup, k£ = 0 aliciya karsilik gelmektedir.
1=1,..., N ile alt tasiyicilar gosterilmektedir.

Baz1 eniyi gii¢ degerleri, ikinci derece (quadratic) denklemlerin negatif olmayan

kokleri oldugundan dolay1, eniyi gii¢ tahsisinde sik¢a kullanacagimiz bir fonksiyonu soyle



46

tanimlayalim:

—b+ Vb — 4ac> | (3.4)

flabe) = (=G

3.3. Is Paketleri 2.2: Isbirlik¢i OFDMA i¢in Kodlama Teknikleri ve Veri

Hizlar:

Boliim 3.2’de verilen sistemde, kanal kodlamasi i¢in ele alinabilecek basit bir yontem,
skaler kanallarda kullanilan blok Markov bindirmeli kodlama yonteminin (SENDONARIS
et al., 2003) alt tasiyicilar bazinda OFDMA’e uyarlanmast ile elde edilebilecek yontem ol-
makla birlikte, OFDMA’in beraberinde getirdigi ¢esitlilikten tam anlamiyla yararlanmak
icin, daha 6zgiin yontemlere ihtiyac vardir. Asagidaki boliimlerde, 6nce basit bir igbirligi
stratejisi 6nerecek, daha sonra ise altkanallar tarafindan saglanan frekanstaki cesitlilikten
kazang saglayan daha kapsaml igbirligi stratejileri gelistirecegiz. Ancak oncelikle, tiim

igbirligi stratejilerine ortak olan mesaj olugturma agamasini ele almamiz gereklidir.

3.3.1. 2-Kullamcili Isbirlikgi OFDMA Sistemde Kullanmici Mesajlariin olus-

turulmasi

Her kullanicinin mesajlari, N tane alt tasiyici lizerinden gonderilmek iizere, agsagida

. YN
anlatildigr sekilde, 2N tane alt mesaja {w,gzo), w,(;j)} ayrilir.
i=1

Kullanici 1'in mesajlari iki alt mesaja, wqs ve wyg olarak ayrilir. wyo, kullanici 2 ve
alic1 tarafindan alimip ¢oziilmesi, wyg, alic1 tarafindan alinip ¢oziilmesi igin gonderilir. Bu
mesajlar, ayrica N alt tasiyicida taginmak tizere N alt mesaja boliintir. Kullanici 1’in alt

mesajlar1 ve veri hizlar1 goyledir:

Alt mesaj wip = {w%), ...,wg)}, kullanict 2 ve alici tarafindan alinip ¢oziilmek tizere

gonderilir. Bu alt mesajlara ait, her bir alt tasiyicidaki veri hizlar {R%), s Rg)} ile

verilir.

Alt mesaj, wyy = {w%), ...,wgg)}, alici tarafindan alinip ¢oziilmek tizere gonderilir. Bu

alt mesajlara ait, her bir alt tagiyicidaki veri hizlar {R%), e Rgg)} ile verilir.
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Benzer sekilde kullanici 2'nin mesajlar1 da iki alt mesaja, wiy ve wyg ayrilir. wy
kullanici 1 ve alic1 tarafindan alinip ¢oziilmesi, wyg alici tarafindan alinip ¢oziilmesi icin
gonderilir. Bu mesajlar, ayrica N alt tasiyicida taginmak tizere N alt mesaja boliiniir.

Kullanici 2'nin alt mesajlar1 ve veri hizlar gdyledir:

Alt mesaj, wy; = {wéll), ...,wéjlv)}, kullanici1 1 ve alici tarafindan alinip ¢oziilmek {izere

gonderilir. Bu alt mesajlara ait, her bir alt tasiyicidaki veri hizlan {Réll), s jolv)} ile
verilir.

Alt mesaj, woy = {w%), ...,wgg)}, alic1 tarafindan alinip ¢oziilmek tizere gonderilir. Bu

alt mesajlara ait, her bir alt tagiyicidaki veri hizlar {RS)), s Rggf)} ile verilir.

Takip eden boéliimlerde irdelenen kodlama yontemleri, bu mesaj olugturma yapisina

gore tasarlanmigtir.
3.3.2. Altkanal ici igbirlik¢i kodlama

Bu teknik, (WILLEMS et al., 1983; SENDONARIS et al., 2003; KAYA & Ulukus,
2007) referanslarinda skaler kanallar i¢in kullamilan Blok Markov kodlamanin her alt
tastyicida bagimsiz olarak kullanilacak sekilde direkt olarak genellenmesi ile elde edilmek-

tedir. Buna gore, gonderilen kod sozciikleri X ,gi),

X = \/pa()Xg + /o ()XY + /oy mUY ke {12}, k£ (35)

ile gosterilir. Kullanicinin kod sozciigiinii olusturan ii¢ bilegen sirasiyla, i. alt tagiyicida

sadece alicida ¢oziilmeye yonelik olarak olugturulan X ,Efg, 1. alt tagiyicida diger kullanici

ile ortak bilgi olugturmak amaciyla gonderilen X,g.), ve i. alt tasiyicida onceki gonderi
blogunda olusturulmus ortak bilgiyi aliciya ikinci kullanici ile birlikte evreuyumlu olarak
iletmeye yarayan igbirligi sinyali U’dur. Bu sinyallerinin her biri sistemdeki kanal deger-
lerinin (h) birer fonksiyonu olan gii¢ degerleri ile ¢arpilmakta, ve iist iiste bindirilerek
gonderilmektedir. Bu vektér modelde, gondericiler b numarali bloktaki mesajlarmi (b €
{1,---,B}) bir 6nceki bélimde anlatildigr gibi wy(b) = {{w,ﬁ?(b),w,ﬁ?(b)}}il olarak
parcalara bolmiis olsun. Her ¢ i¢in karsilik gelen mesaj ¢ifti ¢ numarali alt tasiyici liz-
erinden, (3.5)-(3.8) denklemleri ile verilen kodlamaya tabi tutularak gonderilebilir. OFDMA 'nin

dik yapisi sayesinde, her alt tasiyicidaki gonderi, digerlerine paralel bir kanaldan gidecegin-



48

den, gonderiler biribirlerine karigim yaratmayacaktir.

X (vl 0), w0 =), w0 - 1), (3.6)
X8 (wf) 0, w6 = 1), w6 - 1)), (3.7)
v (w6 - 1), w0 - 1)) (3.8)

Kod sozciikleri, ayn1 zamanda agagidaki gibi bir ortalama gii¢ kisitina tabidir:

E:Ehm) + ) () + p) (h) } E:E[ ] s k=12 (39

Altkanal ici igbirlik¢i kodlama ile erigilebilecek veri hizlari, paralel Gauss kanal-
larinda gonderilen bagimsiz mesajlara ait veri hizlarimin toplanir oldugu gergeginden

hareketle soyle bulunur:

i (n), (n) (n), (n)
&<Zﬁm%0+mﬁf”®wa+mﬁ+ﬁ%%m> (3.10)
n L hiy' p1g (h) + o5 Og J
[ h(")p(")<h) h( )p(n)(h)
Ry <> E|log 1+ 21 21 5| +log |14+ 22202 (3.11)
i SN o

h@ﬁ%m+%%<h%ﬂ¢mooml 1 ()

‘70

R1+R2<Zmin E llog | 1+

(n), (n) (n)
E <1+ T )h?;)pm (h) (n)2> + log <1+ h12 P12 (h) =~ )]
h21 P2o (h) + 0 h12 plO (h) + 0y
(n), (") (1, (), (") 1y
-wl%G+MWM)$%m“)>}. (3.12)
o)

Yukaridaki kisitlardan goriilecegi iizere, toplam veri hizi igin saglanmasi gereken kisit
her alt tagiyicida bir minimum iglemi yapilmasini gerektirmektedir, ve OFDMA tarafin-
dan saglanabilecek cesitleme kazancindan tam olarak yararlanilmasina engel olmaktadir.

Bu nedenle, her bir alt tasiyic iizerinde, kullanici-kullanic1 ve kullanici alici linklerinde
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ayni alt mesajlarin gonderilmesi zorunlulugunu ortadan kaldirmaya yonelik olarak tasar-

ladigimiz altkanallar arasi isbirlik¢i kodlama, bir sonraki boliimde ele alinmaktadir.
3.3.3. Altkanallar arasi igbirlik¢i kodlama

Bu boliimde, 2-kullanicili igbirlik¢i OFDMA sistemi i¢in kanal kodlamas: agamasinda
Boliim 3.3.1’de olugturulan kullanici alt mesajlarina ilave olarak, kullanici mesajlarinin
isbirligi agsamasinda alt tasiyicilara yeni bagtan boliigtiiriilmesi énerilmektedir. Bu sayede,
(3.12) kisitindaki minimum igleminin toplamin digina alinabilecegi gosterilecektir.

Altkanal ici igbirlik¢i kodlama, her bir alt tasiyicida alinan w,‘;j

yine ayni alt tasiyic tizerinden génderilmesini éngérmektedir (“ bir 6nceki blokta alman

/ igbirlik¢i mesajinin,

mesaji gostermektedir). Ote yandan, 2-kullanicili igbirlikci OFDMA sistemde, herhangi
bir alt tagiyicida alinan 711,(3/ igbirlik¢i mesaji, o anki kanal degerlerine gore alinan alt
tagiyicidan farkh bir alt tasiyici iizerinden kismen ya da tamamen tekrar gonderilebilir.
Bunun da 6tesinde, kullanicilarin esas amaci w;w. mesajini ¢ozmek ve yeniden kodlamak
oldugundan, yeniden kodlama asamasinda onceki bloktaki mesaj boliimlemesine sadik
kalinmaksizin, w;j farkli veri hizlarina sahip yeni alt mesajlara boliinebilir. Bu durumda,

kullanic1 1’in yeniden diizenlenmis igbirlik¢i mesajlar1 ve veri hizlar1 soyle olacaktir:

Alt mesaj w’12; w'12 = {vg), e vg)} seklinde alt mesajlara boliiniir ve bu alt mesajlar alici

tarafindan alinip ¢oziilmek {izere génderilir. Bu alt mesajlara ait, her bir alt tasiyicidaki
veri hizlarmi {R,l(;), o R;(QN)} ile gosterebiliriz.

Kullanici 2’ye ait yeniden diizenlenmig igbirlik¢i mesajlar ve veri hizlar1 séyle olacaktir:

Alt mesaj wy,; wy, = {véll), ...,Uéjlv) }, seklinde alt mesajlara boliiniir ve bu alt mesajlar

alic1 tarafindan alinip ¢oziilmek {izere gonderilir. Bu alt mesajlara ait, her bir alt tasiyici-
daki veri hizlarini {R;(ll), s R;(lN )} ile gosterebiliriz.

Bundan bdyle, her iki durumda, kullanicilarin kendilerine ait olmayip da kod¢ozme

ile bulduklar1 mesajlari, ve bunlarin yeniden kodlanmis halleri sirasiyla w;j ve 17,(;]) ile

gosterilecektir. Ayni zamanda, yeni igbirligi mesajlarinin (v,iij)
lik¢i mesajlar, w,(:j)/, ile eslenmesini saglayan bir tablonun hem her iki kullanicida, hem de

), onceki blokta alinan igbir-

alicida mevcut olacagi varsayilmaktadir.
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YN YN
Bu noktada dikkat edilmesi gereken husus, {w,(:j} ve {v,(fj)} , aynl mesajin

i=1 i=1
(wg;) yalnizca farkll tanzimleri oldugu i¢in, her iki mesaj kiimesinin toplam veri hizlar

ayni olmasi gerektigidir:

/ ’
2nR12 — 2nR§12)+...+nR(1]2V) _ 2an(21)+m+an(2N)

I

U ’
onitar _ 2nR§11)+--~+nR§]1V) — 2”R2(11)+...+nR2(1N) ‘

Kod Sézciiklerinin Uretimi:

Kullandigimiz kod s6zciigii liretim yontemi, temel olarak WILLEMS et al. (1983)’e dayan-
maktadir. Buradaki 6zgiin yaklagim, kodlarin iiretiminin igbirlikgi OFDMA sistemine
uyarlanmasi ve mesajlarin, birbirine dik /N alt tasiyicida génderilmek iizere N alt mesaja

boliinmesidir. Kod sozciikleri goyle olugturulmaktadir:

2" n(RY+ ) adet birbirinden bagimsiz, es dagilimli u(? iiretelim (her iki kullanic1 tarafin-

dan 7. alt tasiyicida, dnceki bloga ait belirsizligi kaldirmak i¢in gonderilen ortak sozciik).

Bunlar, vi?,vgl) mesaj giftlerine ul? )(v(g,vél)) kural ile atayalim.

2nR

Her u( )(UB vgl)) icin, 2 adet birbirinden bagimsiz, es dagilimh x12 tiretelim (kullanica

1’den, kullanici 2’ye ve aliciya i. alt tagiyici iizerinden 1§b1rhg1 olugturmak i¢in gonderilmek

lizere). Bunlari, wg mesajlarina, x%Q)(wg, @) (vg o3 )) kurali ile atayalim.

Her u( >(v§2) 'Uéll)) i¢in, 2775 adet birbirinden bagimsiz, es dagilimh xél) tiretelim (kullanica

2’den, kullanici 1’e ve aliciya 7. alt tasiyic1 iizerinden igbirligi olugturmak i¢in génderilmek

lizere). Bunlari, wgl) mesajlarina, xél)(wgl), (l)(vg,vél)) kural ile atayalim.
Her u® (UYQ), vgl)) ve 9352) (wg, ull )(vg, vél))) icin, 9710 adet birbirinden bagimsiz, es dagilimlh
:cgzo) tiretelim (kullamer 1 tarafindan aliciya 4. alt tagiyic tizerinden yeni bilgi olarak gén-

derilmek {izere). Bunlar, wﬁ)) mesajlarina, x§3 (wgzo), w%), ul? )(UYQ), iy )) kurali ile atayalim.

Her u® (v vyy) ve o) (w5}, u® (v v37)) igin,
:Eég tiretelim (kullanici 1 tarafindan aliciya 4. alt tasiyici tizerinden yeni bilgi olarak gon-

derilmek {izere). Bunlar, w§Q mesajlarina, xéo) (wgo), wéll), u(z)(v%) vél))) kurali ile atayalim.

97750 adet birbirinden bagimsiz, es dagilimh

Olugturulan kod sozciigii kitabi, kullanicilara gelen mesajlar: kodlamak i¢in agagida

anlatildigr gibi kullanilmaktadir.

Kodlama:
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Blok Markov bindirmeli kodlama, altkanal igi igbirlik¢i kodlamada oldugu gibi yapil-

maktadir:

X4 = P03 + b 0 + /o) U (3.13)

Burada, k,7 € {1,2}, k # j kullamcilar1 gostermektedir. X 1%)7 1. alt tasiyicida sadece
alicida coziilmeye yonelik olarak olusturulan yeni mesaji, X ,E;), 1. alt tagiyicida diger kul-
lanici ile ortak bilgi olugturmak amaciyla génderilen mesaji, ve U, ,gi), 1. alt tagiyicida onceki
gonderi blogunda olugturulmus ortak bilgiyi aliciya ikinci kullanici ile birlikte evreuyumlu

olarak iletmeye yarayan isbirligi sinyalini gdstermektedir.

Altkanal ici bindirmeli kodlamadan farkli olarak, kod sozciiklerinin mesajlara atan-
masinda yeni mesajlar v](;) kullanilir. Buna gore, kod sozciigii bilegenleri, mesajlara su

sekilde atanir:

X (wd®), 0 6= 1,00 - 1)
X8 (wl)®), v 6 - 1,050 - 1)

U (o) (0= 1), 000 - 1))
Blok Markov bindirmeli kodlama yontemini kullanarak her bir blokta génderilecek
mesajlar1 agagidaki gibi olusturuyoruz.

1. blokta ortak mesaj heniiz olusmadigindan bu mesaj ¢ifti {1,1}’e esitlenir, ve

kodlama buna gore yapilir:

21 = 28 (W], wiH ], u?(1, 1)) (3.14)
r9[1] = 289 (1], @ (1,1)) (3.15)
W1 = u(1,1) (3.16)
w59 (1] = 25 (wi [1], wi 1], u (1, 1)) (3.17)
25 1] = a8 (wd)[1],w@ (1, 1)) (3.18)
W1 = u(1,1) (3.19)
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b. blokta, b = 2,3,---,B; 1. kullanici, véil) [b — 1] mesaj1 i¢in @g’f [b — 1] seklinde
bir ¢oziilmiig mesaja sahiptir ve 2. kullanici, 11522) [b — 1] mesaji i¢in ﬁ§2 [b — 1] seklinde bir

¢oOziilmiis mesaja sahiptir. Buna gore, kodlama soyle yapilir:

dmm:x%m@whwm%u@@@w—]xgw—u» (3.20)
{3 [b] = 233 (wB], u (53 b — 1], 057 b — 1)) (3.21)
6] = u (W3 [b — 1], 05 b — 1) (3.22)
w50 6] = 250 (wig [b], wi? [b], u® (83 [b — 1], 05 b — 1])) (3.23)
w5 0] = 28] (i o], u (059 b — 1], v [b — 1)) (3.24)
ud (1] = u® (@35 — 1], 05 b — 1])) (3.25)

B. blokta w'[b], w4 ], wi)[b), wS[b] = (1,1,1,1) olarak secilir, yani yeni bilgi génder-

ilmez.

Kodg6zme:

Kodgbzme igin, kullanicilar her blok sonunda birlikte tipiklik testi (joint typicality check)
kullanir, alict ise gonderilen mesajlar:t bulmak i¢in geriye doniik kod¢ozme yontemini kul-
lanir. Buna gore, alici son blok olan B. blokta, 23;11) (B —1] ve ﬁg [B — 1] mesajlarmi, yine
birlikte tipiklik testi kullanarak seger. Gonderilen kod sozciikleri, ve kanal dagiliminin
olugturmasi beklenen alinan diziler i¢in tipik kiime A, olsun. Bu durumda, alicida, son

bloktaki kod¢ozme, asagidaki kural saglayan mesajlarin aranmasi yoluyla yapilir.

{ (@318 = 11,088 = 1)), 281, u @3B - 1],)[B - 1)),
25 (1, (03B — 1], 85/[B — 1])),

(11,0 (07 [B — 1], 35 [B — 1)),
018 11,68 1)),y [B))

e A (UD, XD x0 x® x0 vy = 1,...,N} (3.26)

B — 1. blokta, alic1, ¢oziilmiig olan @gﬁ) [B—1] ve @512) [B — 1] mesajlarina sahiptir. Bu bilgiyi
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kullanarak 3} B — 2], Y (B — 2], wﬁ} [B — 1] ve d)gg [B — 1] mesajlarim bulmaya galigir.

{(v0@R1B - 20,68 - 20), 20 (@B - 1], u? (6 [B — 2], 58 [B - 2)),
(@5 [B — 1], u (813 B — 2,05 (B — 2))).
rig (@50 [B — 1), @33 [B — 1], (013 [B — 2], 03 [B — 2])), 4 [B]

(@B — 11,08 (B — 1], uO (@3 [B - 21,8 [B - 2)), 4 [B])

e A (UD, XD X0 xO xP vy wii=1,.., N} (3.27)

Aymi sekilde, b. blokta, b = 2,3,---, B — 2, alic1, ¢oziilmiis olan o5 0] ve ' 0]
mesajlarma sahiptir. Bu bilgiyi kullanarak, 857 [b—1],8\9[b—1], %9 [b] ve 1) [b] mesajlarm

bulmaya caligir.

{ (w3 = 1,060 — 1)), 2B @00, w0 16 — 11, 6 b - 1)),
2 (@5 [b], u? (@13 [b — 1], 05)[b — 1])),

20 (o [B], i3 [b], u® (655 [b — 1], 05 [b — 1])), yV[b]

wbo (@i 0], 0l 0], u? (03 b — 1], 05016 — 1)),y 1))

e A (UD, XD x0 xO xP vy wii=1, N} (3.28)

Bu islem her zaman 1. blokta ¢ok basittir, ¢iinkii 1. blokta igbirlik¢i mesajlar 1’e
e@ittir (vg[l] vé?[l}) = (1,1) (3.14)-(3.15). Yeniden olusturulmusg olan igbirlik¢i mesajlar
(vk ; ), kullanicilarda ve alicida meveut bulunan egleme tablosu araciligiyla igbirlik¢i mesajlara

(wy, ]) ) doniigtiiriliir.

Hata Olasiligi Hesaplamasi:

Kodg¢ozme adiminda, eger ¢oziilen mesajlar ile asﬂ mesajlar birbirine egit degilse,

yani herhangi bir alt mesaj icin {wk =+ wko} ya da, {w =+ wkj} ise, bir hata olusmus-

tur. Ortalama hata olasiligi agagidaki sekilde hesaplanir (burada, alicinin v,(c j) mesajlarini
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bilmesi durumunda, kargilik gelen 711,(;]) mesajlarimi da bilecegine dikkat ediniz):

N [B-1
BE _ Do i i NG (i NO) )
PP =Pr {U [U ( Wy, 7 w12b él)b # wél)b U wl())b # wl[))b U wéoz, # wé%)] } (3.29)

i=1 Lb=1

1 =1,...,N, alt tagiyic1 numarasini, b = 1, ..., B — 1, blok numarasini gostermektedir.

Hata olasiligi hesaplamasi icin agagidaki olaylari tanimlayalim.

g olayi, kullanic1 2'nin . alt tasiyicida, b. blokta, b =1--- B — 1, olas1 mesajlar-

bwia

dan wg mesajina atanan kod sozctiklerinin, alinan dizi ile birlikte tipiklik saglamasi du-

rumunu gosterir.

B, ={ («O @00~ 11,08 - 1), 28 (2, w9 (6 b — 1], o) o — 1])),
o) (wiy o], (03 b — 1], 05 [b — 1])),
ol (wip 0], wil o), u? (@G — 11,0 — 11)), 8" 18]

e A (UD, XD x0 XD vy v = 1,...,N} (3.30)

(i)
Ebw21
dan wgl) mesajina atanan kod sozctiklerinin, alinan dizi ile birlikte tipiklik saglamasi du-

olayi, kullanic1 1'nin . alt tasiyicida, b. blokta, b =1--- B — 1, olas1 mesajlar-

rumunu gosterir.

D, ={ («O @@~ 11,60 - 1), 28 (@B p], u® () b — 1], 65— 1])),
25 (wi o], (i3 [ — 1], 05 [ — 1)),
{0 (w0 wid bl u (i b — 11, 5616 — 11)), 11" 1]
e AU, XD xD xD vy yii=1, .., N} (3.31)
Egim vy, Olayl, alicmin 4. alt tagiyicida, son blokta, b = B, olasi mesajlardan vg,vgf

mesaj ¢iftine atanan kod sozciiklerinin, alinan dizi ile birlikte tipiklik saglamasi durumunu
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gosterir.
B = { (1O @31B = 11,08 = 1), o2 (1,0 07 [B — 1,08 [B — 1)),
5 (1,uC >< 2B —1],05)[B - 1)),
2i0(1,1,u (03 [B — 1], 04/ [B — 1])),
#5011, (B —1),0§)[B - 1])),4”[B))
e AU, x0 xW xD x0 y0) vii=1,.. N} (3.32)
Eéf])m Va1 010,030 olayi, alicinin ¢. alt tasiyicida, b. blokta, b =1--- B — 1, olas1 mesajlardan

UB, gl),w%),wgg mesajlarina atanan kod sozciiklerinin, alinan dizi ile birlikte tipiklik

saglamasi durumunu gosterir.

Ef oo = { (101316 = 1], ;R[b—m 2y (wi3 0], u (vyy b — 1, 05 [ — 1])),
)

oy (W [B], u® (i3 [b — 1], v [b — 1)),
iy (wiy [b], iy [B], u ‘< [b—u,véﬂb—u»

b (wig b], wil o], w0 b — 11,08~ 1), 5 18]

e A (UD, XD x0 xO x0 vy wii=1, N} (3.33)
Efl?l,l),wm,wm olayi, alicinin ¢. alt tasiyicida, ilk blokta, b = 1, olasi mesajlardan w%),wéio)

mesajlarina atanan kod sozciiklerinin, alinan dizi ile birlikte tipiklik saglamasi durumunu

gosterir.

D nono = 4 (101, 1), 2 (@8], u0(1,1)), 28 (5], u(1,1)),
{0 (Wi 8], wid o), u (1, 1)), 250 () ], wf 8], w9 (1, 1)),y 1))

e AU, X0 xO xD xO yo)y vii=1,.. N} (3.34)
Yukarida tanimlanan olaylar1 kullanarak, ortalama hata olasiligini s6yle hesaplayabiliriz:

N [B-1

— @ \° @ \° (i) (&)
PeB =Pr U U (Ebw12) Y (Ebw21> U U Ebwl2 U U Ebw21
i=1 | b=1 wg;)biwgb w21b75w21b
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(i) ¢ (i)
U (EBU1271121> U EBv1271121

(ﬁ§2b7v21b)7é(v )b’v12b)

(4) ¢ (4)
U U <Eb7)127v217w107w20 U Eb’[)1271)21,w107w20
b=2 (v12bv“21bvw10b7w20b)7’5(v )b’v12b’w10b’wé0>b)
(i) ¢ 0)
? )
Y <E“<171)7w107w20> U U EU(1,1)7w10,w20 (335)

(wIO ,w20 )75(“’%)1 ,w201)

Olasiliklar i¢in birlegim iist sinir1 (union bound) kullanildiginda hata olasihginin iist sinir

agsagidaki gibi ifade edilir.

N
B o @ \° 5= (i)
Pe < Z ( r { < bw12b> } + Z r { (Ebw21b> }
=1 b=1...B—1 b=1...B—1
D (@) D (4)
+ Z Z Pr {Ebwmb} + Z r {Ebw21b}
b=1...B—1 (@) b=1...B—1 (i) (@)
121;75“’1217 Wy 9, W1 5

+ _T (Eg'llQbaBUle) } + Z PT {Egm2 va}

(”121;7 21b)7é(v12b’v12b)

Do (4) ¢
+ Z Pr { <Ebv12(,,bv21b,bw10b7bw20b> }
D, (4)
+ Z Pr {Ebv12b7bv21bybw1ob,bw20b}

-1 () ~(i) (%) (3) , (i)
(”12177”21&;7“’101;»“’201;)7’5(”12b7”12b7w10b’w20b)

AP { (B o) |+ > Pr{ED, | o | (3.36)

(@) 5w wiih)

-
I|
N
U:J

Ortalama hata olasiliginda sinirlart hesaplamak i¢in, herhangi bir genelleme kaybi

olmadan, b = 1,..., B — 1 bloklarinda ve tiim alt tasiyicilarda, Vi = 1,.., N, asagidaki
kabulleri yapiyoruz;

(Ugb—l’ Ugi)b 1 wgba éfb?wg())b’ wéo)b> (1,1,1,1,1,1)

",y ) = (D, ut us)

Bu durumda, (3.30-3.34) ile verilen olaylar asagidakilere dontistir:
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D, ={ (a0, 1), 23w 1e], u® (1,1)), 28 (1,0 (1, 1)), 28 (1, 1,001, 1)), 45”)

e A (UD, XD X0 xO vy vii=1, N} (3.37)

B, = { (1 (1,2 (0w (1 1), 25 ) a1, 1), 24 (1, 1,001, 1), 91"

€ AU, x, X0, x" V) ¥ii=1,.,N} (3.38)

D, o = { (4900, o), 2301, w02, o)), 281, uD (03, o)),
20 (L L, v, 25 (1 1w (0], o)), 5 )

e A (UD, x0 xO xD xO yO) v ;= 1,...,N} (3.39)

ED, v aonpsin = { (4000, o), 201,00 (0, o)), 28 (1, uO (03, o)),
0. 140 0l ). a0 1u 0, o5D)), )

e AU, XD x0 x© xO yOy = 1,...,N} (3.40)

B, = { (1901, 1), 22001, 01, 1)), 21, w0 (1, 1),
{0 (w1, u® (1, 1), 25 (i 1,u®(1,1)), )

e A (UD, X0 x0 xO xO yOy v = 1,...,N} (3.41)

Yukaridaki olaylar1 kullanarak asagidaki hata olasiligi denklemlerini elde edebiliriz.

PF < i B-1Pr{(E),,) }+B-0Pr{(E),) }+B-1) Y Prie,

() 41

Z E’l(l)ZQI} + PT { (E((i)l)/vlg vzl) } + Z P_T {E’l()?Q,UQl}

§11 (U12b ”211;)7&(171)
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—_ () C
+ (B - 2)P {(E(l 1),1,1/1)12,1)21,1010,11}20) } + (B o 2) Z PT {E§1)27U217w107w20

(“12 ”21 )f(l 1), w10 vwzo)

(2)
+ (B - 2) Z Pr {E(l 1), w107w20/v127v21,w1o,w20}
W) 1,050 #1

(%)
+ (B - 2) Z Pr {E(l 1), w1o,1/v12,v21,w1o,w20}
3
()
+ (B - 2) Z PT‘ {E(l 1),1,w20/v12,v21,w107w20}

Pr{(E o) |
Wi #1
+ Z P?“ { w10, w20} + Z Pr {E’L(Ul)o,l/wlo,wgo}

W) £1,05) #1 ) #1

()
+ Z Pr {El wa0/w10, w2o} (3'42)

i) #1

Yeterince biiyiik kod sozciigii uzunluklar: n i¢in, Asymptotic Equipartition Property
(AEP) kullamlarak agagidaki ortalama olasilik degerleri elde edilir COVER & Thomas
(1991); WILLEMS et al. (1983);

Pr{(f,,) f <
Pr{(£f..,) } <

Pr {<E((i),1)/w12,3w21>c} <e¢

P7 (B <
Pr {<E((i)71)/wm,3w2o>c} <e

Kullanic1 2'nin i. alt tagiyicida karar verdigi mesajin, gonderilen mesajdan farkh
olmasina kargin birlikte tipiklik yaratmasi durumunu gosteren E&)Q olaymin ortalama

olasiligr (yeterince biiyiik kod sozciigli uzunluklar: n igin);

Pr{E,} =3 (PP PaRu®) P 28], u) P 1l 2l u))
(U(Z) xgg)axgl)’xé)va ) GA (U 4 1(;)7X2(1) X2(Z)’Y(Z)) VZJ: 1a"'7N
<o(HU® XE X X Vi) +e) o(-n(HOD XE XH X{7)—e)

o(—n(H(Y; U X x{7))~2¢)
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—o(—n(I(X{5, Y| x57 X ) U@)—4e)

:2(—n(I(X§i2)’Y2(i)‘Xéi)7U(i)))—4e) (w%) £1 ise) (3_43)

Kullanici 1’in 4. alt tagiyicida, karar verdigi mesajin, gonderilen mesajdan farkli olmasina
kargin birlikte tipiklik yaratmasi durumunu gosteren Efjgl olaymin ortalama olasihig: (yeter-

ince biiytik kod sozciigii uzunluklar: n igin);

Pr{Ef.} = (PP PR Palal), o) P2, o), u))
(w2, @) o p) € A(UO, X[, X, X1 V) vii=1,.,N
<o(HU® XE X X7 V7)) +e) o(-n(HODXE XH X{7)—e)
o(—n(H Y U® X1 x{V))~22)

o (—n(I (X Y |x{7 x{3 U0)~4e)

_o(—n(I(X5) ¥ X U0))—4e) (wi £ 1 ise) (3.44)

Alicinin 7. alt tasiyicida, karar verdigi mesajlarin, gonderilen mesajlardan farkl
olmasina kargin birlikte tipiklik yaratmasi durumunu gosteren olaylarin olasiliklar: ise

soyledir (yeterince biiyiik kod sozciigii uzunluklar: n igin):

Pr{E), 0} =Y (PP Pald u®) Pl o, u®) P2l u) P(y))
(21, o), 2t 28 @) € AU, X, X5 X1 X0 Y0) vii= 1N
<on(HUD X{3 x5 X{7 x50 Y ) te)
o(=n(HU® X137 X5) X[ X{")=e) o(=n(H(YD)—e)

—o(—n(I(UD.x17 x5 X1 X}y (9))—3¢)

:2(_71(]()({07X£i);y(i)))_35) ((Ug, véll)) + (1, 1) ise) (3.45)

Pr{E{ =Pr{E) 1}

V12,021

<ol-nU(() Xy ) s2) (@gg,vgg) #(1,1) z'se) (3.46)

U12 V21,W10, w20}

(4)
Pr {E(171)7w107w20/U127U217w107w20
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<2(—n([(X£i)7X£’i);Y(i)|Xg)7Xé§)7U(i>))—4E) (w%)) 7é 1 ve wéi)) 7é 1 iS@) (347)

(1,1),w10,1/v12,v21,w10,w20 }

SQ(—”(I(XY');Y“)IXé"),X&),U(i)))—%) (w%) 7& 1 i86> (3'48)

Pr{E{

(1,1),1,w20/v12,v21,v10,w20 }

<o(nI(Xg" Y O1X1 X5 Uiy )~ 4e) (wé%’ #1 ise) (3.49)

D i _p. ] @
Pr {E1(11301w20 } _PT {E(l,l),wlo,’uJQo/Ulg,vgl,wlo,’wgo }

§2(7n(I(X£i)’X§i);Y(i)‘X{';)7X£?’U<i)))f4€) (wﬁ)) # 1 ve wél()) 7£ 1 iS@) (350)

Pr{E) b =Pr{E{

w10,1/w10,w20 (1,1),w10,1/v12,v21,w10,w20 }

SQ(—n(I(Xf);Y“)\X§i>,X{Q,U<i)))_45) (w%) #1 ise) (3.51)

Do (@) _ .. (@)
Pr {El,wzo/wlo,wm} =Pr {E(l,l),l,wzo/vm,vm,wlo,w2o}
§2(—n(I(X§l);Y(i)‘Xfl)’Xéll)7U(i)))—4E) (wéi)) # 1 7:86) (352)

Ortalama hata olasiligl hesaplamasina, (3.43)-(3.52) denklemlerinin yerlestirilmesi
ile agagidaki ortalama hata olasiligi denklemini elde ederiz (yeterince biiyiik kod sozciigii

uzunluklar1 n i¢in);

N
B < _ (nR{Y) o(—n(1(x{3 Y3 |X{" U®))—de)
PE < (B—=1)(e+e+2 2 +
=1

2<nRé?>.2<—n(1<X§?,Y1“’\Xf“,U“>>>—4e>> 4ot
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(RS +RD)) o(—n(1(x (7 X{ v ) =3¢)
(B —2) (5 4 9(RY+ R+ R +RE) o (—n(1(x{7 X5y ) —3e) |
o(n(RiY+ R4 9(—n(I(X]" X5y O1x17 X510 Uy —4e) 4
(R o (—n(I(X (Y O1x{ X (3 Ui))—4e) |
2(n<RéQ)>2<—n<I<X§”;Y“)\Xi“,Xé?,U<i)>>—4e>> n
& 1 9B +Ry)) o (—n(I(X {7 X5y DX [ X5 Uiy —de)
(R (—n(1(X{y O1X{ X[ Ui))—4e) |

(RS o(~n(1(x§5v \XY%XE?,Uu)))—%)} (3.53)

2-Kullanicili i§birlik§i OFDMA Sistemde Veri Hiz1 Denklemleri:

Tiim bu olasilik hesaplari sonucunda, esas elde edilmek istenen erigilebilir veri hizlari,
hata olasiliginin sifira yakinsamasina imkan verecek kisitlarin bulunmasi sonucunda elde
edilebilir. Eger veterince bityitk n icin, B\, R\", R R RY R asagidaki veri hizi
esitsizliklerini saglarlarsa, ortalama hata olasihigi olarak, PB < N(5B — 4)e elde edilir, ve

bu olasilik istenildigi kadar kii¢lik yapilabilir:

R < 1(x®. <“|X§">, Uy — 5, (3.54)
R\ < I(XQ(Z1 YOI X0 U@y —5e (3.55)
RY < 1(x", v xH xO vy —s5e (3.56)
RY < 1(x{: yO1x® xW gy — 5e (3.57)
RO+ RW < 1(xP xP:yo 1 xW xO )y _ 5e (3.58)
RO+ RV 4+ R4+ RY < 1(x xPy®)y — 4e | (3.59)
Reum < mini {((3.54) + (3.55) + (3.58)), (3.59)} . (3.60)
=1

Yukarida verilen ortak bilgi ifadelerinden hareketle, Gauss dagiliml kod sozciikleri
kullanildig1 varsayimina dayanarak veri hizi kisitlarini elde edebiliriz. Buna gore, kullanici
1’den kullanic1 2’ye dogru igbirlik¢i hattin, 7. alt tasiyici lizerinden sagladigi veri hizi, R%)
agsagidaki gekilde hesaplanabilir;

RY < (X3, v, x50 U
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AV IXE", U = h(RXS, X U

h(X{) + X + U9 + NP | X U0) — h(Xl(f)) + X0+ U9 4 NIXE), x P U@
= (X + X8 + NOIxP U9y - n(x) + NP |xE, X9 Uy

= h(X{) + X{5 + NV) — (X + N§)

= log <h12p10 + h12p12 (Ué ) ) log (hfz)p% + (Ué ))2)

(4), (4)
— log <1 PRLL T - ) (3.61)
h12p10 ( )2

Kullanic1 2’den kullanici 1’e dogru igbirlikci hattin, 7. alt tasiyici iizerinden sagladig veri

iz, R asagidaki sekilde hesaplanabilir;

Ry < 1(x5 v 1x (P, u®)
= (Y 1x, U9) = (v X, X1, 0 0)
=X+ xP 1O 4 NOIXO vy — p(xl)+ x4 u® 4 NO| XD X0 o)
= h(X§ + X + NP X, UD) = h(x{ + NP XS, X1, 00)
= h(X§g + X + N{) — (XS + N{)

= log <hé1p20 + h21p21 (‘7@)2) — log (h&)pgo) + (‘7@)2)

ORG
— log <1 o 20 (3.62)

1p20 +( (l))

Kullanici 1’den ve kullanici 2’den aliciya génderilen direk hattin, ¢. alt tasiyici lizerinden

sagladig1 yeni verilerin toplam hizi, RlO + R 50 asagidaki sekilde hesaplanabilir;

XG0 X000, X8, 00)

YOG, X5, U) — a(y O, x50, X3, x50, o)

X+ X12 + U+ X9+ X+ U9+ NI, x5 u®)

XE+ X8+ U9+ x§ + x5 + U0 + N1 xP X9, x(), x5, U0)
(XI(O) + XQ(O) + N |X12 ) Xézl ) U(z)) - h(Né )|X£ )7 XQ(Z 7X1(Z2 7X2(1)7 U(Z )

= log ((hlopm + h20p20 (o ())2) - 108;((0(()i))2>

h(z) i) JNOING
log (1 + 10p10 jz_) 20p20) (363)
(05)?

Kullanici 1’e ve kullanic1 2’ye ait direk hatlarin, 7. alt tasiyici iizerinden son blokta gén-
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derilen yeni mesajlar ile onceki blokta olu§turulmu§ ortak igbirligi mesajlar i¢in sagladigi

toplam veri hizi, R/l(;) + R;(f) + R( + R 5 asagidaki sekilde hesaplanabilir;

(X, x5y )

(V) = h(y1x;7, X3)

(X{5 + X8 + U9 + X5 + X3+ UD + N

—hXD 4 X9+ UD 4 x0 4 x84 U@ 4 NP XD x5y

XY+ X9+ U9 + x4+ x84 U9 + N = n(N )X x 0
— (XY + X9+ U0 + X8+ X8+ 0O + Ny — (N

RO RO 1 24/ hD ) @)
1+ 101 20472 10'%20 1 2 (364)

(o5)?

RS + Ry + Ry + Ry <

= log

Tiim bu iglemler sonucunda, her kullaniciya ait veri hizlar1 ve 2-kullanicili igbirlikgi OFDMA
sistemin toplam veri hizinin tabi oldugu kisitlar soyledir:

N (@), (3) (4), (@)
h h h h
10g (1 + 12p12( ) ()2) + lOg (1 + _1017(1.())2( >>] )
h12p10 (h) + oy Op

R1:R10+R12<ZE

(3.65)
h(i) (4) h h(i) (i) h
Ry = Ryg + Ro1 < ZE log (1 + 21721 (h) PE tlog (14 20]9(3())2( ) 7
h21p20 (h) + 0 o
(3.66)

Rsum:R1+R2<mln{ R12 +R21 +R10 +R207ZR +R§21)+R§’6)+R§ZO)}7

7

(3.67)

| Pap () + hDp () + 24/ KRS (ol ()
< min Z Ellog |1+ e

)
N (@), (4) (@) (4)
h h hs h

ZE log <1+ - 12]712( ) )—i—log <1+ - ()1]921( )(A)2>]
i h 2p10( )+02 h 1p2%(h> "‘01z

N (@)

h h

+ZE 10g 1 Opl ( )+2 0p20( ) ) (368)

i U(()Z)

Burada dikkate deger olan bir gozlem, (3.65)-(3.67) ile verilen erigilebilir veri hiz
bolgesinin, yontem 1 kullanmlarak elde edilen (3.10)-(3.12) bolgesinden tek farkinin, (3.67)
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esitsizligindeki minimum igleminin alt-tasiyicilarin iizerinden yapilan toplama igleminin
disina cikmig olusudur. Onerilen yeni yontemin esas erismek istedigi sonu¢ tam da budur:
bu sayede, herhangi bir alt tasiyici iizerinde kullanicilar arasi linkin ortalamada g¢ok
kuvvetli, fakat kullanici-alici linklerinin buna kiyasla ¢ok zayif olmasi durumunda, her
iki linkten kotii olaninin veri hizini1 dikte etmesi yerine, kullanici-kullanici linklerinin
tiimiiniin iizerinde olusturulan ortak bilginin, kullanici-alici linklerinin yine tiimiinden
aliciya yardimlagma yolu ile iletilmesi, ve veri hiz1 i¢in olusabilecek darbogazdan kurtu-
lunmasi miimkiindiir. Her iki igbirligi teknigine ait benzetim sonuglarn (BAKIM & Kaya,
2011a)’da detayl olarak verilmig olup, aym zamanda gii¢ kontrollii sistemlerin veri hi-
zlariyla kiyaslamali olarak da takip eden boliimlerde sunulacaktir. Bu béliimiin sonuclari,
[EEE Globecom 2010 konferansinda bir bildiri olarak sunulmug, ve (BAKIM & Kaya,
2010) ve IEEE Transactions on Wireless Communications dergisinde basilmak iizere kabul
edilmistir (BAKIM & Kaya, 2011a).

3.4. Ig Paketi 2.3: Igbirlik¢i kodlama kullanan sistem icin giic eniyilemesi

Bu is paketi dahilinde, 6ncelikle, her iki igbirligi stratejisi i¢in elde edilen veri hizlar
(3.10)-(3.12) ve (3.65)-(3.67)’den hareketle, baz1 kod sozciiklerine tahsis edilecek giiglerin

kanala uyarlamali olarak sifirlanmasi gerektigine isaret eden bir 6nerme ispat edilecektir:

Onerme 1: Normalize edilmig kanal kazanclari sgl) = hg;) / 0'j2» olarak tanimlansin. Toplam
veri hizlar (3.12) ve (3.67)’y1 maksimum yapacak gii¢ kontrol politikasi, p:(n)(h) su yapida

olmalidar:

Durum 1) pi" (h) = pas” (h) = 0, eger 513 > siy) ve s57) > 5

Durum 2) pig” (h) = pii” (h) = 0, eger s{3 > s{f) ve s{}) < sff/

Durum  3) pis”(h) = pag” (h) =0, eger {3 < s{f) ve s} > s

D 4 *(n) h — *(n) h — O *(n) h — *(n) h — 0 *(n) h —
urum ) P12 ( ) Y251 ( ) Veya Pqg ( ) Y25 ( ) Veya Pqg ( )

pag” () = 0,
(n) (n)

eger Sg) SSYS) ve Sy < Sy
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Ispat: Bu 6nermenin ispat, (BAKIM & Kaya, 2011b)’da detayli olarak verilmis
olup burada sadece ana hatlarim1 vurgulamak uygun olacaktir. Her alt tasiyiciya atanan
toplam giiglerin, ve yine her alt tasiyicida kullanilan ve igbirligine adanmig giicler olan
pq(fl) (h)’in en iyi degerleri biliniyor olsun. Bu durumda, agiktir ki, diger gii¢lerin ne gekilde
atandig1 (3.67) esitsizliginde minimum igleminin ilk argiimanini, degigtirmez. Bu nedenle,
ikinci argiimani enbiiyiikleyecek gii¢c dagilimini aramak yeterlidir. Fakat, alt tasiyicilara
atanan toplam giicler sabit oldugundan, bu dagilimin alt tasiyic1 bazinda en iyi sekilde
yapilmasi, toplam veri hizin1 da en iyileyecektir. Bu nedenle, 6nerme altkanallar arasi
igbirlik¢i kodlama altinda dogrudur. Altkanal igi igbirlik¢i kodlama igin ispat, (KAYA &
Ulukus, 2007)’teki skaler kanal igin yapilan ispatin genellenmesi ile elde edilebilecek olup,

detaylar1 yine (BAKIM & Kaya, 2011b)’da sunulmugtur.

Bu onermeden hareketle, eniyileme probleminin yapisi olduk¢a basitlesmektedir.
Yine, elde edilen sonug kanal durumlarina baglh olarak segilen giiclerin, alt tasiyicilarin kul-
lanicilarin mesajlarina ne sekilde atanmasi gerektigini dikte etmesi agisindan da oldukca
ilgingtir. Ortaya gikan yeni eniyileme problemini sunmadan 6nce, normalize edilmis kanal
kazanclarini 3 = h / o; olarak tammlayarak elde ettigimiz daha basit erigilebilir veri

hiz1 bolgesi 1fadeler1n1 tekrarliyoruz:

Altkanal ici igbirligi olarak adlandirilacak olan strateji ile erisilebilecek veri hizlar

sOyledir:

i (i), (i)
Ry <> E |log (1+ 3 (fp”( )(,)2) +log( 1o 1;)2 ) (3.69)

s13P19(8) + 03 ]

[ (), (1)

R, < ZE log (1 i - i2)1p21< s) (')2) + log (1 20]72;)2 >] (3.70)
i L S31 P39 (h) + o7 Y

S (5) + o) + 21/ a0
o0 ’

R1+R2<Zmin E|log | 1+

5 (1 L sinle) ) Lo (1 L s )]
i i)2 i) (7 2
s51p5(5) + o s1api(s) + 0
(1), (1) (1), (i)
+E |log (1 $10P10 (8 )1‘)520?20 (S)> } (3.71)
90
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Yukaridaki kisitlardan goriilecegi iizere, toplam veri hizi igin saglanmasi gereken kisit
her altkanalda bir minimum iglemi yapilmasini gerektirmektedir, ve OFDMA tarafindan
saglanabilecek cesitleme kazancindan tam olarak yararlanilmasina engel olmaktadir. Bu
nedenle, her bir altkanal iizerinde, kullanici-kullanici ve kullanici alici linklerinde ayni alt
mesajlarin gonderilmesi zorunlulugunu ortadan kaldirmaya yonelik olarak tasarladigimiz,
altkanallar arasi igbirlik¢i kodlama olarak anilan strateji ile erisilebilecek veri hizlar: ise

sOyledir:

NOT $050(s) S050(g)
31:R10+312<ZE log [ 1+ 0 (1)2 12 02 + log 1—1—% )

$12P10 (8) + 03 oh)
(3.72)
A 0, (), (0
S S S s
Ry = Ryo + Ra1 < ZE log (1 + o (?)11721( ) @2) +log (1 i 20]9(3;)2( )>] ,
‘ L So1P39(h) + 03 o,
(3.73)
N (i), (1) (i), (i) () (1) (). (i)
S$10P1 (8) + So0D S+2\/$8puspus
Rsum = Rl —+ R2 < min ZE log 1+ 1041 ( ) 20472 ( ) (Z)2 1020 1( ) 2( )

(4), (@) (4), (@)
s S s S
519P10(8) + 05 S91 Do (8) + 0y

log (1 . sloplo(s) + s;gp;ig(s))] } | (374)

2
X0

Goriildiigi gibi, (3.72)-(3.74) ile verilen erisilebilir veri hiz1 boélgesi (3.69)-(3.71)
bolgesine kiyasla, potansiyel olarak daha genigtir. Zira, (3.74) esitsizligindeki minimum
islemi alt-tagiyicilarin tizerinden yapilan toplama igleminin digindadir, ve (3.69)-(3.70)

esitsizliklerindeki minimum iglemleri de (3.72)-(3.73)’de ortadan kalkmigtir.

Dikkat edilmelidir ki, Onerme 1’i saglayan, ve dolayisiyla erisilebilir veri hiz1 bol-
gesini enbiiytikleyen (4. durumda, kullandigimiz gii¢ tahsis yontemini ti¢ se¢enekten birine
sabitlemek eniyilikten ufak bir sapmaya neden olsa da) gii¢ dagilimlarimin, tiim veri hiz
bolgesini de enbiiyiikledigi kolayca gosterilebilir. Bunun sonucunda ise, veri hiz1 bélgesinin
tizerindeki herhangi bir veri hiz1 ¢iftini enbiiyiikleme problemi digbiikey bir yapi almak-
tadir, ve eniyileme kuramindan gegitli teknikler kullanilarak ¢oziilebilir. Takip eden boliim-

lerde veri hiz1 bolgesini enbiiyiikleyen gii¢ dagilimina ulasan iki algoritma sunacagiz.
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3.4.1. izdﬁ§ﬁmlﬁ Subgradient Metodu Kullanarak Erisilebilir Veri Hizi En-

biiyiikleme

Erisilebilir veri hiz1 bolgesindeki tiim sinirlar giigte i¢biikeydir. Benzer sekilde, agir-
likli toplamlari, p; Ry + poRs de koselerde ichiikey yapidadir. Veri hizi bolgesinin tam
ichiikey oldugu kolaylikla gosterilebilir (KAYA & Ulukus, 2007; TSE & Hanly, 1998). Bu
yiizden, R, = p1 Ry + paRy’1 enbiiytikleyerek veri hizi sinirlar iizerindeki noktalar: elde
edebiliriz. Burada { Ry, Ra}, (3.72)-(3.74) ile tanimlanan giig tahsis yontemi ile elde edilen
veri hizi beggeninin kdse noktalaridir. Genellikten 6diin vermeden, gy > po varsayimi
ile (3.72)-(3.74)’i basitlestirmek i¢in 6nerme 1’1 kullanarak, eniyileme problemini goyle

yazabiliriz:
max (ml — )Y Esys, |C (s0010(9)) | + Bsys, [C (s0000(9))]
N
+ p2 min {Z E [O (Sglo)pgl)( )+ shops(s) + 2\/510 20pU1 )]

ZE&[ (sp0s)) + € (s80p2))] + s, [C (sp5(s)) + € (s52000s))]

+5,[0 (so)) + © (S016)] + B, € (s008ds) + s2iio)] )
(3.75)

st. 3 B [p(s) +pi0)(s) + b1 (s)] <

pé’é( ), 0k (8), P (s) > 0, k,j € {1,2}, k #
Es,, s € 84 luzerinden istatistiksel ortalama operasyonunu gostermektedir, d = 1, 2, 3, 4.

(3.75)’daki minimum igleminden dolay1, hedef fonksiyonunun gradyani her yerde
mevcut degildir. Ashinda, (3.75)’daki minimum igleminin hangi tarafinin aktif olduguna
gore iki gradyan vektorii vardir. Bu vektorler, alt-gradyan (subgradient) olarak goriilebilir,
boylelikle gii¢ eniyilemesi i¢in izdiigtimlii subgradient metodu kullanilabilir. Kisitlarin
digbiikey yapisindan dolay1, bu metodun subgradient’in normu ile normalize edilen, azalan
adim biiyiikliigi ile evrensel eniyiye (global optimum) yakinsamasi garanti edilir (SHOR,
1979).

Subgradient vektoriiniin hesaplanmasi birgok karmagik formiil gerektirdiginden ve
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fazla degerli bilgi vermediginden, bu hesaplamalarin yerine erisilebilir veri hiz1 boélgesine
ve gli¢ tahsis yontemi sonuglarina iligkin benzetimlerini dogrudan verecegiz. Bu sonuglari
bélim 3.4.3.2 ve (BAKIM & Kaya, 2011c)’de bulabilirsiniz.

Subgradient algoritmasinin en biiyiik sorunu, yakinsamak i¢in uzun siireye ihtiyag
duymasi ve karmagikhigidir. Altkanal sayisi arttikca, giic degiskenlerinin vektorlerinin
biiyiikliigii de artar ve subgradient hesaplamasi ve izdiigiimii islemleri ¢ok karmasik hale
gelir. Bu yiizden, bir sonraki boliimde agirlikli veri hizi toplamini eniyileyen gii¢ kon-
troliine iligkin analitik ifadeleri bulacagiz ve subgradient algoritmasindan ¢ok daha hizh

yakinsayan alternatif bir dongiisel algoritma onerecegiz.
3.4.2. Iterative Achievable Rate Maximization Based on KKT Conditions
Eniyileme problemi (3.75), tiirevi alinabilen egdeger bir halde oyle yazilabilir:

max R,
p(s)

ot By < )3 By 0 (s3] + B [ (Sggpgg )
+M2ZE[ ( 10]71 ( )+820p2 +2\/310) éZOpUl )} (3.76)
R = )3 B [0 (45009)] + s [0 (o)

<Z Es, [ <512 )( )) +C <521p21)< ))} + Es, [C <5§i2)p( )( )) +C (5201020)( ))}

+Es, [C (siipid(e)) + € (s@p(s)) | + Bs, € (s10pi(s) + sp (9)) )

(3.77)
i (Bsusi [P0)] + Es.s, [pld(s)] + B [pl(s)] ) < (3.78)
> (Bsass |[P50()] + Esi s, [p8) ()] + B [pf(s)] ) < P2 (3.79)

7
3

Pio(s), P19 (s). i) (), 54 (), pY1 (8), pE(5) > 0, V. (3.80)
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(3.76)-(3.80) digbiikey bir eniyileme problemidir, tiirevi alinabilen kisitlari vardir
ve bu yiizden KKT kogullari, eniyi ¢oziim icin gerekli ve yeterlidir. Lagrange ¢arpanlari
Y15 Y2, A1, A2yl (3.76)-(3.79) kosullarina, egi)(s), t = 1,..,6'y1 ise, pozitiflik kogullarina

(3.80) atayarak, lemma 1’deki eniyileme kogullarim elde ederiz.

Lemma 1. Altkanallar, i = 1,--- , N and indeksleri, m, n soyle tanamlayalim
_ O, ZfSESgUS4 o O, ifSESQUS4 (381)
1, fseSUS 1, fseSUS; '
ve
A(l) =1+ ngo)pg)( ) + 320p2 + 2\/5120)351017&1 pUi< ) <382>

Bir giig tahsis yontemi, p\"). (s), pgg( ), p(Uz( ) pUZ( s), (3.76)-(3.80) problemi i¢in eniyidir,

ancak ve ancak, s € S; U Sy, USs = S icin asaqidaki esitsizlikleri saglhyorsa,

§00) (i)

S
(1 — o + y1p2) + + 72#2% < A, (3.83)
L shpin(s) AY
i 4
71#2# +Yep2— T < Ao (3.84)
1+ s5pia(s) AW
skossapy (8) + sior/piL (s)

Vakt2 4 <X\, ke{l,2} (3.85)
AW /pl) (s)

ves € 8y icin asaqudaki esitsizlik saglyorsa,

(4) (@) (4)

S S S
(1 — pa) ——3%=—— + Y1/ e ol < g, (3.86)
1+ s{0pin(s) 1+ s{0pin(s) + sSopba(s) AW
sho s
Y12 G) () @) () + 72“2% S )\27 (387>

1+ 599, (s) + 312()p1m(5)

ssosSopi(s) + g/ pii (s)
Y22 <X\, ked{l1,2}.

AW /P8 (s)

(3.88)

Burada Lagrange ¢arpanlary v1, o = 1 — 1, A1, and Ay, (3.76)-(5.79) kosullary egitlikle
saglanacak sekilde segilmektedir. (3.83), (3.84) ve (3.85) kosullarindan her biri (benzer
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sekilde (3.86), (3.87) ve (3.88) kosullarr s € S, oldugunda) esitlikle saglanir,ancak ve

ancak ilgili gii¢ degerleri, pgﬁl(s), pgz(s) veya pgi(s) pozitifse.

Kanat. Eniyi ¢ozlim i¢cin KKT kogullar yeterli ve gereklidir. KKT kosullarini elde etmek
i¢in, oncelikle Lagrange ¢arpanlarini, 71, 72, A; and Ay sirasiyla egitsizlik kisitlarma (3.76),
(3.77), (3.78), (3.79) atiyoruz ve €i(s), t = 1,...,6, Vs'yi pozitiflik kogullarina (3.80) atanir.
Boylelikle agagidaki Lagrangian fonksiyonunu elde edilebilir:

ﬁZR“—F’h

N <Z Es, s, [ p12 } + Z Es, s, [ i )ngo))})
T fi <E CERE)s) + OO E)s0)] + Bs, [CHRE)5E) + Cis)s8))]

+ Es, [COR)s10) + Ol (s)s8)] + Bs, [Cid )50 + piil(s)5)] ) R,

a(iE[c(p&iL( })wZE[ CHEOETHO)

+3go) (Pgn( ) +pU2 ) + 2\/51052027U1 PU;( ))] - Ru}

+ 72

+A <p1 _ ZN: <E537S4 [pgio)(s)] + Eg, 5, [pgiz)(s)] +E [pgf( )D>
A (152 _ i (Es.s. [p06)] + Bss, [p9)] + B [)0s >D>
(i (

1

2
el (5)pl (s) + €5 (s)p\s (5) +€5 (3)pt (5) et (5)pSy () +€ (8)pSy (5) el (5)pir ().
(3.89)

s € § US, US; icin, Lagrangian fonksiyonun, £, p@(s), pgg( ) ve pg)( )'ve (Vi ve Vs)

gore kismi tiirevini alindiginda, asagidaki kogullar bulunur:

(@) (%)
S10 1m
Yotz | = | + (1 — po +y1p2) | — 7| — ALt e, =0, (3.90)
(A@) (1 + sﬁﬁnp&,;(s>> 1
ﬁ i - A =0 3.91
Tebe | ZGy | T ke G 2 1 €, =V, (3.91)
1 + 82np2n(s>
\/skossopi(s) + sk P (s)
Y lbo — g+ €, =0, (3.92)

A0 /P (s)
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hangi giiclin pozitif olduguna gore e; = 1,2, eo = 4,5 ve e3 = 3,6 degerlerini alir. Benzer

sekilde, s € &y igin, kismi tiirevler su sonuglari verir:

S0 Bt
Yot | oy | + (o —p2) | —
AW L+ s50pio (5)

5

+71“2< i) (i i) (i
L+ si0pim(s) + ssapSi(s)

0 )

S20 S9

Yok | 7 | T ke 0 WG — A+ € =0 (3.94)
(A( )> (1 + sSopion () + sSpl (s)

V/ Sksi0pe) (5) + sio /i (s)

Yo ll2 ' — A+ € =0, (3.95)
A@[p(s)

— A+, =0 (3.93)

Eniyi gii¢ tahsis yontemi, tamamlayic1 gevseklik kogullarmi (complementary slack-
ness conditions) saglamalidir:

Pl (s)et’(s) =

(4) (1)

Pao(s)es’(s) = (3.96)

R, ’ya gore kismi tiirevler v, + 2 = 1, dolayisiyla v; = 1 — 7 neticesini verir.

(3.96)’deki uygun kosullarm, (3.90)-(3.95) icinde kullanarak, e” (s)’lara baglhktan
kurtulabiliriz ve eniyileme i¢in kogullar: esitsizlikle yazabiliriz, bu da (3.83-3.110) u verir.
Esitsizlikler, ancak ve ancak ilgili gii¢ degeri pozitifse egitlikle saglanir ve esitsizlikler, eger

ilgili gii¢ degeri sifirsa tam esitsizlikle saglanir. O]

Lemma 1’deki her giig bilegeni igin eniyileme kogullar: baglagiktir (kendi digindaki bir
diger gii¢ bilegenlerine baghdir). Bu yiizden eniyi gii¢ tahsis yontemini hesaplamak oldukga
zordur. Fakat, asagidaki teoremde gosterecegimiz iizere, bazi doniigiimleri ve gozlemleri
kullanarak, kogullar arasindaki bagliligi kismen ortadan kaldirabiliriz, ve sonug olarak, en

iyi gili¢ degerlerinin birbirleri cinsinden kapali formdaki ifadelerini bulabiliriz.

Teorem 1. Altkanallar arasy isbirligi kullanalan bir isbirlik¢i OFDMA sistemi igin, (3.76)-

(3.80) denklemlerini ¢ézen eniyi giic tahsisi, pgi) (s), pg)(s), p(Ulz (s), p(Ug (s), soyledir
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o0 (3 + 300 — (14 300 + 388)

(4) _ @ Ak i 7
Dy, (s) = sk A 2 ) (3.97)
HONRPYINO)
kO A; 730
( (1) (@) +
(p1—p2+r1p2) <>\2810 +A1853 ) 1 5
( 220 ) ejer s € S (3.98a)
P (s) = { f( 507 Qusdrrasid)n oyl +0n?sG @sfg+s1ilpb)(5)
im 10 > 250 g
20
(sl +Aes () [ (1 —pa-+y1p2)+ (1 —i2) Sy PS5 (9) ] 85 + 01 280 (1455 5,) (5) )
EVENG) , egers € Sy (3.98b)
\ 20
() (i) +
71ﬂ2<)\2310 +)\1520) 1 v
@ ( 250D —m ) eger s € S (3.99a)
i 2710 2n
10 20 1 s i o
2.0 — < — 5Pim(s) ) . efers €S, (3.99b)
2510 820 820

eger (3.97)’den elde edilen gii¢ler pozitifse (pgi (s) >0); ve

P, (s) =0, (3.100)
£ (Auststn, =it + X (st + 50, + 50, 580p5(9), M (1 + s§0p8)(9))
0 gy = ) pe ) (L S) - sly), ejerse S (3.101a)
Pim!3) = §)2 §)2 i i) (i
F(sid —mst + st (2 + sipi(s).
s 1D 0 ) 4y (1 @) rse S (3.101b
1819 — (B — H2)819520P2n (8) + Ar(1 + S30P2,,(8)) ), eger s € o4 (3. )

F (AasSsh, —pasish) + Aa(s8h + 56+ s{0s8p0, (). Aa(1 + sipi(s))
P (s) = { —hzss (L + sigpin(s)) — a1 - %)sé?) , ejers € S¢ (3.102a)
W . +
<’§—§ — - sig)pﬁ?l(S)) : ejers € Sy (3.102b)

diger sartlarda. Bu durumda v1, Ay ve Ay, (8.76)-(3.79) kosullary egitlikle saglanacak sek-
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ilde secilir.

Kanat. Evreuyumlu birlesim kazanci (coherent combining gain) elde etmek i¢in, verilen
bir altkanal ve verilen bir kanal degeri, s i¢in eniyi igbirlik¢i giiglerinin ya her ikisi de
pozitif, ya da her ikisi de sifir olmaldir. Oncelikle hem pgz (s) hem de pgi (s)'in pozitif
oldugunu kabul edelim. Bu durumda (3.85) (benzer sekilde (3.88)) kosullar, £ = 1,2 i¢in
esitlikle saglanmalidir. (3.85)’yi (benzer sekilde (3.88)%1) k = 1,2 igin ayr1 ayri ele alarak,

sonuclar1 alt alta bolersek su sonuca ulagiriz:

Vs P () + 4/ sion/pui(s) /50 \/pia(s) 5109
VS (s) + s/ Pl (s) /s A/pi(s) 2

ya da su sekilde yazabiliriz:

M7pi)(s)s50 = Ao’pi (s)sis. (3.104)

(3.104)’u (3.85)'nin (aym sekilde (3.88)%in) igine yerlegtirdigimizde, su énemli esitlige
ulasiriz:

telz A2 (3.105)

A(Z) B )\18%2 + )\285’8

Denklem (3.105)"1n 6nemi suradan gelir: Her ne kadar denklemin sol tarafindaki A®
biinyesinde tiim gii¢ bilegenlerini barindirsa, ve (3.83)-(3.88)’tin hepsinde yer alsa da, sabit
Lagrange carpanlar1 A\; ve A\y’ye, ve direk kanal kazanclari, s,&%’a bagli bir terim ile yer
degistirilebilir. Boylelikle, pg?n(s) ve pg)(s) icin eniyileme kosullari, pgi(s)’dan bagimsiz
olarak tekrar yazilabilir. Ornegin, (3.105)1 (3.83)’in i¢inde kullanarak, agagidaki sonucu

buluruz:

0 2 ()

Sim Ai7s

(11 = o+ ) — "5~ S
L+ $1mPim(S)  Ausyg + Aesyg

(3.106)

bu da su doldurma (waterfilling) tarzi bir ¢oziim olan (3.98a)’yi verir. Benzer gekilde,
(3.105)"1 (3.84), (3.86) ve (3.87) iginde kullanaak, sirasiyla (3.99a), (3.98b) ve (3.99b)’yi
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buluruz. Eniyi p{) (s) ifadesi, (3.97), (3.85) (aym sekilde (3.88)), (3.104) ve (3.105) kul-

lanilarak bulunabilir.

(3.97)’den bulunan pgi(s)’nin her zaman pozitif olmasi garanti edilemez. Pozi-
tif olmadigr durumda, (3.85) (aym sekilde (3.88)) tam esitsizlikle saglaniyor demektir,
p(Uli (s) i¢in en iyi ¢oziim 0’a egitlenmelidir ve (3.105) bu durumda kullanilamaz. Bu halde,

pgi (s) =0, iken (3.83)-(3.84) ve (3.86)-(3.87) yerine su kosullar kullamlmalidir:

RO (i

S
(1 = piz + Y1 pt2) —=" = + Yafia e <\, (3.107)
1+ sy pll) (s) 1+ sigpi () + ssapb (s)
so S5
ViHe—~ o T Y2l G o < Ag, (3.108)
1+ sps(s) 1+ sigpi () + ssapb (s)
st sty
(1 = o) — ) + T S (3109)
L+ sigpin(s) 1+ sipi(s) + sspso(s)
§0)
2 < . (3.110)

H2 BIG IR =
L+ s50p50(s) + s{0pin(s)
s €5 USUS; igin, ve s € Sy icin.

pgi(s) =0 iken, k =1,2; p%(s) ve pgi)(s) gii¢ degerleri otomatik olarak pgi(s)’den
bagimsizdir. (3.107) ve (3.108), ve (3.109) ve (3.110) ise baglagiktir. Tiim gii¢ degerleri
sifirdan farkli oldugu icin, p! (s) >0 ve pg)(s) > 0, (3.101a)’deki p%(s), (3.102a)’deki
P5)(s) degerlerini (3.107) ve (3.108)’ii ¢dzerek bulabiliriz. Benzer sekilde, (3.101b)’deki
p%)n(s) ve (3.102b)’deki pgg(s) degerlerini (3.109) ve (3.110)’1 ¢bzerek bulabiliriz. 1, A; ve
Mg, (3.97)-(3.102b) giig degerleri kullanildiginda, (3.76)-(3.79) kosullar saglanacak sekilde
secilir. Tkinci dereceden (quadratic) denklemlerin ¢oziimii i¢in 3.2 boliimiinde yer alan

(3.4) kullanilabilir, ve istenilen sonug elde edilir. [

(3.98a) ve (3.99a)’deki pgl,)n(s) ve pg)(s) giicleri oldukca ilgi cekicidir, ¢iinkii her
altkanaldaki igbirlik¢i kodkelimesinin gii¢ degerleri tek kullanicili su doldurma tipi bir
¢Oziimii saglamaktadir, ve bu degerler sadece o altkanaldaki kanal degerlerine baghdir.
Su seviyesi ise direk kanal kazancglarn tarafindan belirlenmektedir. Halbuki, (3.101a) ve
(3.102a)’deki pg?n(s) gii¢ degerleri pg)(s)’ye bagl, ve tersi de gecerlidir: birinin giiciini
arttirmak digerinin giiciini azaltacak, (3.107)-(3.110) kosullar: esitlikle saglanirsa, o za-
man ¢ok kullanicili su doldurma tipinde bir ¢6ziime ulagilacaktir. Bu ashnda (KAYA &
Ulukus, 2007)’daki sonuglardan biraz farklidir, zira orada (3.83)-(3.87)’iin scalar MAC’ta
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tiim durumlar igin yeterli oldugu kabul edilmigtir.

Bu noktada, (3.98a)-(3.99b) ve (3.101a)-(3.102b) nin pgi(s)’den bagimsiz oldugunu,

fakat bunlardan hangilerinin p](;j)(s) hesaplamasinda kullanilacaginin pgi (s)nun pozitif

olup olmamasina bagl oldugunu hatirlatmak isteriz. Benzer gekilde, p(UZi (s) degerleri p,(;) (s)’'nin
fonksiyonudur, boylelikle (3.98a)-(3.99b), (3.101a)-(3.102b) ve (3.107)-(3.110) denklem-
leri halen baglagiktir. Problemin digbukey yapisi ve kullanicilar arasi kosullarin i¢biikey
yapist sebebiyle, her seferde sadece bir kullanicinin gii¢ degerlerini giincelleyerek kul-

lanicilarin gliglerini hesaplayan bir dongiisel algoritma tasarlanabilir: pgz(s) ve pl)(s)

verildiginde pgi (s) ve pé?(s) degerlerini hesaplayabiliriz, kullanici 2 i¢in bu yeni degerleri
kullanarak kullanici 1’in gili¢ degerlerini yeniden hesaplayabiliriz. Boyle bir yaklagimla,
zor goziiken caglasik denklemlerden eniyi gii¢ degerlerini elde etmeyi basarabiliriz. On-
erdigimiz dongiisel algoritmanin, KKT kogullarini sagladigi i¢in eniyi ¢oziime yakinsadigini

kolayca gosterilebilir. Algoritmamiz agsagidaki sekilde 6zetlenebilir:

Bu algoritmanin belki de en 6énemli 6zelligi, kullanilan altkanal sayisindan bagimsiz
olarak, eniyi gii¢ tahsis yontemini bulmak i¢in, sadece altkanallara tahsis edilen giiclere
atanan ii¢ Lagrange carpaninin bulunmasinin yeterli olmasidir. Bu 6zellik, algoritmanin
karmagikligini ¢ok 6nemli 6lgiide azaltmaktadir ve subgradient algoritmasina gore c¢ok
daha pratik hale gelmesini saglamaktadir. Sonug olarak bu algoritma ¢ok daha kisa siirede

yakinsamaktadir.
3.4.3. Benzetim Sonuclari

Bu béliimde, gii¢ kontrolii kullanilan ve kullanilmayan altkanallararasi igbirlik¢i kod-
lama stratejisi icin, gii¢ kontrolii kullanilmayan altkanal igi igbirlik¢i kodlama, detaylar:
bir sonraki boliimde verilecek olan yari ¢ift yonlii igbirlik¢i kodlama ve igbirlik¢i olmayan
OFDMA i¢in erigebilir data hizlarinin benzetim sonuglar1 sunulacaktir. Ayn1 zamanda
tekrarlayan gii¢ tahsis algoritmasinin benzetim sonuclarinin, 6nceki boliimdeki analitik

sonuglar ile uyumlu oldugu da gosterilecektir.

3.4.3.1. Erigebilir Veri Hizlari. Bu boliimde, gii¢ kontrolii kullamilan altkanallararas: igbir-

lik¢i kodlama stratejisi igin erisilebilir veri hizlar1 bélgesini elde edip, bunu gii¢ kontrolii
kullanilmayan altkanallararas: igbirlik¢i kodlama stratejisi, altkanallarigi igbirlik¢i kod-
lama, yar1 ¢ift yonlii igbirlik¢i kodlama ve igbirlik¢i olmayan OFDMA i¢in erigebilir data
hizlar1 bolgesi (BAKIM & Kaya, 2010) ile kargilagtirilacaktir. Kanala uyarlamali olmayan
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Algorithm 1 Déngiisel Giig Tahsis Algoritmasi
for s =0:1do

while (3.76)-(3.77) saglanmaz do

while (3.78) saglanmaz do
pgz (s) > 0, Vi kabuliiyle, (3.98a)-(3.98b)’yi kullanarak p\”) (s)’yi hesapla (3.97)’ii
kullanarak pgi (s)’yi hesapla

if 3ss.t. p(U? (s) <0 then
pgz (s) = 0 ata ve (3.101a)-(3.101b)’yi kullanarak p@(s)’yi hesapla ve (3.97)"i
kullanarak pgi (s) hesapla

end if

A1’ glincelle

end while
while (3.79) saglanmaz do
pgg(s) > 0, Vi kabuliiyle, (3.99a)-(3.99b)’yi kullanarak pgg(s)’yi hesapla ve
(3.97)ti kullanarak p,(}i(s) hesapla
if 3 ss.t. pg(s) < 0 then
pgg (s) = 0 ata ve (3.102a)-(3.102b)’yi kullanarak pgg(s)’yi hesapla ve (3.97)’u
kullanarak pgi (s) hesapla
end if
A2’yi glincelle
end while
1’1 glincelle
end while

end for
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protokoller icin, kullanicilar yine de toplam giiclerini altkanallar ve kodsozciikleri iiz-
erinden tahsis edebilmekte ve erisilebilir veri hiz1 bolgeleri miimkiin olan tiim gii¢ tahsis
yontemleri {izerinden alinan digbiikey zarf ile belirlenmektedir. Bu altboliimde, anlik kanal
sontimlenme degerleri {izerinden uyarlamali gii¢ tahsisi sadece altkanallararasi igbirlikci
kodlama stratejisi i¢in subgradient algoritmasi1 araciligiyla elde edilmis, diger dort pro-
tokol i¢in gonderim sirasinda her altkanala ve kodsozciigiine atanan giiciin sabit kaldigi
diistintilmiigtiir. Her kullanicinin toplam giicii ve maruz kaldiklar1 Gauss giiriiltiisiiniin

standart sapmasi bir olarak alinmigtir. Benzetimlerde {i¢ altkanal kullanilmigtir.

Achievable Rate Regions for Cooperative vs Non—-Coop OFDMA w/o Power Control
0.6 T T I I
inter—subchannel coop, power contr
inter—subchannel coop, no power contr
------- intra—subchannel coop, no power contr
half-duplex coop, no power contr M
— — — no cooperation, no power contr

0.5

EIhI=EnDI=0.3,
0.4 ) ,
Elh=El?)=0.6,
E=E1=0.6,
E[h(llz)]zE[h(zll)]zo.Q,

@h—prh@h=
EnZ1=EP1=0.9,

@—g[h@=
EIhY=Eln=0.4.

0.6

Sekil 3.2. Rayleigh dagilimli séniimlemeli kanallar i¢in erisilebilir data hizi bolgeleri.

Erisilebilir data hizi bolgeleri bagimsiz Rayleigh dagilimli kanal soniimlenme deger-
leri igin tiretilmigtir ve ortalama kanal soniimleme degerleri, sonuglarla beraber Sekil 3.2

ve 3.3’te gosterilmigtir.

Sekil 3.2’de, gii¢ kontrolii kullanilan altkanallararasi igbirlik¢i kodlama stratejisi ile
gli¢ kontrolii kullanilmayan diger stratejilere gore, hem tek kullanici i¢in erigilebilir veri
hizlarinin hem de toplam erisilebilir veri hizlarinin ¢ok yiikseldigi goriilmektedir. Bunu, al-
tkanallararasi igbirlik¢i kodlama stratejisinin giigleri kod sozciiklerine atayabilmesine ilave

olarak, giiclerin bir de zamanda olusan ¢esitlilikten faydalanabilecek sekilde atanabilme-
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Achievable Rate Regions for Cooperative vs Non—-Coop OFDMA w/o Power Control

0.7
inter-subchannel coop, power contr
inter—subchannel coop, no power contr
------- intra—subchannel coop, no power contr
0.6 half-duplex coop, no power contr
— — — no cooperation, no power contr

0.5 EIhI=ES)1=0.6,
EIh=E(h1=0.6,
EI=Eh(=0.8,
ElhJI=Eh{)1=0.9,

@Bh_prnGh=
E=En1=0.9,

@=g[h@1=
EIhZI=EhP=0.6.

0.6 0.7

Sekil 3.3. Rayleigh dagiliml soniimlemeli kanallar i¢in erisilebilir data hizi bolgeleri.

sine baglamak miimkiindiir.

Sekil 3.3’te, Sekil 3.2’ye gore tiim {i¢ direk linkte de ortalama kanal degerlerinin
daha yiiksek oldugunu, kullanicilar arasi linklerde ise iki linkin daha yiiksek, kullanicilar
arasi bir linkte ortalama kanal degerlerinin esit oldugunu goriilmektedir. Sekil 3.3’teki

erigilebilir data hiz1 bolgesi, Sekil 3.2’ye gore daha yiiksektir.

3.4.3.2. Gii¢ Tahsisi. Bu boéliimde, en yiiksek toplam veri hizina ulagan gii¢ tahsisi, boliim

3.4.2’de anlatilan tekrarlayan algoritmay1 kullanarak elde edilecektir. Benzetim sonuglari,
bagimsiz ve eg dagilimli kanal degerleri i¢in iiretilmigtir, ortalama kanal degerleri sekillerde
gosterilmigtir. Rayleigh yerine es dagilimh kanal degerleri kullanmamizin sebebi, anlik
kanal degerlerinin benzetimlerde optimum gii¢ tahsis yontemi iizerindeki etkisini daha

rahat anlayabilmektir.

Her iki direk linkte fazlasiyla yikici olan soniimlenme varken (ortalama kanal deger-

leri en az iken), higbir kullaniciya hicbir giiciin tahsis edilmedigi sekil 3.4(a)-3.4(d)’de
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Sekil 3.4. s%) ve s%) en az (s%) = s%) = 0.025), sabit ve siirekli 3512) ve sgll)’den az iken,

gli¢ tahsisinin sonuglari.

Sekil 3.5(a)-3.5(d)’de, her iki direk linkin ortalama kanal degerleri en yiiksek (6r.
s%) = s%) = 0.25), sabit ve siirekli 5512) ve sgﬁ)’den az iken, gii¢c dagihminda igbirlikci
linklerin gii¢lerinin tek kullanicili su doldurma yontemi ile olusturuldugu goriilmektedir,
bu da igbirlik¢i linklerin giiglerinin su doldurma yontemi ile ¢oziilebilecegine igaret eden

(3.98a) ve (3.99a) ile uyumludur.

Sekil 3.6(a)-3.6(d)’de, igbirligi sinyali U’ya ayrilan giicler pozitifken pis ve po; igin
yine tek kullanicili su doldurma ¢oziimii gozlemlenmesine kargin, U’ya ayrilan giigler sifira
esit oldugunda birlikte su doldurma tipi bir ¢éziim goézlemlenmektedir. Bu bélgelerde,
kullanicilardan birinden digerine olan kanal iyilestikge, bu kullanici kanala daha fazla
glic koymakta, ancak diger kullanicinin da kanali iyilesirse, bu kez kullanicilar kanala

biribirlerinin gii¢ degerlerinden kacinacak sekilde erismete baglamaktadir.

Sekil 3.7(a)-3.7(d)’de ilging bir sonug goriilmektedir: sglz) ve sgll)’in ortalama kanal

degerleri esit olmasina ragmen, pgll)’e s%) > s%) oldugundan daha cok gii¢ tahsis edildigi

agiktir. Bunun sebebi, kullanicilarin biribirlerine bilgi gondermek i¢in kullandiklar: giig-
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ps)

028 026 026

ps)

(1)

(c) Giig degerleri, p;q (d) Giig degerleri, p(Ulz)

Sekil 3.5. s%) ve s%) en yliksek (s%) = s%) = 0.25), sabit ve siirekli 5512) ve sgll)’den az

iken, gii¢ tahsisinin sonugclari.

lerin, aynm1 zamanda alici tarafindan da kullaniliyor olmasi, ve ele alinan bu kanal du-
rumunun kullanicr ikinin alicadaki toplam veri hizini artirmak i¢in daha iyi bir secenek

sunmasidir. Bu kesitte, sadece s§12) en yiiksek oldugu durumda, ¢ok az bir gii¢ pglz)’e tah-

sis edilmekte, onun diginda tim giig pgll)’e tek kullanicili su doldurma yontemi ile tahsis
edilmektedir. Burada bir diger onemli gozlem, isbirligi sinyanli U’ya hi¢ gii¢ ayirilma-
masidir: zira, direk linklerden birinin iyi olmasi igbirliginden faydalanmak igin yeterli
degildir, evreuyum kazanci i¢in her iki linkin de iyi oldugu durumu beklemek ¢ok daha
avantajlidir. Bu durum, bu kez kullanicilararasi linklerin sabitlenip, direk linklerin degisken

alindigy Sekiller 3.8(a)-3.8(d) ve 3.9(a)-3.9(d)’de daha iyi gozlemlenmektedir.

Sonug olarak, bu is paketi kapsaminda, subgradient algoritmasi ile erisilebilir veri
hiz1 bolgesinin tiim noktalarina ulagan gii¢ tahsisi bulunmus, ayni zamanda analitik olarak
da, veri hiz1 bolgesini eniyileyen dongiisel bir algoritma geligtirilmistir. Dongiisel algoritma
altkanal sayisindan bagimsiz olarak yalnizca 6 Lagrange carpani iizerinden bir tarama
gerektirdiginden, karmasiklik olarak cok iistiindiir. Gii¢ kontrolii altkanallar arasi igbir-
lik¢i kodlama gibi her alt kanalda her kullanic1 tarafindan her tiir génderime bagtan izin
veren en genel durumda gergeklegtirilmistir, buna ragmen kanal durumuna baglh olarak,

baz1 kodsozciiklerine giic atanmamasi gerektigi eniyileme sonucunda ortaya ¢ikmistir. Bu
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(c) Giig degerleri, p;;{ (d) Giig degerleri, p(L}%

Sekil 3.6. s%) = s%) = 0.15, sabit ve siirekli 3512) ve sgll)’den az iken, gii¢ tahsisinin

sonuclari.

nedenle, en iyi gii¢ dagilimi, ayn1 zamanda igbirligi iglevleri i¢in en iyi altkanal atamasini
da dikte etmektedir, bu da elde edilen sonuclarin etkinligini artirmaktadir. Bu béliimiin
sonuglar1 IEEE Globecom 2011 konferansinda sunulmak {izere kabul edilmis (BAKIM &
Kaya, 2011b), ve IEEE Transactions on Wireless Communications dergisine gonderilmek

tizere hazirlanmig olan bir makalede de raporlanmigtir (BAKIM & Kaya, 2011c).

Bir sonraki béliimde, altkanallarin kullanicilara bastan atandigi, ve bu atamanin
anlik degisemedigi durumlarda, daha pratik yari1 ¢ift yonlii iletisim protokolleri ile er-

isilebilecek veri hizlar1 irdelenecektir.

3.5. Is Paketi 2.4:Sabit alt-tasiyic1 tahsisi kullanan isbirlikci OFDMA sistemi

icin gii¢ kontrolii, alt-tasiyic1 ve gii¢lerin birlikte eniyilenmesi.

Bu i paketi kapsaminda, bulugsal bir yari ¢ift zamanl bir génderim stratejisi
geligtirilmistir. Onerdigimiz altkanallar arasi igbirligi protokoliinden tiiretilen, yari cift
zamanl igbirligi protokoliiniin erisilebilir veri hizi bolgesi elde edilmisg, altkanallar arasi
igbirligine bagl olarak ispati yapilmig, benzetim caligmalar1 gerceklestirilmigtir. Burada

sonuclarimizi soyle ozetleyebiliriz:
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(c) Giig degerleri, pgf (d) Giig degerleri, p(Ulz)

Sekil 3.7. s%) = 0.125, s%) = 0.175, sabit ve stirekli s%) ve sgll)’den az iken, gii¢ tahsisinin

sonuglari.

Sistemdeki altkanallarin ii¢ ayrik kiimeye béliindiigiinii varsayalim, drnegin, Z =
{1,...,N} = {Z1,7Z,,Z5}. Altkanallar ¢ € Z; iizerinde, kullanici 1 gonderirken kullanici
2 ve alici dinlesin, altkanallar ¢ € Z, iizerinde, kullanici 2 gonderirken kullanici 1 ve
alic1 dinlesin; altkanallar ¢ € Z3 {izerinde ise, her iki kullanici, evreuyum kazanci sagla-
mak amaciyla bir arada génderirken, yalnizca alict dinlesin. Kodlamanin altkanallar aras
yapildigini varsayalim. Bu sayede, bir 6nceki blokta alinan mesajlar bir sonraki blokta
tekrar altkanallara dagitilarak daha esnek bir veri hiz1 gélgesine erisilebilir. Bu durumda,

erigilebilir veri hiz1 bolgesi agsagidaki gibi bulunur:

Theorem 1. (BAKIM & Kaya, 2011a) Yari ¢ift zamanly igbirlik¢i kodlama uygulayan bir
ki kullanicaly isbirliket OFDMA kanal i¢in bir erisilebilir veri hizi bélgesi, asagidakt kisit-

lary saglayan tim veri ikilileri (Ry, Ry) 'nin disbiikey zarfinin alinmase ile elde edilebilir.

i (4), (4) i o
me Yulo( ) e 3 e ()] 111
ier, L \suepiot1l/]  cimm
_ sopst | (W), (i)
Ry < ZE C RONOIR + Z E [C (320]72 )] , (3112)
et L \Sabo 1/ ] icizizn
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(a) Giig degerleri, pglz) (b) Giig degerleri, pgll

07
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0.2
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a )

(c¢) Giig degerleri, p( ) (d) Giig degerleri, py;
Sekil 3.8. 3512) ve sél) en az (i.e. s§2) = sél) = 0.26), sabit ve siirekli s§0 and s%)’den

yiiksek iken, gii¢ tahsisinin sonuglari.

o< i o (s 42000 )|

i€Z3

+ZE[ ( (plo + Pl )] ZE[ (320 pQ())“‘Pé?))],

i€y

(@, (@)
ZE ( 812])712 ) + C( 10 18)
i€y 2p1o +1
+ Z E 21p21 +C (321(229210))
i€, 21 20 + 1

+ZE[ < p10+820p20)>]} (3.113)

i€Z3

Kamit. Dikkat edilmelidir ki, 6nerilen yar ¢ift zamanh strateji, altkanallar arasi igbirliginin

0zel bir durumundan ibarettir: yalmzca giicleri ¢ € Z; icin pgo) = pgl) = pgz = ngi =0

i € Iy igin p§2 = p§2 = pgi = pgi =0ve: € ZI3i¢in p%) = pg? = 0 olarak se¢mek yeterlidir.

Bu gii¢ degerlerini altkanallar arasi igbirligi i¢in elde edilen erisilebilir veri hiz1 ifadelerine

yerlegtirdigimizde, (BAKIM & Kaya, 2011a, Theorem 2), istenilen sonuca ulagiriz. O
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(a) Giig degerleri, pglz (b) Giig degerleri, pgll

(c) Giig degerleri, p;q (d) Giig degerleri, p(Ulz)

(1)

Sekil 3.9. s%) ve sg) en yiiksek (i.e. s%) = sgll) = 0.35), sabit ve stirekli s%) and s%)’den

yiiksek iken, gii¢ tahsisinin sonuclari.

Yukaridaki erisilebilir veri hiz1 bélgelerine ait benzetimler, gii¢ kontrolii sonuclarini
tartigtigimiz Boliim 3.4’te verilen Sekiller 3.2 ve 3.3’te gosterilmektedir. Bunlarin her ik-
isinde de, bu is paketinin hedefi olan sabit bulugsal kanal atamasi basit bir ii¢ altkanall
sistem i¢in yapilmig olup, ilk altkanal kullanici 1’in gonderimi, ikinci alt kanal kullanici
2'nin gonderimi, ii¢iincli altkanal ise aliciya ortak gonderim i¢in atanmistir. Bu atama
tesadiifi bir bigimde degil, altkanallarin dagilimina bakilarak, kullanicilarin igbirliginden en
cok fayda saglayabilecekleri sekilde yapilmustir. Ornegin Sekil 3.2’deki kanal dagiliminda,
tigiincii altkanalin ortalama soniimlenme kazanci en yiiksekken, kullanicilararasi sontim-
lenme kazanci de en diisiiktiir, bu durumda ti¢iincii altkanalin yari ¢ift zamanl bir senary-
oda igbirligine ayirilmes: gerektigi agiktir. Ancak, Sekil 3.2’deki sonuglara bakildiginda, bu
yaklagimla dahi yar1 ¢ift zamanl teknigin ¢ok fazla kayba yol actigi goriilmektedir, zira
kullanici alici kanallarinin kalitesi, kullanicilararas: kanallarda olusturulan ortak bilgiyi
desteklemek icin yeterli olmamaktadir. Gii¢ kontrolii ya da ¢ift zamanl operasyon c¢ok
daha fazla esneklik saglamaktadir. Ote yandan, kullanici alici linklerinin daha kuvvetli

oldugu Sekil 3.2’de, yar ¢ift zamanli igbirliginin daha iyi sonug verdigi de gozlemlenmigtir.

Bu béliimiin sonuglar: da, IEEE Transactions on Wireless Communications dergisine
kabul edilen makalemizde (BAKIM & Kaya, 2011a) raporlanmigtir.
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3.6. I§ Paketi 2.5: Cok kullanicili sistemlerde igbirlik¢i ortak secimi

Kablosuz iletigim sistemlerinde, kullanicilarin veri hizlari, biiyiik 6l¢iide kanal kogullarina
baghdir. Her kullanicinin kanal kosulu, diger kullanicilardan bagimsiz olarak degiskenlik
gostermektedir. Dolayisi ile, 6nceki béliimlerde goriildiigii gibi, bir kullanicinin anlik kanal
durumu koti olsa bile, igbirligi icindeki partnerinin kanali sayesinde, veri hizini artira-
bilmektedir. Ancak hareket, ve yer durumuna gore, igbirliginden en iyi sonucu alabilmek

i¢in, partner sec¢imi kritik bir rol iistlenmektedir.

Partner se¢imi konusunda, literatiirde farkli yaklagimlarla baz aragtirmalar yapilmigtir.

SNR seviyesine gore egik degeri kullanan bir partner se¢im yontemi sunulan (LIN et al.,
2006) makalesinde, veri hata olasihgimin diigiirtilmesi amaglanmigtir. Bir diger ¢ahigsmada
(MAHINTAN et al., 2008) ise, kullanicilarin sadece lokasyon bilgilerine bakarak, yiikselt-
ilet politikasi uygulanan bir igbirligi senaryosunda, en biiyiik agirlikli eglegtirme (Maxi-
mum Weighted Matching, bundan sonra MWM) algoritmasi kullanilarak en iyi partner
secimi yapilmaya ve toplam iletim giicii diisiiriilmeye calisilmistir. Ote yandan, OFDMA
sistemleri i¢in kaynak tahsisi konusunda, giris boliimiinde de anlatildigi gibi ¢ok sayida
caligma olmasina kargin, partner se¢imi hakkinda ¢aligmalar ise az sayida ¢aligma bulun-
maktadir. Bunlardan bir tanesi, yiikselt-ilet metodu kullanilan yari tam zamanli igbir-
ligi senaryosunda, toplam iletigim giictinii diigiirmeye yoneliktir (HAN et al., 2005). Bir
bagka c¢alismada ise, partner se¢imi sorununa, oyun kurami agisindan ¢oziim bulunmaya
calisilmigtir (MUKHERJEE & Kwon, 2010).

Bu ig paketinde, OFDMA sayesinde olusan frekans cesitliligi ile ¢oklu kullanici igbir-
ligi sayesinde olugan uzaysal gesitlilikten faydalanmp, (BAKIM & Kaya, 2011b) makalesinde
sunulan gii¢ tahsisi yontemi ile partner se¢iminin ortak aniyilenmesi ile sistemin toplam
veri hizini enbiiytikleyen algoritmalar geligtirilmistir. Calisma temel olarak, kullanic1 gift-
lerinin gonderilerinin OFDMA sayesinde birbirinden etkilenmeyecegi ve ¢iftlerin vari hi-
zlarimin birbirinden bagimsiz olarak bulunabilecegi prensibine dayanmaktadir. Cok kul-
lanicili sistemlerde, her bir ¢iftin veri hizlar1 bulunup, bir ¢izge haline getirilmis ve bu
cizge lizerinde MWM algoritmasinin kullanilmas: ile toplam veri hizi agisindan en iyi
partner c¢iftleri bulunmustur. Ancak yapilan ¢aligmada, partner se¢iminin biiylik oranda
kullanicilarin lokasyonlarina dayali oldugu gozlemlenmis, ve buna gore, sadece kullanici

lokasyonuna bagl daha basit ve yiiksek verimlilikli algoritmalar iiretilmistir.
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3.6.1. Sistem Modeli

Kullanicilarin eglestirilmesi probleminin tanimlanabilmesi i¢in, daha 6nce sundugu-
muz genel sistem modeline, kullanicilar arasi uzakliklari, ve ikiden fazla kullaniciy1 dahil
edecek sekilde modifikasyonlar yapilmasi gereklidir. Bu nedenle, bu boliimde sistem mod-
elini bagtan tanimliyoruz, ve kullanilan indisler ve degiskenleri de anlatimin sadeligi agisin-

dan yeniden atiyoruz.

Sistemde, N kullanic1 vardir. ¢ € {1,..., N}, j € {1,..., N} ve i # j olmak iizere,
her bir igbirlikci {4, j} ¢iftine , M adet birbirine dik alt-kanal S;; C {1,..., NM/2} tahsis
edilmigtir. Sistemdeki tiim kanallar ayni gsekilde modellenmistir. Sistemde, kullanicilarin

alt-kanal tahsisi bir kereye mahsus olup, degistirilmesi miimkiin degildir.

Her igbirlik¢i {3, j} ¢iftine dahil olan ¢ ve j kullamicilari, ve alict (0 indeksi ile gos-

terilmigtir) i¢in alinan sinyaller agagida verilmistir.

Vi = hde X 4 N, (3.114)

Y; = \/hPd X+ N, (3.115)
Yo = \/hig dit X7 + [ hg)ds X1 + NG, (3.116)

Esitlik (3.114)-(3.116)’de, giiriilti terimleri Ni(s), N;S) ve Nés), bagimsiz sifir orta-

2 2
lamali beyaz gauss giiriiltiisii olarak modellenmistir ve varyanslari sirasiyla 058) , ol ,

058)2 olarak gosterilir. Xi(s) ve X j(s) terimleri, sirasiyla ¢ ve 5 kullanicilarin yolladigi mésaj
sinyalleridir. Sistemde, alt-kanallarin birbirinden bagimsiz ve 6zdes Rayleigh soniimlenme-
sine maruz kaldig1 varsayilmistir. Dolayist ile de hl(j , hgf , h; 0) ve h carpanlari bagimsiz
Ozdes tistel rastgele degiskenlerdir. Sistemimizde, tiim kullanicilarin ve alicinin tiim kanal
bilgisine (h) sahip oldugu varsayilmaktadir. d;;, d;o ve d;o sembolleri, sirasiyla kullanicy
7’den kullanic1 5’ye, kullanici 7’den aliciya ve kullanici j’den aliciya olan uzakliklar: goster-

mektedir. « ise, uzaklik dolayisiyla yol kayb1 katsayisin1 gostermektedir.

Isbirliginde karsilikli yarar goriilen bir sistem uygulanmaktadir. Diger bir deyisle,
igbirligindeki kullanic1 giftlerinden birisi, digerinin mesajin1 (BAKIM & Kaya, 2010) makalesinde

onerilen sistemdeki gibi ¢oziip aliciya yollar. Dahasi, her bir kullanici, kanal durumu bilgi-
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sine gore (BAKIM & Kaya, 2011b) makalesinde énerildigi gibi igbirligindeki ¢iftlerin veri
hizini en iyileyecek sekilde gii¢ kontroli uygular.

X =\ )X +4/p () XS+ /pf) () U, (3.117)
X = /Pl () X5 +1/p8 () XD+ /) ()T, (3.118)

Esitlik 3.117’teki XZ-(S )X Jf ) ve U® terimleri, sirasiyla aliciyla direkt iletisim, ortak mesaj
olugsumu ve igbirligi i¢in kullanilmakadir. pl(s)(h), pgj) (h) ve p&)(h) degigkenleri, ¢arpani
oldugu her bir mesaj pargasinin kanal durumuna gore belirlenen giiclerini gostermektedir.
Aymi tanmimlar, kullanici j icin de gegerlidir. Her iki igbirlik¢i kullanici da, verilen ortalama

gli¢ kisitlarina uymak zorundadir.

> E [Pz )+pi; (h) } ZE[ } < Di, (3.119)
€855 s€8S;;
ZE |:p30 +p]z ( } ZE [ i| <p (3.120)
s€5i; €84

Kullanicilar arasi ve kullanici-alict arasi uzaklhiga bagh gii¢ kaybi yiiziinden, (BAKIM &
Kaya, 2011b) makalesindeki ulagilabilir veri hizi alani denklemi genellegtirilmistir ve bu

veri iz kisit1 esitlik (3.121)’te verilmistir.

R; + R; < min ZE

s€S;;

2\/h10 anth 50 p“z (h)puj)(h)
(S)

B g
ZE lOg 1+ 1] ijU() -
5€54; h(‘s")d‘i‘apz('g)(h) + ‘7]('5)

h d]’b p]z (h)

log (1 + hl(o)dloapf)(h) + hyo)djoapés)(h)
O'(S)
0

+log | 1+ = o7
hji d;iapjo (h) + 0;
hiy diply) () + bl dzpy) (b
+> " E|log <1+ o %P | )(8)230 30 20 () (3.121)
€S8 O0p

Giiglerin ve partner se¢iminin birlikte eniyilendigi duruma ge¢meden 6nce, bir 6n
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calisma olarak giiglerin génderi boyunca gilincellenmedigi durumda igbirlik¢i ortak segi-

minin nasil yapilabilecegini irdeliyecegiz.
3.6.2. 1-B Dogrusal Dizilimde En Iyi Ortak Secimi

Bu boliimde sunacagimiz calismalar, giic dagilimi kanal durumuna baglh olmadan
kaba kuvvet yontemi ile bulundugundan, en iyi partner se¢imi problemine basit bir ilk

yaklagim olarak goriilebilir.

Tek boyut iizerinde yapilan benzetim galigmalarinda ilk amag, kullanicilarin ve kul-
lanicilarin aliciya yakinliklarinin igbirlikci ortak se¢imini ne gekilde etkiledigi, eniyilenmis
veri hizina ulagirken nasil ¢iftler olusturmasi gerektigini anlamaktir. Bu benzetim c¢alig-
masinda, kullanicilar alici ile bir dogru cizecek sekilde farkh uzakliklara dizilmistir. Bu

calisamada iki farkli durum ele alinmigtir.
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Sekil 3.10. 4 kullanicili, dogrusal dizilimli OFDMA sistemi.

Ik calismada kullanicilarin aliciya 0-100 metre arasinda diizgiin dagilmli olarak

yerlestirildigi durumlar ele alinmigtir.

Kullanicilar sistematik olarak 10 ve 100 metre arasinda 10’ar metrelik degisiklik-
lerle tiim kombinasyonlar geklinde dizilmigtir ve buna gore sonuglar alinmigtir. Uzaklik
arttikca kanal durumu da gii¢ kayibi dolayisi ile kotiilestiginden, uzak kullanicilarin igbir-
ligi kazanclarimin diistiigii ve dolayisiyla yakin kullanicilarin ¢ift olusturmasimin isbirligi

acisindan daha yiiksek verim verdigi ortaya c¢ikmistir. Ancak bu durumda uzaktaki kul-
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lanicilar ile yakindakilerin veri hizlar1 arasinda ¢ok biiyiik bir fark olmaktadir. Alternatif
olarak adillik algoritmalar1 eklenerek ciftlerin veri hizlarinin birbirine yakin olmasi, ve
uzaktakilerin daha yiiksek veri hizlarina erigebilecekleri durumlar elde edilebilir, ya da
performans o6l¢iitii olarak toplam veri hizi yerine kullanici bazli servis kalitesinin kullanil-

mas1 diigiiniilebilir.

Ikinci calismada kullamicilar, aliciya uzak bir mesafeden baglayarak belirli aralik-
larla dizilerek benzetim yapilmigtir. En yakin kullanici, aliciya 500 metre uzaklikta olup,
takip eden kullanicilar arasina da en az 50 metre gelecek bigimde 1000 metreye kadar
dogru tizerinde farkli noktalara yerlestirilmistir, ¢cok sayida olasi konum dagilimi i¢in ben-
zetimler yinelenmistir. Isbirlikci stratejilerin hedeflerinden birisi de hiicrelerin kapsama
sinirina yakin olan kullanicilarin veri hizini en iyilemek oldugundan ve birbirine yakin
kullanicilarin igbirligi yapmasi daha dogal olacagindan, bu senaryo daha uygun olmak-
tadir. Bu senaryoda, istisnasiz bir bicimde en yakin kullanicilar ile en uzak kullanicilar
kendi aralarinda ciftler olusturmaktadir.Kullanicilar arasi uzaklik ne kadar az ise, igbir-
liginden olusan kazang da o kadar ¢cok oldugundan ve buna ek olarak aliciya yakin olan kul-
lanicilarin veri hizlari, uzaktakilere kiyasla daha yiiksek olacagindan, igbirligi kazancinin
da bu oranda daha fazla olmasi beklenmektedir ve en iyi toplam veri hiz1 i¢in bu kul-

lanicilarin igbirliginde olmalar1 daha mantikli olmaktadir.

Her iki tek boyutlu senaryoda da gii¢ kontrolii stratejileri kullanimi gerektigi ben-
zetim sonuglarindan anlagilmaktadir. Kullanicilarin igbirligi i¢in ne kadar gii¢ ayiracagi
ve hangi kanallardan bunu yapacagi, kullanicilar arasi mesafeye bagh olarak degismekte-
dir. Tek boyutlu benzetimde, kullanicilar arasi uzaklik degistikge, aliciya olan uzaklik da
degistiginden, bu degigkenlerin ne kadar oranla toplam veri hizinmi etkiledikleri tam olarak

anlagillamamaktadir.

3.6.3. 2-B Diizlemde En Iyi Ortak Secimi

Gergek hayatta alicilar 3 boyutlu bir ¢cevrede kullanicilar: desteklese de, sehir ici du-
rumlarda genel olarak yiikseklik boyutunu gézardi ederek gercege yaklasik sonuglar: daha
az karmagiklikla elde etmek miimkiin olabilmektedir. Iki boyutlu senaryoda bu yaklasim
kullanilmigtir. Ayrica 1 boyutlu ¢aligmalardan farkli olarak, kullanicilarin birbirlerine uza-

kliklarinin aliciya uzakliklarindan bagimsiz olmasi béylelikle saglanabilmektedir.
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3.6.3.1. Kanal Durumundan Bagimsiz Kaba Kuvvetle Gii¢ Kontolii. Caligmanin bu kis-

minda 4 kullanicili basit bir sistemde, kullanici ¢iftlerinin nasil segilmesi gerektigi an-
lagilmaya c¢alisilmigtir. Ancak burada, gii¢ kontroliiniin kaba kuvvet yontemi yiiziinden
yeterli olmamasi, ve dolayisiyla veri hiz1 hesaplarinin gercege yeterince yaklagmadigl goz
oniine alindiginda, sadece genel bir fikir elde edebilmek miimkiin olmaktadir. Bir son-
raki béliimde de goriilecegi iizere, bu benzetimde elde edilen sonuclarda hatalar olabildigi

anlagilmaktadir.

4 kullanicili basit bir sistemde, kullanicilar 2 farkli cember {izerine, her bir cembere
2 kullanic1 diisecek gekilde dizilmislerdir. Digtaki cemberin ¢ap1 kademeli olarak artirilarak

farkli durumlarda nasil etkilegsim olusturdugu analiz edilmistir.

Kullan1014, = = ~} . _Kullanic1 3
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Sekil 3.11. 2-B diizlemde igbirlik¢i ortak se¢imi.

Icteki cemberin yaricapr 500 metre almmis, distaki cemberdeki kullanicilar da bu
kullanicilara gore degisken uzakliklarda olacak sekilde yerlestirilmiglerdir. I¢ cemberdeki
kullanicilarin birbirlerine olan uzakliklar1 100 metrede sabitlenmis ve diger kullanicilara

olan uzakliklar1 en az 20 metre, en fazla 160 metre olacak sekilde sec¢ilmistir.

Benzetim ¢aligmasinin analizinde, biribirlerine yakin olan kullanicilarin bir ¢ift olug-
turmast durumunda en iyi veri hiz1 elde edildigi gortilmektedir. Dig cemberdeki kullanicilar
ile (Or. Kullanic1 4), ona en yakin i¢ cemberdeki kullanicilar (Or. Kullanic1 1) arasmdaki
mesafe, i¢ cemberdeki kullanicilar arasindaki mesafeden kiiciik oluyorsa, toplam kazancg,
digtaki ve igteki kullaniclar arasindaki igbirligi sayesinde en iyilenmektedir. Diger du-
rumda ise, i¢ cemberdeki kullanicilarin kendi aralarinda, dig gemberdekilerin de kendi ar-
alarinda igbirligi yapmalar1 en iyi veri hizin1 saglamaktadir. Ayrica kullanicilarin igbirligi
yapmamasi durumunda nasil bir fark olacagini gérmek amaciyla, sadece aliciyla iletisim

gerceklegtirilen benzetimler de yapilmigtir.
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XY

1. Kullanic1 | -50 | 497
2. Kullanic1 | 50 | 497
3. Kullanic1 | 50 | 597
4. Kullanic1 | -50 | 597

Alic 0 0
Tablo 3.1. Kullanict Koordinatlar:

Okunabilirlik agisindan, en iyi veri hizina ulagan ¢iftlerin kargilagtirilmasi i¢in yapilan
benzetim sonuglarindan yalnizca biri detayli olarak irdelenecektir. Tablo 3.1 icierisinde
kullanicilarin koordinatlar1 verilmig olup, Tablo 3.2, bu koordinatlar i¢in veri hizlarinin
kiyaslamasini igermektedir. Tablo 3.3 ise en iyi gruplama igin gii¢ dagiliminin isbirligi
sinyalleri lizerine nasil yapilmasi gerektigini gostermektedir. Bu ve diger benzetim c¢alig-
malarinin sonuglarindaki gii¢ dagilimindan anlagilan, kullanicilarin giiclerini olabildigince
igbirligi (U) i¢in harcamalar gerektigidir. Biri dig gemberde digeri i¢ gemberde ift olustu-
ran kullanicilarin igbirligi yaptigi durumlarda, uzak kullanicinin diger kullaniciyla iletigim
icin biraz gili¢ ayirmasi ve kalan giiciinii isbirligine ayirmasi, yakin kullanicinin ise tiim
giiciinii igbirligine ayirmasi en iyi sonucu vermistir. Icteki kullanicilar kendi aralarinda, dis-
taki kullanicilar kendi aralarinda igbirligi yaptig1 senaryoda ise, tiim kullanicilarin igbirligi

yaptig ¢ifte gerekli miktarda gii¢ yollayip, kalani da igbirligine ayirmas: gerektigi gézlem-

lenmistir.

Gruplama || Isbirlikli Veri Hiz1 | Isbirliksiz Veri Hiz

1-2 / 3-4* 1.267006 x 107! 7.430296 x 1072

1-3 / 24 1.228830 x 107! 7.430296 x 1072

1-4 / 2-3 1.259695 x 1071 7.430296 x 102

Tablo 3.2. 2B Benzetim Sonuglar1 (R=500)

Kullanici 1’den | Kullanici 2’den | Kullanici 3’ten | Kullanic1 4’ten
Kullanici 1'e - 0.1 - -
Kullanic1 2’ye 0.1 - - -
Kullanict 3’e - - - 0.1
Kullanic1 4’e - - 0.1 -
Alcr (Direkt) 0 0 0 0
Isbirligi (U) 0.9 0.9 0.9 0.9

Tablo 3.3. En Iyi Gruplama(1-2 / 3-4) Gii¢ Dagilim Tablosu

Diger bir benzetim senaryosunda, i¢ gemberdeki kullanicilar arasi uzaklik 500 metre

alinmig ve dig ¢cemberdeki kullanicilar, bu kullanicilara 100m’den 600m’ye kadar uzak
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XY
1. Kullanic | -250 | 433
2. Kullanic1 | 250 | 433
3. Kullanic1 | 250 | 933
4. Kullanici | -250 | 933
Alic1 0 0

Tablo 3.4. Kullanict Koordinatlar:

olacak gekillerde benzetimler yapilmistir. Bu benzetim sonucunda hep, dis gemberdeki bir
kullanici ile ona en yakin i¢ ¢cemberdeki kullanicinin olugturdugu cift stratejisinin veri
hizini en iyiledigi ortaya ¢ikmaktadir. Digtaki kullanicilar uzaklagtikca, ¢iftlerin igbirligi
(U) giiciinii azaltmak zorunda kaldigi, ve bu kazanc diger denklemde dengeleyebilmek
i¢in, birbirleri arasindaki iletisime fazlaca gii¢ ayirmak zorunda olduklar1 gézlemlenmistir.
Bu da bize kullanicilarin uzaklagtik¢a, igbirliginden elde edilen kazancin azaldigini ve
belli bir seviyeden sonra hi¢ kalmadigimi gostermektedir. Bu durumda kullanic1 ¢iftleri
olusturulurken, kullanicilar arasi1 mesafenin kisaligi, isbirligi yapilabilmesini etkileyen en

onemli faktor oldugu anlagilmaktadir.

Gruplama | Isbirlikli Veri Hiz1 | Isbirliksiz Veri Hiz1
1-2 / 34 5.956193 x 102 5.516840 x 102
1-3 / 2-4 5.786345 x 1072 5.516840 x 1072
1-4 / 2-3* 6.332284 x 1072 5.516840 x 1072

Tablo 3.5. 2B Benzetim Sonuglar1 (R=500)

Kullanic1 4’ten

Kullanici 1’e - - - 0.8
Kullanic1 2’ye - - 0.8 -
Kullanic1 3’e - 0.7 - -
Kullanici 4’e 0.7 - - -
Al (Direkt) 0 0 0 0
Isbirligi (U) 0.3 0.3 0.2

Tablo 3.6. En Iyi Gruplama(1-4 / 2-3) Gii¢ Dagilim Tablosu

Kullanic: 1’den | Kullanic: 2’den | Kullanic: 3’ten

Gii¢ dagilmimin kaba kuvvet yontemi ile yapildigi ilk benzetim caligmalarinda,
aliciya yakin kullanicilarin bir ¢ift, uzak olanlarin da diger bir ¢ift olmasinin gerek-
tigi goriilmiigtiir. Bir sonraki boliimde anlatilacak olan, kanal durumuna bagh gii¢ kul-
lanim1 algoritmasindan sonra yapilan benzetmelerde, aliciya gore bir yakin kullanici ile
bir uzak kullanicinin ¢ift olmasinin, sistemin toplam veri hizi agisindan daha iyi oldugu

goriilmiistiir. Bu benzetim caligmalar1 arasindaki farkin sebebi, kaba kuvet senaryosunda
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kullanicilarin igbirligine ayiracaklar: giicii tam gerektigi kadar ayarlayamamalari ve buna
gore de giiclerinin bir kisminin verimsiz kullanilmasidir. En son dénemde yapilan ve ra-
porda ilerideki boliimlerde anlatilacak N kullanicili caligmalar da, ilk ¢alisgmanin dogruyu

yansitmadigini kanitlar niteliktedir.

3.6.3.2. Kanal Durumuna Gére Gii¢ Kontrollii Benzetim. Bu benzetim ¢aligmalarinin bir
kisminda, bir 6nceki boliimde anlatilan 4 kullanicili sistem yeniden olugturulmus ve ben-
zetim sonuclar: elde edilmigtir. Benzetim sisteminde icteki cemberin yaricapt 500 metre
alinmig, digtaki ¢emberdeki kullanicilar da bu kullanicilara gore degisken uzakliklarda
olacak gekilde yerlestirilmislerdir. I¢ cemberdeki kullanicilarin birbirlerine olan uzakliklar:
100 metrede sabitlenmis ve diger kullanicilara olan uzakliklar: en az 20 metre, en fazla

200 metre olacak gekilde secilmigtir.

Bu calismadan anlagilan, kullanici ¢iftlerinden birinin bile aliciya yakin olmasi du-
rumunda, igbirliginin kazancinin 6nemli 6l¢lide artmasidir. Yakindaki kullanicilarin olus-
turdugu cift, en fazla veri hizina ulagsa da, uzaktakilerin veri hizinin ¢ok diisiik kalmasi
nedeniyle, sistemin toplam kazanci diigiik kalmaktadir. Bu yiizden, daha sonraki 20 kul-
lanicili caligmalarda da goriilecegi iizere, tiim kullanici ¢iftlerinin iyi bir veri hizina sahip
olmalarinin, sistemde ¢ok yiiksek veri hizina sahip birka¢ kullanici ¢ifti ve oldukca diigiik

veri hizina sahip kullanici giftleri olarak ayirmanin yanlhs oldugu goriilmektedir.

N Kullamicily Sistem. Bu ¢alismada, kullanici sayisindan bagimsiz olarak bir ¢oziim

aranmig, ve sonu¢ benzetimlerle denenmigtir.

Kullanici kiimesi 1, . . ., N olan bir sistemde, I" kiimesini, ¢izgedeki tiim kullanicilarin
ayni anda ikigerli bir sekilde eslesme kombinasyonlar: olarak tanimlarsak, bu kiimenin

eleman sayisi esitlik 3.123’deki gibi bulunur.

N/2
L= H —2n+1). (3.123)
[';, I' kiimesindeki [ indeksini tagiyan 2 kullanicili eglesme olsun, ve [ € 1,...,L

olacak gekilde tanimlayalim. p(h) vektoriini, tiim kullanicilarin gﬁglerini i(;eren degigken

olarak tanimlayalim, ve bu vektér tiim negatif olmayan p{ )(h) pgj)(h) pU (h) Vs, Vi, j €

i0
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{1,..., N}, Vh degerlerini igersin. Boylece, veri iz en iyileme problemini gyle yazabiliriz:
max > Ri+R (3.124)
p(h)  {i.jrel
st Y B |p (W) +pl (0)+p) ()| < i VHiig} e T (3.125)
SESij
R; + R; satisty (3.121), V{i,j} €I. (3.126)

Gii¢ kontolii yapilmasinin asil amag fonksiyonu olan toplam veri hizlari, partner se¢imine
bagh olup, partner se¢imi de veri hizlarima bagh oldugundan, esitlik 3.124, coziilmesi
oldukca zor bir problem olarak goriilmektedir. Dolayisiyla, daha fazla ilerlemeden 6nce,
sekil 3.6.3.2°de bir 6rnek vererek 4 kullanicili basit bir sistem {izerinden ¢oziim yolunu
anlatmak daha uygun olacaktir. Sekil 3.6.3.2, igbirligi ve direk iletigim i¢in kullanilan tiim
kanallar1 gostermektedir. Burada, egitlik 3.123 ¢oziimiinde, N = 4 alinarak sadece 3 farkli
2 kullamcili eglegme olabilecegi hesaplanmaktadir: {{1, 2}, {3,4}}, {{1,3},{2,4}}. Burada
onemli bir gézlem yapalim: Bu eglesmelerden herhangi birisi segilirse, her bir kullanici
¢iftinin veri hizi, sadece o ¢iftin kullandig1 kanal kazancina bagh olur ve OFDMA sayesinde
kazanilan dik iletigim 6zelligi, diger kullanicilarin bu ¢ifte hicbir etkisi olmamasini garanti
eder. Dolayisiyla, kullanici ¢iftinin veri hizi, diger kullanicilardan bagimsiz oldugundan,
kanal durumuna bagh gii¢ dagilimini hesaplayabiliriz ve her bir kullanici ¢iftinin veri
hizlarini hesaplamak miimkiin olur. Sonrasinda, en uygun eglesmeyi bulmak, L iizerinde
bir arama yapilarak bulunabilir. Bu durum, tabii ki herhangi bir sayidaki kullanici ¢ifti

i¢in gecgerlidir. Dolayisiyla, kendi problemimize geri donersek, bizim en iyileme sorunumuz
(3.124)-(3.126), artik iki adimda incelenebilir:

max Z max (R; + R;j),

Iel, pi(h),p;(h
{i.j}er (h).p; (R)

st. Y E [pES)(h)—i-pS)(h)—l—ng)(h) < Vi, jyeT

SGSZ']'

R, + R; satisty (3.121), V{i,j} eI (3.127)
Bu denklem de soyle yazilabilir:

max Y (Ri+ R;), (3.128)

Iel, “
{Z7J}EFZ

Burada, (R; + R;)*, {4,j} ciftinin (BAKIM & Kaya, 2011b)’da elde edilen, ve bu ra-
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Sekil 3.12. 4-kullanicih OFDMA sistemi ¢izgesi.

Sekil 3.13. 4-kullanicii OFDMA sistemi denk ¢izgesi

porun 6nceki boliimlerinde de sunulan, kanal durumuna bagh en iyi giic dagilhmina gore

bulunmus veri hizi1 olarak tanimlanir.

(3.128) Problemi, (3.124)’a kiyasla daha basit olsa da, tiim partner olasiliklar: iiz-
erinde kaba kuvvet ile arama yapmak, denklem (3.123)’da goriildiigi gibi faktoriyel zaman
harcar. Oysaki, tiim ¢ift kombinasyonlarinin bilindigi durumda, problemimizi ¢izge ku-
raminda eslegme problemine denk gelecek sekilde tanimlayabiliriz. 4 kullanicili sistemimize
geri donecek olursak, yonsiiz bir ¢izge olusturup, burdaki diigimleri kullanicilar olarak
goriip, kenarlar1 da, agirliklari, kenarin bagladigi kullanicilarin ¢ift olarak elde ettigi veri
hizlar1 olacak gekilde tasarlayabiliriz. Sonug olarak elde edecegimiz c¢izge, Sekil 3.13’de
goriilebilmektedir. Bu 6rnekteki tiim veri hizlarimi agirlik olarak kullanabilmek igin, her
biri bir ¢ift kombinasyonuna olacak sekilde toplam 6 tane veri hizi1 hesaplamas1 yapil-
mas1 gerekir. Ancak, toplam 4 kullanici oldugundan, ayni anda en fazla iki tane birbiriyle
baglantisiz kenar secilebilmektedir ve bu secilen kenarlarin agirliklar1 toplami en fazla
olacak sekilde segilmelidir. Bu problem, ¢izge kuraminda MWM olarak bilinmektedir, ve
(GABOW, 1976)’de sunulan verimli bir algoritmayla ¢oziilmektedir. Bu algoritmanin en
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kotii durum karmagikhgi O(N?3) olarak verilmigtir (GABOW, 1976). N kullamicili bir sis-
tem i¢in, tiim ¢ift kombinasyonlarina gore kenar sayis1 N x (N — 1)/2 olmaktadir. Her
kenardaki agirhigr (R; + R;)* hesaplama maliyeti sabit oldugundan, N biiytidiikge, MWM
algoritmasinin maliyeti yaninda 6nemsiz kalmaktadir. Ancak dikkat edilmesi gerekir ki,
kablosuz iletisim aglarinda genellikle ortalama sayida kullanici bulundugundan, her bir
kullanic1 ¢iftinin kanal durumuna bagl veri hizi hesabini yapmak uzun zaman alan bir
problem olarak karsimiza ¢ikar. Pratikte, kullanicilar sabit olmamakla birlikte, sistemin
genel topolojisi ve kanal durumlari siklikla degismektedir. Her degisimden sonra, ¢iftleme
yeniden yapilmali ve dolayisiyla tekrar tekrar ayni algoritma ¢aligtirilmalidir. Bu durumda,

pratige daha uygun, daha hizli algoritmalar bulunmas: gerektigi anlagilmaktadir.

Caligmanin bu kisminda, daha pratik sonuclar alinmasi i¢in yiiksek verimlilik veren

hizli algoritmalar 6nerilmis ve benzetim ¢aligmalarinda denenmistir.

Algoritma 1:. Alciya en yakin kullanicidan baglayarak, ona en yakin kullanici ile
bir ¢ift olusturulur ve kalan kullanicilarla ayni algoritma, kullanici sayisi sifira ulagana

kadar tekrar tekrar caligtirilir.

Algoritma 2:. Aliciya en uzak kullanicidan baglayarak, ona en yakin kullanici ile
bir ¢ift olusturulur ve kalan kullanicilarla ayni algoritma, kullanici sayisi sifira ulagana

kadar tekrar tekrar ¢aligtirilir.

Algoritma 3:. En yakindaki kullanici ve ona yakin 3 kullanici alinarak, bu 4 kul-
lanici arasinda MWM algoritmasi ¢aligtirilir ve buna gore ¢iftlenirler. Ciftlenen kullanicilar
sistemden ayrildiktan sonra kalan kullanici sayisi sifir olana kadar, ayni algoritma tekrar

tekrar caligtirilir.

Algoritma 4:. En uzaktaki kullanici ve ona yakin 3 kullanici alinarak, bu 4 kullanici
arasinda MWM algoritmasi ¢aligtirihir ve buna gore ciftlenirler. Ciftlenen kullanicilar sis-
temden ayrildiktan sonra kalan kullanici sayisi sifir olana kadar, ayni algoritma tekrar

tekrar caligtirilir.
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Algoritma 5:. En uzaktaki kullanici ile en yakindaki kullanicinin ¢iftlenmesi, ve

kalan kullanicilarin da, kullanici sayisi sifir olana kadar ayni sekilde ¢iftlenmesinden olusur.

Bu benzetim g¢alismasinda, gercek bir kullanici ortami olugturulmaya c¢ahgilmigtir
ve N = 20 sayida kullanic1 bu diizleme daha 6nceki ¢aligmalardan farkli olarak, diizgiin
dagilim kullanilarak rastgele bir bigimde yerlegtirilmis ve gercege daha uygun bir ortam
elde edilmigtir.Her bir kullanici giftine M = 3 alt-kanal tahsis edilmigtir. Kullanicilar, alici
gevresinde, ¢apt R = 100m olan bir daire tizerinde yerlestirilmigtir. Giiriiltii varyansi o = 1
olarak alinmig ve, buna oranla sinyal-giiriiltii oram1 (SNR) 10* olacak sekilde kullanici

glicleri ayarlanmigtir. Uzaklik dolayisiyla gii¢ kayb1 katsayist o = 2 alinmigtir.

Bu algoritmalarin hepsi, 15 farkli benzetimde denenmis, ve MWM algoritmasiyla
bulunan en yiiksek veri hizina oranlanarak verimleri karsilagtirilmigtir. Figiir 3.6.3.2, en
iyi ¢iftleme algoritmasi ile, denenen tiim algoritmalarin sonuclar1 ve verimliligini goster-
mektedir. Ayrica tablo 3.7, tiim algoritmalarin eslestirdigi ¢iftlerin veri hiz1 toplamlarini,
biiyiikten kiiclige dogru siralanmig sekilde icermektedir. Tablo 3.7 ve figiir 3.6.3.2 bilgileri,
kolay okunabilirlik acisindan sadece bir benzetim sonucu igerecek sekilde hazirlanmigtir.

Ancak, diger sonuglarla elde edilen istastik bilgileri tablo 3.8 igerisinde sunulmaktadir.

Maximum Weighted Matching Algorithm A Algorithm B

s 1o = SN
40 40 40

20 20 / / 20 /\

0 N 0 s 0 / i

(a) Maximum Weighted Match- (b) Algoritma 1 Verim: 78.6705% (c) Algoritma 2 Verim: %84.2669
ing Verim: %100

Algorithm C Algorithm D Algorithm E

/ Vo=

60 \ 60

© // © / ©
0 X/I/féw 0 0
y \ LNy

(d) Algoritma 3 Verim: %80.5707 (e) Algoritma 4 Verim: %86.0566 (f) Algoritma 5 Verim: %99.4869
Sekil 3.14. En verimli eglesme ve diger algoritmalarin sonuglari.
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Tablo 3.7. Farkli algoritmalarin veri hizlar
MWM | Algol | Algo2 | Algo3 | Algo4 Algob
17.084 | 21.045 | 19.439 | 21.045 | 17.926 17.078
16.618 | 19.596 | 18.133 | 18.062 | 17.731 | 16.621
16.414 | 13.073 | 16.649 | 15.336 | 16.727 | 16.410
14.924 | 10.064 | 13.073 | 11.534 | 16.417 | 14.911
10.683 | 4.833 | 5.484 | 4.833 | 7.164 | 10.683
8.716 | 3.906 | 4.388 | 3.798 | 3.906 8.657
7.938 | 3.451 | 3.906 | 3.496 | 3.451 7.760
7.164 | 3.074 | 3.496 | 2.793 | 3.074 5.111
3.906 | 2.841 2.841 2.642 | 2.865 4.833
10 3.596 | 2.329 | 2.793 | 2.706 | 2.858 4.429
Total || 107.043 | 84.211 | 90.202 | 86.245 | 92.117 | 106.494

I N = TS I NCURE CI Ve
2
=&

Tablo 3.8. Algoritmalarin verimlilik istatistiklari
Verimler || Algol | Algo2 | Algo3 | Algo4 | Algob
min 76.994 | 83.379 | 78.735 | 85.114 | 94.657
max 94.682 | 95.610 | 94.762 | 99.551 | 99.487
mean 85.708 | 89.716 | 88.142 | 92.942 | 97.498

Tablo 3.7 ve 3.8 igerikleri incelendiginde goriilecegi tizere, her algoritma, en yiiksek
veri hizimi veren ciftlemeden farkh ciftler olusturmaktadir. Ancak, figiir 3.6.3.2 i¢indeki
bilgilerin dogrultusunda, en yiiksek veri hizinin, genel hatlariyla, aliciya gore bir uzak
ve bir yakin kullanici ciftleriyle olustugu gozlemlenmektedir. Bu se¢im mantigi, algo-
ritma 5’e benzemektedir ve en yiiksek verimlilik veren algoritma oldugu Tablo 3.8 i¢inden
goriilebilmektedir. Bu algoritma, sadece kullanicilarin bulunduklar: noktalarin bilgisine
bagl oldugundan, sistemdeki tiim kullanici ¢ifti kombinasyonarlinin veri hizlari cizge-
sine ihtiya¢ duymamaktadir ve ¢ok hizli ¢calismaktadir. Dolayist ile hareketli kullanicilarin

oldugu bir sistemde, tekrar tekrar calistirmak miimkiin olabilmektedir.

Sonug olarak, bu ig paketinde OFDMA ile kanal durumuna bagh gii¢ kontrolii
yapilarak, kullanici sayisindan bagimsiz olarak nasil en iyi ¢iftlerin bulunabilecegi sorusuna
yanit bulunmustur. Ancak, bulunan ¢éztimiin hiz a¢isindan eksiklikleri olabilecegi goriilmek-
tedir. Sinyal giiclinde en etkili parametrenin uzaklik olmasi, hiz problemini daha basit bir
hale getirebilmemize olanak saglamaktadir. Boylece uzun hesaplamalar yerinde, sadece
kullanici yer bilgileri ile ¢ift olusturma stratejisi kullanmak miimkiin olmaktadir. En
verimli c¢iftlerin belirlenebilmesine ragmen, bunun uzun hesaplamalar gereken bir algo-

ritmayla yapilmasi, sistemi uzaklik cinsinden degerlendirmenin 6nemini artirmaktadir.
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Béylece, yeni hizli ve neredeyse %100 verimlilige yakin bir algoritma bulunmustur. Oner-
ilen algoritma, basitce, aliciya yakin bir kullanici ile uzak bir kullaniciy: ¢ift olarak seg-
menin, sistemin toplam veri hizi agisindan en dogrusu oldugunu ortaya koymaktadir. Bu
sonug, slrpriz olarak ayni zamanda, daha adil veri hizlar1 da saglamaktadir. Bu is pake-
tinin sonuclar;, IEEE WCNC 2012 konferansima bir bildiri olarak gonderilmistir (BAKSI
et al., 2011).

3.7. Sonuglar
Bu ig paketinde, igbirlik¢i bir OFDMA sistemi i¢in agagidaki sonuglara erigilmigtir:

Altkanal igi ve altkanallar aras igbirligi yapabilen iki yeni bilgi kuramsal kodlama/kodgézme
teknigi gelistirilmisg, ve bunlarin erisilebilir veri hizlar1 elde edilmigtir. Sonu¢ta, OFDMAnin
sagladig1 frekans cesitliliginin, isbirligi protokollerinin tasariminda dikkate alinmasinin
onemliligi ortaya konulmustur.

Daha pratik bir yaklasim olarak, yar1 ¢ift zamanl gonderim kisit1 altinda igbirligi ile
erigilebilecek veri hizlar elde edilmistir, ve benzetimleri yapilmigtir. Altkanallar arasi
igbirligine izin verildiginde yar1 ¢ift zamanlh igbirliginin oldukga iyi sonuglar verebildigi
gozlemlenmigtir.

Anlik kanal bilgisini gii¢ kontrolii i¢in kullanan, ve erigilebilir veri hiz1 bolgesini eniyileyen
algoritmalar tasarlanmig, ve en iyi gii¢ degerlerinin kapali formdaki analitik ¢éziimleri bu-
lunmustur. En iyi glic dagilimini elde eden, ve en iyi degere yakinsarligi kesin ve oldukga
hizli olan bir olan dongiisel algoritma gelistirilmistir, ve sonucunda elde edilen gii¢ dagilim-
larinin yapisi incelenmigtir. Giig kontroliiniin, altkanallarin ne amagla ve kimler tarafindan
kullanilmasi gerektigine isaret ederek, zaman zaman en iyi ortak giig/ altkanal atanmasini
da otomatik olarak verdigi goriilmiigtiir.

OFDMA kullanan ¢oklu erigim sistemlerinde, gii¢ kontrolii ve ikigerli igbirligi yapan kul-
lanici ciftlerinin sistem toplam veri hizini en biiyiikk yapacak sekilde se¢imi problemi
¢oziilmig, MWM algoritmasindan yararlanilarak elde edilen en iyi ikigerli eslestirmeye

yakinsayan bulugsal ama ¢ok yiliksek bagarimli algoritmalar onerilmistir.
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4. 1Is Paketi 3: Dik Frekans Bolmeli Girisim Kanallarinda En Iyi
Giic ve Alt Tasiyici Tahsisi

4.1. Projenin biitiiniiyle ilgili bilimsel ve teknik gelismeler

Bu is paketinde, proje boyunca bir mezun 6grenciyle ve projenin son ii¢ déneminde
bir yar1 zamanl doktora 6grencisi ile beraber ¢aligilmigtir. Bu i paketinin genel sonuglari

s0yle 6zetlenebilir:

I.P. 3.2: iki ahcily, réleli yaymlama kanalinda kaynak aktarimi problemi tamamlanmigtir.
Bu problem hakkinda “Transmission Strategies and Resource Allocation for Fading Broad-
cast Relay Channels” isimli dergi makalesi degerlendirilmek iizere IEEE Transactions on
Wireless Communications’a Agustos 2011’de gonderilmistir.

Sonuclarin diger aragtirmacilarla paylagilmasi amaciyla, sonuglarin bir kismi, 6 Temmuz
2011 tarihinde, Istanbul’da gerceklesen IWCMC 2011 International Wireless Communi-
cations and Mobile Computing Conference, Haberlesme ve Bilgi Kurami Sempozyumu’da
sozlii olarak sunulmug ve bildiri kitabina dahil olmug, 20-22 Haziran 2011 tarihlerinde
Ispanya’da gerceklesen IEEE Communications Theory Workshop'ta ise poster sunumu
olarak anlatilmigtir. Sonuglar, ayni zamanda 13-14 Ekim 2011 tarihlerinde gerceklesecek
Aselsan Haberlesme Teknolojileri Calistayi’'nda da sunulacaktir.

I.P. 3.3: Role kanali icin bireysel giic kisit1 altinda en diisiik kesinti olasihig problemi
¢oziilmigtiir. “Minimum Outage Probability for the Relay Channel under Individual Power
Constraints” isimli dergi makalesi degerlendirilmek {izere IEEE Communications Letters’a

Eyliil 2011°de gonderilmistir.

Boliim 4.2’de is paketi 3.2, boliim 4.3’te ise ig paketi 3.3 ile ilgili yapilanlar agiklanmak-

tadir. Boliim 4.4’teyse gelecek caligma yonleri onerilmektedir.
4.2. Is Paketi 3.2

Bu alt ig paketiyle ile ilgili sonuglarin bir kismi “Minimum Common Outage Proba-
bility for the Broadcast Relay Channel” ismiyle IWCMC 2011 konferansi, Haberlesme ve
Bilgi Kurami Sempozyumu’'nun bildiri kitabinda yer almig ve IEEE Communications The-
ory Workshop’ta poster olarak sunulmustur. Sonuglarin tamamiysa “Transmission Strate-

gies and Resource Allocation for Fading Broadcast Relay Channels” adiyla IEEE Transac-



101

tions on Wireless Communications’a gonderilmigtir. Sonuglar, ayni zamanda 13-14 Ekim
2011 tarihlerinde gergeklesecek Aselsan Haberlegme Teknolojileri Calistayi’'nda da sunula-

caktir. Proje boyunca bu alt is paketindeki katkilarimiz goyle 6zetlenebilir:

Sontimlenmeli roleli yayinlama kanalinda uzun donem gii¢ kisiti, kisa dénem veri hizi
kisit1 altinda en kiiciik kesinti olasiligi problemi modellenmigtir. Birden fazla alici olmasi
nedeniyle hem ortak kesinti olasiligi, hem de bireysel kesinti olasiligi incelenmigtir. Or-
tak kesinti olayi, sistem kesintisine karsilik gelir ve alicilardan herhangi birisi kesintiye
ugradiginda sistem kesintisi olur. Bireysel kesinti varsayiminda ise alicilarin birbirlerinden
bagimsiz olarak kesintiye girmesine izin verilir. Sonuglar1 e-kesinti olasilig1 veri hizi bolgesi
olarak da ifade etmek miimkiindiir.

Iki ahicili r6leli yaymlama kanali icin bes farkl iletim yontemi incelenmistir: Dogrudan
iletim (DT), ¢oklu atlamal iletim (MH), bag birlesimli ¢oklu atlamal iletim (MHLC),
patika segimi (PS) ve bag birlesimli patika se¢imi (PSLC).

Sistem bagarimini Slgebilmek i¢in sistemdeki ulagilabilir veri hizi degerlerine st sinirlar
bulunmusgtur. Bu tist sinirlar kesinti olasiligi hesaplarinda alt sinirlarin elde edilmesini, e-
kesinti olasilig1 veri hiz1 bolgesi hesaplarinda ise {ist sinirlarin elde edilmesini saglamigtir.
Elde ettigimiz en 6nemli ¢ikarim, rolenin her iki aliciya da ayni1 anda yardim etmesi zorun-
lulugunun kisitlayict oldugudur. PS yontemi, ozellikle réle kaynaga yakinken bir onceki
maddede agiklanan sistem bagarimi siirlarini elde etmek igin yeterlidir. Daha karmagik

alic1 devrelerine ihtiya¢ duyan PSLC yontemine gerek yoktur.

Projenin son alti aylik dénemindeki en 6nemli katkimizsa, yukarida listelenen katkilar
icinde, MHLC yonteminin tanimlanmasi ve bireysel kesinti olasilig1 probleminin ¢oziilmesi
olmugtur. Protokollerin ayrintilari, tiim sonug, karsilagtirma ve yorumlar ekteki ‘Trans-
mission Strategies and Resource Allocation for Fading Broadcast Relay Channels” isimli

makalede bulunabilir.

4.3. Ig Paketi 3.3

Projenin bu alt ig paketindeki en genel amacimiz, iki kullanicili girisim kanalinda
bireysel hedef veri hizlar1 i¢in, bireysel gii¢ kisitlar1 altinda elde edilebilecek ortak kesinti
olasiligi degerini ve bireysel kesinti olasiligr bolgesini bulmaktir. Bu problemde verici-
lerin bireysel gii¢ kisitina sahip olduklarini varsaymak onemlidir. Ciinkii, cografi olarak
farkli konumlarda bulunan ve kendi pillerinden yararlanan cihazlardan olusan sistemlerde

toplam gii¢ kisit1 i¢in 6nerilmis yontemler, bireysel gii¢ kisit1 altinda beklenen bagarimi
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gosteremeyebilir. Aymi gekilde, girisim kanali gibi vericilerin ortak bir amag igin c¢alig-
madigi, sadece kendi bilgilerini iletmeye c¢aligtigr sistemlerde bireysel veri hizi hedefleri
olmasi, biitiin kullanicilar i¢in toplam veri hiz1 hedefi olmasindan daha gergekgidir. Fakat
hem bireysel gii¢ kisitlary, hem de bireysel hedef veri hizlar ilgilenilen kaynak aktarimi

problemini zorlagtirir.

Yukarida belirtilen en genel amaca ulagmak icin, pek ¢ok alt problemi ¢6zmek gerek-
mektedir. Biz, girisim kanalinda kaynak aktarimi problemiyle ilgili olarak, ilk énce ortak

kesinti olasiligini, toplam gii¢ kisit1 altinda:

Girigime giiriiltii gibi davranilan durumda
Kullanicilar arasinda zamanda ¢ogullama yapilan durumda ve
Her iki vericiden gonderilen bilginin kod ¢oziimiiniin her iki alicida da yapildigi, birlesik

¢oklu erigim kanali durumunda

hem toplam veri hizi kisit1 altinda, hem de bireysel veri hiz1 kisit1 altinda ¢ozdiik. Cozdiigiimiiz

bu alt durumlar: projenin dordiincii alt1 aylik gelisme raporunda ayrintilariyla aciklamigtik.

Buldugumuz sonuclar1 bireysel gii¢ kisit1 durumuna da genellestirebilemek i¢in, pro-
jenin son alt1 aylik doneminde, basit bir réle kanali i¢in bireysel gii¢ kisit1 altinda kesinti
olasiliginl en aza indiren eniyileme problemini modelledik. Lagrange carpanlar1 yonte-
minden faydalanarak bireysel gii¢ kisitlarina sahip eniyileme probleminin, agirlikli bir
toplam gii¢ kisit1 problemiyle esdeger oldugunu ispatladik. Firsatci ¢oz-ilet (ODF) ve ba-
sitlestirilmis firsatqi ¢oz-ilet (SODF) yontemlerinin bagarimini hem toplam giig kisit1, hem
de bireysel gii¢ kisit1 altinda hesaplayip, kesinti olasiligi tizerindeki alt sinirla kargilagtirdik.
Bireysel gii¢ kisitinin, toplam gii¢ kisitina gore ne kadar kayba yol ac¢tigin1 bulduk. ODF ve
SODF’in, toplam gii¢ kisit1 altinda ¢ok benzer davranig gosterirdigini, ancak bireysel giic
kisit1 altinda SODF’in ODF’ten daha kotii oldugunu gosterdik. Bunlara ek olarak, ODF ve
SODF protokollerinde, bireysel gii¢ kisit1 altinda, kaynak veya rélenin giiglerinin bir kis-
minin kullanilmayabilecegini; boyle bir durumun toplam gii¢ kisit1 altinda hi¢ olmadigim
gozlemledik. Buldugumuz sonuglar, ilgili ispat ve grafiklerin tamami ekteki “Minimum
Outage Probability for the Relay Channel under Individual Power Constraints” isimli
dergi makalesinde bulunabilir. Bu makale degerlendirilmek iizere IEEE Communications

Letters dergisine gonderilmistir.
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4.4. Gelecek Calismalar

Projenin figiincii ig paketi ile ilgili gelecekte yapilabilecek pek ¢ok g¢alisma bulun-

maktadir. Ornegin,

a) Birlegik ¢oklu erigim kanalinda bireysel gii¢ ve hedef veri hiz1 kisit1 altinda ortak kesinti
olasiliginin ve kesinti olasiligi bélgesinin elde edilmesi,

b) Simetrik girisim kanallarinda INR ve SNR degerlerinin birbirleriyle iligkisine gore girigime
gliriiltii gibi davranilmasi, zaman boliigiimii veya her alicinin her mesaji ¢dzmesinden
olusan ii¢li bir iletim yonteminin bagariminin incelenmesi ve

c) Roleli birlegik ¢oklu erigim kanalinda ve roleli girigim kanalinda en kiigiik kesinti olasiligi

bolgesinin bireysel gii¢ ve hedef veri hiz1 kisit1 altinda ¢oziilmesi

incelenebilecek problemlerden bazilaridir. Projenin ikinci ve tigilincii alt ig paketlerini ¢oz-
erken kullandigimiz yontemler bu problemlerin ¢oziilebilmesi igin ihtiya¢ duydugumuz

birikimi saglamigtir.
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5. SONUC

Proje oneri raporuna bakildiginda toplam 8 adet konferans bildirisi ve 4 adet gonder-
ilmis dergi makalesi hedeflendigi goriilmektedir. Projenin tamamlandigi bu noktada genel
toplamda 9 adet yaymlanan, 1 adet gonderilen konferans bildirisi ve 1 adet kabul edilen, 4
adet gonderilen dergi makalesi bulunmaktadir. Bu agidan projenin ¢iktilar bazinda hede-
flerine ulagtig1 goriilmektedir. Is paketleri bazinda sonuc ve ciktilara ait degerlendirmeler-

imizi agsagida Ozetliyoruz.
5.1. I§ Paketi 1
5.1.1. Kazanimlar

Bu is paketi kapsaminda 4 adet konferans bildirisi yaymlanmigtir ve su anda gon-
derilmis olan 1 adet dergi makalesi vardir. Bunlarin yan iiriinii olarak 1 adet yiiksek lisans

tezi gikmigtar.

Bu ig paketinde calisan yiiriitiiciiniin en biiylik kazanimi eniyileme konusunda ken-
disini gelistirmek olmustur. (S()KMEN & Girici, 2010b) bildirisi tizerinde gahgirken kon-
veks programlama ve Lagrange carpanlari konusunu, (SOKMEN & Girici, 2010c) bildirisi
{izerinde caligirken ikili tamsay1 programlama konusunu,(GIRICI, 2011) makalesi iizerinde
cahisirken ise Interior Point (I¢ Nokta) ve Block Coordinate Descent metotlarmi 6grenme
sans1 olmustur. Bunlar cesitli kaynak aktarim problemlerinde ¢ok ise yarayabilecek arag

gereclerdir ve ileride mutlaka bagka ¢aligmalarda da ise yarayacaklardir.

Bunlarin diginda sunulan konferans bildirileri yiiriitiiciiniin bilgi ve gorgiisiiniin
artmasini saglamigir. Yapilan yiiksek lisans tez caligmasinda ise yiiriitiicliniin o6grenci

yetistirme ve danismanlik tecriibesi ¢ok artmigtir.

5.1.2. Oneriler

Bu is paketinde projenin ortalarindan itibaren oransiz kodlar (rateless codes) konusunda
okumaya basladik. Bu kodlarin avantajlarindan proje raporunda bahsettik. Ideal oran-
siz kodlarda enerji yerine ortak bilgi biriktigi i¢in daha yiiksek veri hizlarin aulagmak

miimkiindiir. Projede oransiz kodlarin kullanildigi igbirlikli coga génderim konusunu igledik.
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Buradaki gii¢ tahsisi probleminin eniyi ¢6zlimiini bulmay1 bagardik. Bundan sonraki hede-
fimiz yukari-gonderim , asagi-génderim, multicast ,unicast gibi degisik tiir senaryolar1 ele
almaktir. Ideal oransiz kodlarn kullanildigi durumlarda eniyi kaynak tahsisi problemlerini

tanimlayip ¢6zmeyi hedefliyoruz.

5.2. Is Paketi 2

Is paketi 2 kapsaminda, ilgili boliimde de siralanan, ve burada tekrar ettigimiz asagi-

daki sonuglara ulagilmigtir:

Altkanal i¢i ve altkanallar arasi igbirligi yapabilen iki yeni bilgi kuramsal kodlama /kod¢tzme
teknigi gelistirilmisg, ve bunlarin erigilebilir veri hizlar1 elde edilmigtir. Sonu¢ta, OFDMAnin
sagladig1 frekans cesitliliginin, igbirligi protokollerinin tasariminda dikkate alinmasinin
onemliligi ortaya konulmustur.

Daha pratik bir yaklagim olarak, yar1 ¢ift zamanl gonderim kisit1 altinda igbirligi ile
erigilebilecek veri hizlar1 elde edilmistir, ve benzetimleri yapilmigtir. Altkanallar arasi
igbirligine izin verildiginde yar1 ¢ift zamanl igbirliginin oldukca iyi sonuglar verebildigi
gozlemlenmigtir.

Anlik kanal bilgisini gii¢ kontrolii i¢in kullanan, ve erigilebilir veri hiz1 bolgesini eniyileyen
algoritmalar tasarlanmig, ve en iyi gii¢ degerlerinin kapali formdaki analitik ¢dziimleri bu-
lunmustur. En iyi gii¢ dagilimini elde eden, ve en iyi degere yakinsarligi kesin ve oldukca
hizli olan bir olan dongiisel algoritma gelistirilmigtir, ve sonucunda elde edilen gii¢ dagilim-
larinin yapist incelenmigtir. Gii¢ kontroliiniin, altkanallarin ne amacla ve kimler tarafindan
kullanilmas: gerektigine igaret ederek, zaman zaman en iyi ortak gii¢/ altkanal atanmasini
da otomatik olarak verdigi goriilmiigtiir.

OFDMA kullanan ¢oklu erigim sistemlerinde, gii¢ kontrolii ve ikigerli igbirligi yapan kul-
lanici ¢iftlerinin sistem toplam veri hizini en biiyiikk yapacak sekilde se¢imi problemi
¢oziilmis, MWM algoritmasindan yararlanilarak elde edilen en iyi ikigerli eslestirmeye

yakinsayan bulugsal ama ¢ok yiliksek bagarimli algoritmalar onerilmistir.

Bunlarin tiimiiniin sonunda, OFDMA sistemlerinin dik gonderim yapilar1 geregi
igbirligi i¢in son derece elverigli oldugu, ve igbirliginden elde edilebilecek kazancin da
yiiksek cesitleme kapasitesi sayesinde ¢ok yiiksek oldugu sonucuna varilmigtir. Bu proje
konusunda gergeklegtirilen ¢aligmalar, bilgi kuramsal bir gergeve olusturdugundan, 6zel-
likle gii¢ kontrolii teknikleri, ve en iyi gii¢ kontroliiniin yapisini dikkate alan benzer algo-

ritmalarin, gergek sistemlerde pratik kisitlar (kipleme, kodlama gibi) gz éniine alinarak
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irdelenmesi, proje sonuclarinin ilgi c¢ekici bir uygulamasi olacaktir. Ayrica, bu projede
geligtirilen en iyi eslestirme tekniklerinin, OFDMA haricinde diger sistemlere de uygulan-

mas1 miimkiin goriinmektedir.

Bu ig paketi kapsaminda 1 konferans bildirisi yayinlanmig 1 konferans bildirisi yayin-
lanmak iizere kabul edilmis, bir konferans bildirisi de yaymlanmak iizere gonderilmistir.
Ayrica, bir dergi makalesi yaymlanmak tizere kabul edilmistir, bir dergi makalesi génder-
ilme agamasindadir, bir yiiksek lisans tezi devam etmektedir, ve bir doktora tezi tamam-

lanmigtir.
5.3. I Paketi 3
5.3.1. Kazanimlar

Projenin iigiincii is paketi kapsaminda en temel kazanim, haberlesme aglarinda
gecikme smirh kapasite ve buna karsilik gelen en kiiciik kesinti olasiligi kavramlarinin
ogrenilmesi olmustur. Ikinci olarak bireysel gii¢ kisit1 problemiyle ilgilenirken Lagrange
carpanlart yontemi konusunda deneyim kazanilmig, bu yéntemle bir eniyileme problemi
¢oziilebilmigtir. Hiyerarsik aglarda, baz istasyonlarina ek olarak adanmaig role istasyonlar:
bulunur. Roleli yayinlama kanali bu aglarin en temel yap1 tasi oldugundan, bu ag yapisin-
daki kaynak aktarimi problemini incelemis olmak, yine ayni ag i¢in ileri iletim yontemleri

hakkinda fikir vermigtir.

5.3.2. Oneriler

. Tiirkiye'de iyi yiiksek lisans/ doktora égrencisi bulmak 6nemli bir sikintidir. 30
aylik projemizin ti¢iincii is paketi i¢in yar1 zamanlh bir doktora ogrencisi, proje basladik-
tan ancak 12 ay sonra bulunabilmigtir. Bu bir 6grenciyi etkin olarak sadece 9 ay ¢aligtira-
bildigimiz anlamma gelir. Ote yandan projenin {iciincii is paketindeki calismalarm cogu
¢ok basarili bir lisans ogrencisiyle yiriitiilmiigtiir. "Transmission Strategies and Resource
Allocation for Fading Broadcast Relay Channels" isimli dergi makalesinin birinci yazar1 da
bu 6grencidir. Fakat proje boyunca bu 6grenciye hi¢chir maddi destek saglanamamigtir. Bu
gibi kanitlar dogrultusunda, TUBITAK'n lisans 6grencilerini maddi olarak desteklemesi
veya proje biit¢esinden édiillendirilmelerine olanak saglamasi, bagaril lisans 6grencilerinin

aragtirmaya Ozendirilmesi i¢in ¢ok yararl olacaktir.
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Abstract—We have focused on SC-FDMA based resource
allocation in uplink cellular systems. Subchannel and power
allocation constraints specific to SC-FDMA are considered. We
considered a binary integer programming-based solution recently
proposed for weighted sum rate maximization and extended it
to different problems. We considered problems such as rate
constraint satisfaction with minimum number subchannels and
sum-power minimization subject to rate constraints. Besides
stating the binary integer programming formulations for these
problems, we propose simpler greedy algorithms for the three
problems. Numerical evaluations show that the greedy algorithms
perform very close to the optimal solution, with much less
computation time.

I. INTRODUCTION

Over the past years Orthogonal Frequency Division Multi-
plexing (OFDM) has been an important technique for wide-
band wireless communications, and has been used in many
wireless access systems such as WiMax and LTE. In OFDM, a
wideband channel is divided into many orthogonal narrowband
subcarriers, which provides resilience to multipath fading and
intersymbol interference. However, OFDM also has high peak
to average power ratio (PAPR) which requires expensive power
amplifiers and reduces the energy efficiency of the system.

A technique called Single Carrier Frequency Division Multi-
plexing (SC-FDMA), which is an alternative to OFDM has the
same overall performance as OFDM but with less PAPR [1]. In
this technique each subcarrier is spread to the entire bandwidth
and subcarriers are transmitted in series instead of parallel,
which decreases the PAPR. This property is useful for mobile
stations, since power is a precious resource for handheld
mobile devices. Transmitting the subcarriers in series causes
intersymbol interference, which requires frequency domain
equalization [1], [2]. This can easily be done at the base
station, so as a consequence SC-FDMA has been selected
for Long-Term Evolution (LTE) uplink multiple access, and
is an attraction to many system designers. In this paper we
have considered joint subchannel and power allocation in
uplink SC-FDMA for different problems like weighted rate
maximization, minimum-subchannel resource allocation and
minimum power resource allocation.

SC-FDMA is quite similar to OFDMA, such as the total
bandwidth is divided into orthogonal subcarriers in order to
be allocated to multiple users. As in OFDMA, in order to

978-1-4244-6001-4/10/$26.00 ©2010 IEEE

ease the resource allocation (it’s harder to deal with subcar-
riers individually.) subcarriers are grouped into subchannels
(chunks). There are two types of subchannelization methods
in SC-FDMA: localized-FDMA and distributed-FDMA, where
the subcarriers allocated to a user are either consecutive or dis-
tributed, respectively. L-FDMA takes advantage of frequency
selective fading in maximizing the throughput. Distributed-
FDMA avoids allocating adjacent subcarriers in deep fade [4]
and provides resilience to frequency selective fading. Most of
the previous works on SC-FDMA considers L-FDMA, as we
do in this work.

In order to continue the single carrier property in multiple
subchannels, the subchannels allocated to a user must be adja-
cent [3] [6]. This is an important resource allocation constraint
specific to SC-FDMA. When power allocation is considered
there are three restrictions; the total power transmitted by each
user must be less than some maximum power level P", the
power transmitted by each user on each sub channel should be
less than some peak power level P° and the power allocated
to multiple sub channels for a user should be constant [3].

There are a number of resource allocation problems that
have been investigated for SC-FDMA. In most of the papers
authors have considered localized-FDMA subcarrier allocation
however subchannel adjacency constraint was mostly not
considered [4],[5], [7]. In [3] this constraint along with user
and subchannel power constraints was considered in weighted
rate maximization. This problem was formulated as a set
partitioning problem, which was solved using binary integer
programming. Then a much less complex greedy allocation
algorithm has been proposed. The authors in [6] propose four
greedy algorithms to obtain proportional fairness. In [6] power
was never considered as a constraint or a resource allocation
parameter. In [7] different types of greedy algorithms have
been proposed based on a cost matrix. Most of the authors
have preferred to use greedy algorithms which is more simple
in solution, because its hard to deal with complex problems
with many constraints. In the literature, generally weighted
sum-rate maximization was considered and [3] is the only
paper that considered all of the main constraints in SC-FDMA
based resource allocation. In this paper we both improve
the greedy algorithm in [3] and also formulate two more
different practical problems and find both optimal and greedy
algorithms to solve them.

We basically consider three different problems. First, we
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consider the proposed greedy algorithm in [3] and slightly
improve its performance. Secondly, we consider the problem
of resource allocation for minimum number of subchannels
subject to user rate constraints. Using the framework in [3] we
find the optimal solution. Again, we also propose suboptimal
algorithms with comparable performance. Third, we consider
resource allocation subject to rate constraints but this time with
the objective of minimum total power expenditure. Again we
propose optimal and efficient suboptimal solutions. We solve
the maximum-throughput allocation problem and propose al-
gorithms.

The paper is organized as follows; in Section II we explain
the system model. In Section III, IV and V we formulate
and solve the three different resource allocation problems.
In each of these sections we state the problem, formulate
the equivalent binary integer programming and propose some
simpler greedy algorithms. In Section VII, using numerical
evaluations we compare the performances of the optimal and
suboptimal solutions for the problems. Section VII concludes
the paper.

II. SYSTEM MODEL

In this paper we consider a single cellular network with
multiple users. We consider uplink Localized FDMA, where
a number of adjacent subcarriers are grouped into subchan-
nels. Hence, system bandwidth W 1is divided into a set
K ={1,...,K} of K orthogonal subchannels of bandwidth
W, each. There are a set M = {1,...,M} of M users.
Subchannel k of user m has channel gain h,,; and it is
assumed to be known at the base station. Subchannel noise
power at the receiver is N,Ws W/Hz. There are two kinds of
power constraints , which are the user (P") and subchannel
(P?) power constraints. The base station acts as the scheduler;
after certain calculations the base station sends the users the
information about the resources that they are supposed to use.
Since we consider three individual problems, our problem
formulations change according to the target but the system
models (above-mentioned parameters) and the optimization
approach (proposed in [3] and extended to different problems
here) remain the same. Let K,, be the set of subchannels
allocated to user m and let |KC,,| be the cardinality of it.
The subchannels in this set must be adjacent in the frequency
domain. Let p,, be the transmission power of user m, which
is uniformly distributed to the |k, | allocated subchannels. We
assume the Shannon capacity formula as the relation between
SNR and achievable rate. In this work , our main interest is the
resource allocation algorithms and their relative performances.
In practice, there may be imperfections due to power amplifiers
in the user equipments and frequency domain equalization at
the base station, however those are beyond the scope of this
work.

III. WEIGHTED SUM-RATE MAXIMIZATION

The first problem we consider is exactly the same as the
one studied in [3], which is a weighted-sum rate maximization
problem. the user weights are denoted by w,,, and reflect the
priority of the user m. Here the peak subchannel power P?

and the user power constraint P* should be utilized as much
as possible to maximize rates. The problem formulation can be
shown (1) which is a resource allocation problem with the SC-
FDMA constraints. We follow the notation in [3] and repeat
this problem formulation for the sake of completeness.

Z W Z Rm,k,lCm St N Ky = ®7

K1, K€K
! MER mem K€K,

VYm#Am' , MeM (1)

where K is the set of all allocations that satisfy the adjacency
constraint, and R, 1 x,, is the achievable rate by user m at
one of its allocated subchannels k,

pu B
R k., = logy (1 <+ min <’Crn,|’ 5) NOI;II;S) ke K,
2

In [3] the problem is formulated as a binary integer program-
ming. In order to do this , first the subchannel allocation
pattern matrix is defined,

01000100101
001001107111
An=19 001001111 1| "meEM
00001001011

This matrix is the same for all users. A “one” means that
the subchannel is allocated and a ”zero” means the opposite.
This is a K x C matrix, where C is the number of possible
allocation patterns, which is equal to %K 24+ %K +1 [3]. The
adjacency constraint limits the possible allocation patterns,
therefore makes the binary integer programming formulation
possible. We define a resource allocation vector of size MC
as x = [x1,...,xym]T and X, = [Tt Tmo]l. In
this vector z,,; € {0,1}, where a “one” corresponds to
an allocation. For the weighted rate maximization problem,
a reward vector r of the same size as x is defined, where 7, ;
is defined as

Tm,j = Wm Z Rm,k,lCm,]- 3)
ke m,j

where the set KCp,; = {k € K An(k,j) = 1},
set of subchannel indices corresponding to allocation pat-

tern j. The reward vector becomes r = [ry,...,r2]7 and
rm = [r11,-..,7m.c|T. The objective of the optimization
is max,r’x and the constraints are Ax = 1 M+x and

xz; € {0,1},V4, where 1p/4x is an M + K-length column
vector. The matrix A is defined as

1Z ... 0
A= @
ot ... 1%

where 17 is a row vector of all ones of length C. The top
part of the equality, [A1,..., Ay]x = 1k ,implies that each
subchannel is allocated to a single user. The bottom part on
the other hand, implies that each user selects only one of the
patterns in A,,. The MATLAB function bintprog is used
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in [3] to solve this problem. Of course, it takes unacceptably
long time run this command, therefore a simpler algorithm is
needed.

In [3] also a greedy algorithm was proposed for resource
allocations. This algorithm allocates subchannels one by one to
the user that best utilizes it. This algorithm is presented below
in Algorithm 1, and its performance can be increased 7 — 8%
by a very simple modification. We named this algorithm as
Maximum Utility Increase (MUI).

Algorithm 1 Greedy Algorithm: Maximum Utility Increase
(MUI)
L7y =0, K, =0and K, = K,Vm € M, finish=0
2. MUI-1 [3]: Calculate A7y, k= Ty i, U{k} — T'm, YT €
M,k € K using (3)
2. MUI-2: Caleulate Arpp = 2(rmoc,.ofe—1} +
T Ko ULk} T+ Tm e U{k+1}) — Tm, VM € M,k € K using
(3)
while finish =0 do
3. Find [m*, k*] = max,, v exc, ATy
if Ary,- i~ > 0 then
4. Set Kppr = K UK*, K=K\ k¥
5. Calculate 7y = 1= i,
6. K. = {min(K-) — 1 max(lCm*) +1}nkK
7. Arp = = 0,Ym, Arpy- , = 0,VE
8. Calculate A7y« o = Tyne ko, ULk} — s k € K,
else
9. finish=1;
end if
if C=10 then
10. finish=1;
end if
end while

In Line 1 each weighted user rate r,, is set to zero, user
subchannel allocation sets /C,, are initialized as empty sets,
and the feasible subchannel allocation set K, is set to the
subchannel set I which contains the whole subchannels.
In Line 2, the increase of utility (Ar,, ;) by allocating a
subchannel is calculated for all user-subchannel pairs. There
are two variants of this algorithm; MUI-1 and MUI-2. In MUI-
1, which is exactly the same method in [3] the Ary, ; values
are computed as the difference between the utility when the
subchannel & is added to /C,,, and current utility r,,,. However,
MUI-2 brings a small difference by taking into account the
adjacent subchannels of subchannel £ as well. This is done,
because when we allocate a subchannel to a user, the user
is limited to the neighbors of that channel because of the
adjacency constraint. Of course, as exceptions, for k£ =
(respectively k = K) k = 0 (respectively k = K +1) does not
exist. After calculating Ar,, ; the following procedures goes
the same for both methods. The user m* and the subchannel
k* that maximizes Ar,, j is calculated in Line 3. If this value
Ary, . is greater than zero (i.e. if there is an improvement),
the subchannel k* is added to the set /C,,~ and eliminated
from the available subchannel set I (Line 4). In Line 5 the

ry, is recalculated according to the new set K,,» . In Line

6 the feasible set of user m™ is calculated, as the user can
only be given the left and right adjacent channels of KC,,, if
they are available. The Ary, - for all users are set to zero
in order to avoid reallocation (Line 6). In Line 7, Ary,» k
are recalculated considering user m™*’s feasible set len*. The
algorithm executes until the available subchannel set K is
empty.

IV. MINIMIZING NUMBER OF USED SUBCHANNELS

The second problem formulated in (5), (6) and (7) is
satisfying rate constraints RO, for all users with minimum
total number of subchannels. This problem has practical sense,
because we would like to spend as fewer subchannels as
possible for the rate constrained real time user such as voice
and video and keep as many resources as possible for data
applications demanding elastic traffic.

Z K] ©)

.....

S.t.

P B
Z log, <1+mm<|lC i Ps) NI’/’I];>>R?H,VmEM

kEK
(6)
K,NK,=0Ym#m e¢M 7

The objective is the total number of allocated subchannels
and the constraints are the user rate and exclusivity constraints.
We formulate a binary integer programming problem by
defining the following N x C' cost matrix.

ikl ZkEKm,,j W logs (1 + k) > RY,

Sm,j =
00 else

(®)
where p k= rmn(“C ‘,PS) Here s, ; is the cost of the
pattern j (simply the nimber of ones in the corresponding
column of the matrix in (3)) for user m. If the pattern cannot
satisfy the rate constraint for the user, the cost is infinity so
that the allocation of the pattern for the particular user is
discouraged'. An MC x 1-sized column vector named s is

formed as s = [s1,...,sy|T and s,, = [s1.1,...,7s |’ and
the following problem is formulated,
min{s”x} )
X
S.t.
[A17"'7AM]X§1K (10)
1L ... of
: S x=1y (11)
of ... 1%

The constraint in (10) is an inequality because here a sub-
channel doesn’t have to be allocated. But a pattern has to be
chosen for all users therefore (11) is an equality.
Alternatively, we propose a greedy algorithm called Block
Allocation for Minimum Number of Subchannels (BMNS)

'The MATLAB function bintprog does not accept infinity, therefore a
sufficiently high number such as K is given.
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in Algorithm 2. The minimum-subchannel problem is quite
different from rate maximization because each user has a rate
requirement. Hence, finding a feasible allocation (where each
user satisfies the rate requirements) is as important as spending
minimum number of subchannels. The algorithms that are too
myopic would end in unsuccessful allocations. For each user
we allocate the subchannels at once as a block that is sufficient
to satisfy the rate constraint. For this purpose we use the cost
matrix defined in (8).

Algorithm 2 Greedy Algorithm: Block Allocation for Mini-
mum Number of Subchannels (BMNS)

1. Calculate s = {s;,, j, Ym € M, j € C} using (8).
2.1, =0, K, =0,Ym e M, finish =0
while finish =0 do
3. BMNS 1: [s*,m*] = max,s.+.1,,—0{s2, — s.,}
3. BMNS 2: [s*,m*] = maX,,s.¢.1,, =015, }
if s},. < oo then
4. Find j* = minjec{sm-; }-
5. K = Kpr UK VE € Kppe =,
7. Find all j € C st. Ky, 5+ N Kyj # 0, and set:
Sm,j = 00,Ym
else
8. finish=1;
end if
if I,, =1,Ym e M or J,, Cneam = K then
9. finish=1;
end if
end while
i e, Welog, (1 + WiﬂiN"W) > R then
10. successful=1;
else
11. successful=0;
end if

Line 1 in the pseudocode calculates the costs s, ; for all
user-pattern pairs using (8). In Line 2 the entries of the vector
I,, are initialized to zero for all users m € M. I, is an
indicator value that takes value one if the user has already been
allocated and avoids being allocated twice. The set of allocated
subchannels /C,,, are initialized to empty sets for all users. The
algorithm executes as long as all users or all subchannels are
allocated or if it is understood that the allocation is infeasible.
In Line 3 there are two approaches for selecting the user to
be allocated among the users that have not been allocated
before. These are the two variants of the algorithm, denoted as
BMNS-1 and BMNS-2, respectively. Here s, is the smallest
and s2, is the second smallest cost for subchannels of node
m. BMNS-1 chooses the user that maximizes the difference
between the first and second smallest costs. This reflects the
possible missed opportunity of not allocating the currently best
feasible pattern for the user. BMNS-2 chooses the user that
maximizes the minimum pattern cost. The maximizing user
has possibly more urgency of allocation. If the minimum cost
of the chosen user m* is infinity, the allocation is infeasible
and the algorithm no longer executes. If not, the available

allocation pattern j* minimizing the cost of m* is given to
this user and in Line 5 and line 6 the values I,,~ and IC,,~
are updated accordingly. In Line 7, the allocation patterns
that have common subchannels with the allocated pattern are
given infinity cost, so that they are not reallocated (exclusivity
constraint). The conditions for finishing the algorithm are
checked in Line 9. After the algorithm ends, Lines 10 and 11
check if the algorithm successfully satisfies the rate constraints
for all users.

V. SUM-POWER MINIMIZATION

In our last problem we consider total power minimization
subject to rate constraints. The motivation of this problem is
minimizing the energy expenditure of the mobile devices in
the uplink real time (e.g. telephone) transmission. The problem
can be formulated as:

K1okoar €K mEZM Pk (12)
s.t.
Z log, (1+m1n< Sm 7p8> : >
kER IKonl 7 Ko N, W,
> R0 Vme M (13)
Kmme/:w,vm#m/eM (14)

Dm.K,, denotes the power allocated to a user m given an
allocation /C,,,, which is divided equally across its sub-carriers
and sufficient to satisfy the rate constraint RO,

. Phim.k 0
D Ko, rrgns.t. kEZK W log, <1 + |Km|NoWs> >R,
(15)
This value can be found using Newton’s method in a few
iterations.

This problem can also be formulated as a binary integer
programming problem. For this purpose we define the cost
matrix , where e, ; denotes the power expenditure user m if
pattern j is used.

R pma’Cm,j
€m,j =
o

Here if a particular pattern j does not satisfy the rate constraint
with the available power , then the cost is set to infinity in order
to discourge its allocation. Then an MC sized cost vector e
is formed similar to the previous problems. Then the binary
integer programming problem becomes miny{e?x} subject to
the same constraints as (10) and (11).

To find a sub-optimal solution two greedy algorithms are
proposed. First we propose a greedy algorithm called max-
imum power decrease (MPD). This algorithm is similar in
structure to the greedy MUI algorithm proposed in [3].

In Line 1, users powers are initialized to a very high value.
The set of allocated subchannels K,, and the set of feasible
subchannels K/, for each user are also initialized as before.

Pm Koy, 4 < ps

U
Pm K, < P and Ko s

else
meM,je€C (16)
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Algorithm 3 Greedy Algorithm 1:Maximum Power Decrease
(MPD)

Algorithm 4 Greedy Algorithm 2: Block Allocation for Min-
imum Total Power (BMTP)

=0 and K}, = K,¥m € M, finish=0
— Pm.KU{k}, VI € Mk € K

1. Pm = OO, ICm
2. Calculate Ap,, ; = pm

using (15)
while finish =0 do
3. Find [m*, k"] = max, .\ pexcf APmk

if App« = > 0 then
4. Set Ky = Kpr UK, K=K\ k*
5. Calculate py,« = pm= i,
6. K. = {min(Kp+) — 1, max(K,p,-
7. Appm = = 0,Ym, App« j, = 0,Vk
8. Calculate Apy« k= P — P~ K, U{k}> VK € ICfn*
else
9. finish=1;
end if
if C=0 then
10. finish=1;
end if
end while
it e, Welog, (1 + ) > R’ and p,, < P*
and lp:’;‘ < P%,Ym € M then
11. successful:l;
else
12. successful=0;
end if

)+1nkK

Finally the change in powers Ap,, ; are calculated in Line
2. App, i is the difference between the currently allocated
power p,, and the power allocation when the subchannel %
is additionally allocated to the user. After these initializations
the algorithm executes until subchannel set K is empty or
no more improvement can be obtained. The subchannel-user
pair [k*, m*] that decreases the power the most is found in
Line 3. After adding the subchannel £* to the set /C,,~ in
Line 4, this subchannel is eliminated from the set IC. After
these changes, the user power p,,~ is recalculated in Line
5 and the set K/, is reconstructed in Line 6 as it is done
in the MUI algorithm. In Line 7 Ap,, ;+ is equaled to zero
for each user m, in order to avoid reallocation. Ap,,« ’s are
recalculated in Line 8 for each subchannel m*, according to
the new feasible set. In Lines 11 and 12 the success of the
algorithm (i.e. satisfaction of the rate requirements and power
constraints) are checked. This algorithm acts as if there is no
power constraint. This greatly simplifies the algorithm, on the
other hand it results in more unsuccessful allocations as will
be shown in the numerical evaluation results.

The second proposed algorithm is the Block Allocation for
Minimum Total Power (BMTP), which is proposed in order
to better take into account the power constraints. Minimum
energy problem is a though problem because there is conflict
among the users. In order to decrease the user power, we
need to allocate more subchannels to a user, but then this
leaves fewer subchannels to other users. In order to relieve
the conflicts, the BMTP algorithms determines upper bounds
on number subchannels for all users. BMTP uses the M x C'

1. p = 00, K,y = 0 and Kf, = K, ¥Vm € M, finish=0
2. Calculate e, j,¥Ym € M, j € C using (15) and (16)
if 37, Ym s.t. e, ; < oo then

3. Calculate lower bounds

L,, = rjnelél{|lij| tem,j < 00},Vme M a7
if >°, L, > K then
4. finish=1
else
5.Upper bounds: Uy, = K — 3, Ln,Vm € M
6. em,j = 00, Vj s.t. [Kpy | > U, Ym € M
end if
else
7. finish=1
end if
while finish = 0 do
8. [e*,m*] = max,s.s.1, —0{€2, — ek}
if e},. < oo then
9. Find j* = minjec{em=;}
10. Ky = K UK, K = K\ kVE € Kppr -,
11. I,,- =1
12. Find all j € C s.t. Ky, j» N Ky ; # 0, and set:
Sm,j = 00, Vm
else
13. finish=1;
end if
if I,, =1,Ym e Mor |J,, Cneam = K then
14. finish=1;
end if
end while

15. Determine the feasible sets K/ ,Vm € M and allocate

the rest of the subchannels K according to the MPD
algorithm above.
if e, Welogy (1+ 25y ) > RY, and p,, < P
and Ip’;‘ < P%,Ym € M then

16. successful:l;
else

17. successful=0;
end if

power cost matrix e, ;,Vj € C,Ym € M defined in (16).
Initializations are done as usual in Line 1 and cost matrix
is formed in Line 2. If there is any user that does not have
any finite cost pattern, then the solution is infeasible and the
algorithm is finished in Line 7. If the problem is feasible, then
lower bounds are calculated in Line 3, where the lower bound
L,,, is the minimum number of subchannels corresponding to
a finite cost pattern according to (16) for user m. If the sum
of lower bounds for all users is larger than the total number of
subchannels K then the algorithm stops executing in Line 4. If
not, then the upper bounds are calculated in Line 5. For each
user, the upper bound is K minus the sum of lower bounds
for all other users. Using these bounds restrict the search area,
avoids searching unnecessary patterns and maintain feasibility.
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The cost for patterns that are out of these bounds are equaled
to infinity for all users (Line 6). After upper and lower bound
calculations the algorithm executes until all users are allocated
or there are no subchannels left to allocate. Then the maximum
of the difference between the second minimum and the first
minimum subchannel among all nodes is found in Line 8.
Allocation to user m* and necessary set and cost updates are
performed in Lines 9, 10, 11 and 12. After these allocations,
there may still be unallocated subchannels. More decrease in
transmission powers may be obtained by allocating these. In
Line 15, the feasible subchannels are determined as in MUI
and MPD. These subchannels are allocated one by one until
the subchannels finish or there can be no more improvement.
The success of the algorithm is checked in Lines 16 and 17,
in order to determine whether the resultant allocations violate
the constraints or not.

VI. NUMERICAL EVALUATIONS

We consider a single cell with radius of 1000 meters and
10 users are transmitting to a base station. The users are
uniformly distributed in the cellular area and the path loss
is 31.5 4+ 37.6log,y d dB, where d is the distance to the base
station in meters. We assume a fading Gaussian channel with -
161dBm/Hz noise power spectral density. A Non-Line of Sight
channel with Log-Normal shadowing standard deviation of
8dB is considered. Subchannel bandwidth is 180KHz, sub-
channel power constraint is 10mW and user power constraint is
P* =200mW [8] [9]. We generate several sets of distance and
fading instances and for each of these we perform allocations
and record the resulting performance values. We plot the
cumulative distributions of these values.

A. Maximum Weighted Sum-Rate

Figure 1 displays the empirical cumulative distribution
functions of weighted sum rates corresponding to the optimal
allocation (found by binary integer programming), greedy
algorithm MUI-1 in [3] and our modified version MUI-2 that
considers the adjacent subchannels in reward vector computa-
tion. The user weights w,,, are uniformly distributed between
zero and one at each optimization instant. The results show that
although having the same complexity, our modification results
in observable performance improvement and approaches to the
performance of the optimal scheme. Results also prove that our
algorithm achieves 7.5 — 8% average performance improve-
ment over MUI-2. There still exists room for improvement to
reach the optimal weighted sum rate, however at the cost of
more complex algorithms. At each step, our MATLAB code
for the greedy algorithm only updates the rewards of the user-
subchannel pairs that needs to be updated, therefore it results
in almost 500 times less computation time then the binary
integer programming.

B. Minimum Number of Subchannels

Figure 2 displays the empirical cdf’s of the number of sub-
channels corresponding to the optimal allocation and the two
variations of the greedy BMNS algorithm. We consider user

Empirical CDF: Achievable weighted bit rate: M=10, K=25
1 T T T T 7

0.8

o7 ——— Optimal

= = = MUI - Wong et.al.

061 L MU -2

F(x)
o
o

0.4 J:'A . : b
0.3} - ]
02F - # 1

01F - f B

i
0 0.5 1 1.5 2 25 3
x (Total bit rate in bps) x 10"

Fig. 1. Cumulative distribution of the weighted sum rate for different
schemes. M=10 users and K=25 subchannels. The slight improvement that
we made in the greedy algorithm of [3] achieves observable performance
improvement (approximately 7 percent on average.)

rate constraints of 16kbps/user. BMNS-1 allocates the user
that maximizes the difference of the second and first minimum
pattern costs. BMNS-2 allocates the user that maximizes the
minimum pattern cost. We look at 1000 cases and for the
infeasible and unsuccessful allocations we give a high resultant
cost in order to distinguish them. The numerical results show
that the greedy algorithms perform almost identical to the
binary integer programming solution. This is an important
result because the greedy algorithms execute almost 30-35
times faster than MATLAB function bintprog. The optimal
allocation is successful 51% of the time, while the greedy
ones are 49% successful, with only 2 percent difference.
Although the BMNS-1 algorithm that looks at the differential
cost performs slightly better, BMNS-1 and 2 perform very
similarly. We see that even for the optimal allocation, 49%
of the times the allocation is infeasible because the log-
normal shadowing and Rayleigh fading can take any number.
In real time implementations, these algorithms should be used
jointly with admission control and scheduling schemes, so that
transmissions of users with bad channels are postponed. In this
work, we are more interested in relative performances of the
algorithms.

C. Minimum Sum-Power

In Figure 3 we see the cdf of the total power expenditure
with the binary integer programming solution (top line) and
the proposed greedy algorithms Maximum Power Decrease
(MPD)(bottom) and Block Allocation for Minimum Total
Power (BMTP) (middle). Since the bintprog function results
in memory problems, we perform simulations for K = 20.
The BMTP algorithm performs surprisingly close to the binary
integer programming solution. The main reason of this is that
we determine upper bounds for the number of subchannel allo-
cations for all users. This avoids overallocation of some users
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Empirical CDF: Number of Used Subchannels: M=10, K=25,R0m=16kbps
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Fig. 2. Cumulative distribution of the weighted sum rate for different

schemes. M=10 users and K=25 subchannels. Rate constraints are 16kbps
per user. Proposed greedy algorithms perform almost as good as the binary
integer programming solution.

and increases the chance of satisfying the rate constraints.
We have also mentioned that MPD algorithm behaves as if
there is no power constraint and as a result it has only 15%
chance of successful allocation. The optimal and BMTP-based
allocation have around 43% chance of successful allocation.
The BMTP achieves this success at the cost of computational
time. It can only achieve 10 times less computation time then
the bintprog solution. MPD algorithm is 300 times faster
than the bintprog function at the cost of poor performance.

Empirical CDF: Number of Used Subchannels: M=10, K:20,Rr°n:16kbps
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Fig. 3.  Cumulative distribution of the weighted sum power for different
schemes. M=10 users and K=20 subchannels. Rate constraints are 16kbps per
user. Proposed greedy algorithm BMTP performs almost as good as the binary
integer programming solution and it significantly outperforms the greedy MPD
algorithm .

0.2

VII. CONCLUSIONS

We considered three resource allocation problems such as:
weighted sum-rate maximization, transmission with minimal
number of subchannels and sum-power minimization subject
to rate constraints. For the first problem we made a simple
modification to an algorithm proposed in the literature. The
simulation results show that 7 — 8% improvement can be
typically obtained. For the latter two problems, we stated
the problems as optimal binary integer programming prob-
lems, extending a framework proposed in the literature. We
also proposed efficient greedy algorithms for these allocation
problems. The numerical evaluation results show that for
the minimum number of subchannel problem, the greedy
algorithm works 30 times faster than the optimal solution and
performs 97 — 98% identical to it. As for the minimum sum-
power problem we proposed an algorithm that runs at least
10 times faster than the optimal solution and performs almost
identical to it.

Motivated by these promising results, first of all, the
complexities of the greedy algorithms should be analyzed
as future work. Possible less complex algorithms with close
performance or better algorithms with acceptable complexity
will be researched. Resource allocation for cooperative relayed
transmission is also a direction of future research.
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Single Carrier-FDMA Based Resource Allocation
for Heterogeneous Users

Tolga Girici, Member, IEEE, and Fatma Irem Sokmen

Abstract—Single-Carrier Frequency Division Multiple Access proposed a simpler greedy algorithm to achieve a less comple
(SC-FDMA) is a multicarrier modulation technique that has suboptimal solution.
performance close to OFDMA, with the additional advantage All previous studies on SC-FDMA based resource alloca-

of low peak to average power ratio (PAPR). It is chosen as the . S . .
transmission technique for Long Term Evolution (LTE) uplink  tion addressed the objective of maximum total (weighted)

transmissions. In order to keep the PAPR low, resource blocks throughput, e.g., [2],[3],[4] and [5]. In [3] the contigyit
allocated to a user has to be adjacent in frequency, which makes constraint was not considered. The work in [4] considers
the resource allocation problem interesping. !n this work, we the contiguity constraint and proposes some greedy resourc
study resource block and power allocation with heterogeneous 4ji5cation algorithms. One of those algorithms are simiéar
users. The first group of users have strict rate requirements. e . . .

second group of users create elastic traffic, which can use all the th? one in [2]. Or_le other algorithm takes into account corre-_
available bit rate. We formulate and solve the optimal resource lations among adjacent channels, however the successsof thi
allocation as a binary integer programming problem. We also algorithm depends on the amount of correlation. Besidasgsi
propose a much simpler greedy algorithm that performs very the channels are allocated in bigger RBs instead of sulecsyri

close to the optimal. they may not be correlated. The authors in [5] propose an

Index Terms—SC-FDMA, resource allocation, uplink, LTE. algorithm called Improved Recursive Maximum Expansion
(IRME) algorithm. In this scheme, once an RB is allocated
|. INTRODUCTION to a user, left and right neighbors of the allocated regian ar

— ) Iso allocated if the user has good channel condition @uek r
INGLE Carrier-FDMA (SC-FDMA) has been adopted a%bove a certain threshold) in these RBs. Our simulationg/ sho

he uplink technique for 3GPP-LTE (Long Term Evolu- :
: . that IRME performs better than the greedy algorithm of [2].
tion). It has the same performance with a lower peak to aeeray’ worthypof noting that the algorit%ms |)|/"| [4% [5] do n<[)t]

power ratio (PAPR) than a wide known technique callet ke int tth link situati h h h
Orthogonal Frequency Division Multiple Access (OFDMA)a € Info account the uplink situation, where each user has
separate power constraint and RB power depends on the

[1]. Low PAPR property is due to the DFT-precoding applie8
to the symbols. Low PAPR increases the power efficiency 8Pmber OT RBS aIIocated.to. a user.
The objectives of maximizing total throughput or propor-

the transmitter power amplifiers, an advantage for low-powe | fai itable for best effort i
mobile stations. Receivers need a Frequency domain equali?ona Iall’?eSf a]:fr_e moLe SUII:Ta}P e for i est € OrW(')trh non-rea
which is possible to be deployed at the base stations ratﬁ'g?e (elastic) traffic such as » €-mait or www. VVith vasou

than mobile stations. It makes SC-FDMA more preferable f ultimedia applications such as VOIP and videoconference
uplink transmissions uality of Service (Qos) demands occur in many ways in-

Like in OFDMA, the subcarriers are allocated in groupgIUOIIrlg €.g, delay, data integrity, minimum transmissiates,

in SC-FDMA. SC-FDMA has two subcarrier grouping techlolerable error _;?]teds_ﬁ Resi)urces zcijllocatlgn for hetz(rjagmed .
niques called localized-FDMA and distributed FDMA. In L-users (users wi ifierent QoS demands) was addressed in

FDMA, adjacentsubcarriers are combined to form Resource the context of OFDMA before (Some examples, [7][8]).

Block (RB), while in I-FDMA, equidistant subcarriers form anIn [7] the objective is to maximize the rate of non-delay

RB. L-FDMA takes the advantage of selecting desirable paagnstrained users, while satisfying the rate requiremehts

of the channel while D-FDMA takes advantage of avoidin elay constrained users. The authors use a convex optiarizat

the allocation of adjacent subcarriers that are in deepg34de chnlqge. This IS not apphcable to our case .because L
contiguity constraint, which has a combinatoric nature- An

In this work we chose L-FDMA. When multiple RBs are allo- ih thod f S location is d .
cated to a user in L-FDMA, it is better to allocate contiguou% er method for QoS-aware resource allocation is devedopi

RBs, in order to keep the PAPR low. Thdsntiguity constraint reS(l)(urtcg ?Ilocatlé)n metrics that. tal;e "][to acgougt the mélan
makes the resource allocation problem hard and interestiy’ eth' elay ?(n average drece(zjlves Crlilgl\fl‘i Irt])[ ] d
and it's been addressed in various recent studies. The rauthq n this work we considere ) ased resource

in [2] used binary integer programming to find the optima‘? location in uplink of an LTE system. There are two types of

RB allocation for maximum weighted sum rate. They alsgSers: the ones that demand non-elastic traffic (stricsjmer-

rate requirements) and elastic traffic (can use any availaibl
Manuscript received November 17, 2010. The associate editmdinating rate). Our aim is to maximize the weighted total throughput

the review of this letter and approving it for publicationsva.. of the elastic users while providing the constant bit rate
T. Girici and F.I. Sokmen are with the Department of Electriead

Electronics Engineering at TOBB University of Economics drtthnology, ConStra|nt$ for non-elastp uselrs' We adopt the binarygerte
06560 Ankara, Turkey. Email: tgirici@etu.edu.tr. programming framework in [2] in order to formulate and solve



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. X, NO. Y, NOVEBER 2010 2

the optimum allocation problem. We also develop a simpl&reighted sum rate of elastic users. Allocation must be done
greedy algorithm that satisfies non-elastic users with as faubject to contiguity and power constraints. We formulae t
RBs as possible and allocates the remaining to the elasis ugproblem as it is shown in (2), (3) and (4). In (2),, denotes

as efficiently as possible. In [6] we have previously proplosehe user weight forn and reflects the user priortylnequality
solutions for satisfying rate requirements with minimummmu (3) is the user rate constraint for non-elastic users. Eguat
ber of RBs or minimum total power. In this letter, on the othe@) is the constraint that a subchannel is allocated to ong o
hand, we consider the joint problem of elastic and non-elasuser.

users. o, max Z Wm Z Bk o @)
The letter is organized as follows; in Section Il we explain Lk ER e k€K,

the system model. In Section Ill, we formulate the resoureg;
allocation problem and propose optimal and suboptimal so-

lutions. In Section IV we explain the previously proposed > Rmik, > R, VmeMpyg 3)
algorithms for elastic only traffic. In Section V we present kelm

the numerical results for comparison. Section VI concludes KpNKp = 0,Ym#m',e M (4)
the letter.

whereK is the set of all allocations that satisfy the contiguity
constraint.

Binary integer programming approached developed in [2]
n be extended for this problem for heterogeneous usees. Th
lowing allocation pattern matrix (for K = 4 RBs) is useful
the binary integer programming formulation.

Il. SYSTEM MODEL

In this paper we consider a single cell with multiple users
transmitting to a base station (BS). We consider Localiz §
FDMA, where a number of adjacent subcarriers are group
into RBs. Hence, system bandwidth W is divided into a sét

K ={1,...,K} of K orthogonal RBs of bandwidti’; each. 01 000100101

There are a seM = {1,..., M} of M users. There are two {00 100110111 v M
disjoint groups of users such as the users demanding elaéé}ft‘, “looo1o00111 11" <
traffic (M g) and non-elastic traffic¥ yg). We assume that 0000 1O0O0T1O0T1°71

users with non-elastic traffic demands a fixed rat&dbps at . o
each time slot. We also assume that elastic users haveahfinit This matrix is the same for all users. Each row corresponds
backlogged queues and can use any available bit rate. to a RB and each column is a different allocation pattern. A
RB k of userm has channel gaif,, , and it is assumed "one” means that the RB is allocated and a "zero” means the
to be known at the BS. RB noise power at the receiv@PPOSite. This is & x ¢’ matrix, where C is the number of
is N,WW, W/Hz. There are two kinds of maximum powerP0ssible allocation patterns, which is equabth’® + 3 K +1
constraints , which are the per-uséP*) and per-RB p*) [2]. The contiguity constraint limits the possible allocat pat-
power constraints. Let,, be the set of RBs allocated to useferns, therefore makes the binary integer programming ierm

m and let|K,,| be the cardinality of it. According to the lation possible. We defin:;e a resource allocation vectorgﬂﬁ Si
contiguity constraint the RBs in this set must be adjacent {{C asx = [x1,...,xm]", wherexy, = [@m1,... Tm,c]"
the frequency domain. The available power of userP* , is In this vectorz,, ; € {0,1}, where a "one” corresponds to
uniformly distributed to theC,,| allocated RBY but power @an allocation. For the Welghtgd rate maximization problem,
per RB cannot be greater thaP®. We assume the Shannorféward vector of the same size as is defined, where,, ;
capacity formula as the relation between SNR and achievabielefined as
rate. R, 1 x,, iS the achievable rate by uset at one of its o= w Z Rk (5)
allocated RBs: € ,,,, 7 i g
Em,j
u
Rm,k,Km = 10g2 (1 -+ min <P,Pa) hm7k ) 7]{/, c ’Cm where the SEKWJ = {k c K: A7n(kaj) = 1}, set of RB
Ko NoWs (1) indices corresponding to allocation pattgrrnThe reward vec-
— T _ T
The B aois as te scheduer ater ceran cacuanoff PN e e el
the sends the users the information about the resources fhat. ; '
. o reward vector changes for non-elastic users. If the achieva
they are supposed to use. In this work , our main interest IS i
) satisfies the the

subchannel allocation subject to contiguity constrainthia rate of userm thh pattern (Rm’k”cw
ragg constrainf?,), then the corresponding entry, ; becomes

resence of heterogeneous uses. In practice, there ma . . : .
P . Y o P ; ¢ €ro, else its set te-co. Thus, it becomes obligatory to satisfy
imperfections due to power amplifiers in the user equmeq S

: N . e rate constraints in order to maximize the total reward.
and frequency domain equalization at the base statlon,\hnwe_l_he objective of the optimization becomes:x, r%x and the
those are beyond the scope of this work. r

constraints areAx = 1,4k andz; € {0,1},V4, where
1y+x is an M + K-length column vector. The matriA

IIl. PROBLEM FORMULATION

The problem is to allocate RBs to users in order to satisfy

the rate constraints of non-elastic users and maximize the
2lf w,, is chosen as the inverse of the average received rate, then
1Uniform power allocation help to maintain low PAPR [2] proportional fairness can be maintained.
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is defined as and increase the total weighted rate. Lines 24 and 25 compute
Aj} AZI\! the utility increase for both edges. This while loop conéisu
A 1z ... 0¢ ©6) until there is no more improvement or two edges reach each
a oo other.
of ... 17

Algorithm 1 Proposed Algorithm

where1, is a row vector of all ones of length C. The equality 1. Calculate{s,, ;, m € My, € C}, using (7).
corresponding to the top part of the matiiA, ..., Ay|x = 5. Set, finish=0,feasible=1,, = 0, I,, = 0 Vm, K/ = K
1k ,implies that each RB is allocated to a single user. The. while finish =0 and3m € Myg s.t. I, =0 do
bottom part on the other hand, implies that each user selecks  Find cost" = min{s,, ;},¥m € Mygs.t. I, =0
only one of the patterns iM,,. The MATLAB function 5. Find m* = argmaxmeay ps. t. 1, —0{cost™i"}

bi nt prog is used in [2] to solve this problem. However the . Check all; s.t. s,,- ; = cost* and find the onej()

time it takes to find the solution is prohibitively long, whic closest to one of the edges.
necessitates much simpler heuristics. 7. if Spe - < oo then
8 Ko =Ko jor KE = KI /Ko
A. Proposed Suboptimal Algorithm 9: L-=1
After analyzing the optimal solution for several cases we: Setsy,; = 00, Vm, j S.t. Kine je N Ky j # 0
made the following observations 1) Among the elastic userst:  €lse _
most of the RBs are given to a single user 2) The nor# finish=1, feasible=0

elastic users are usually allocated RBs that are at the eddés €nd if

of the spectrum, because this leaves a solid block of RBs 1 end while

the middle and they are allocated to one or two best elasfé Set finish=0Ng =0

users. Considering these, the proposed algorithm in Algori 16: While K7 7 0 and feasible = 1 do

1 consists of three stages. In the first stage (Lines 1-14) the ~ Calculater,, ;,vm € Mg and¥j s.t. K, j C Ky (5)
allocations for non-elastic users are performed. First Ibf al®: Find [m*, j*] = maxmemp i {rm.,;}

for every non-elastic user and every allocation patterstsco 190 Im+ = LNE = NpUm* KIS = K /K jo ) K =
sm,; are computed as in (7). If the pattern satisfies the rate ’Cm*q*

constraint, then the cost is the number of RBs in that patter??: €nd while

otherwise it is infinity. 21: for all n € N do
22 Set ky = min{k,} and k» = max{K,},
A1,1’er A1,7n =0
Sy = { "Coﬂ;aj‘ rmd ;P”?n Vm € Myg,Vj€C (7) 23 while ky < ks or finish=0do
24: Caleulate A1y = Wi Y e, ok, Bk Kotk +
In Line 4 the minimum number of required RBs to satisfy wy, Zke,cfh Ro ki, —ky —Wm Zke,cm R ki, —
the rate constraint for each user is found. In Line 5 the user w, Zke,cn Rokx,, Yms.t. I, =0
m* that maximizes this minimum cost is found. This user hass: Calculate Az, = Wi D peke, 1 hy BomkKmths +
the highest priority. Then we check minimum cost patterns Wi Y pekcn —ky Bonkon—ko =W D pere, Bom kK, —
for userm™* and find the one that is closest to the edge. We wy, Zke,cn Rokx,, Yms.t. I, =0
do this in order to leave a large block of contiguous RBge: Find theA-maximizing user-RB pairk(*, m*) among
to the elastic users. If the minimal cost is infinity then the ki,ks andm € M
problem is infeasible and the algorithm is aborted. Othgewi 27: if A™* > ( then
the rate constraint of usen* is satisfied and we go on with 2s: Ko = K UK, KK, = K /K
allocating RBs to the other non-elastic users. We repeat the ki =k +1if k* =k orkg="Fky—1if k* = ky
loop (Lines 3-14) until either the allocation is infeasilie 3o0: else
all non-elastic users are allocated. In the second stageegLi 31: finish=1,
15-20) the remaining blocks of RBs are allocated. First the: end if

achievable weighted rates are calculated for all elastersus 33:  end while
and all feasible patterns (i.e. the patterns that only contairs4: end for
unallocated RBs). For other patterns and users, the weighte
rate is zero. At each step the user-pattern pair with thedsigh
reward is allocated (Line 18). This stage usually allocatest

of the RBs to a single user. In the third stage (Lines 21-34)

IV. ALGORITHMS FORELASTIC-ONLY TRAFFIC

reallocations are performed in order to further increase the The algorithm that we propose is the first SC-FDMA based

weighted total rate. LeNx be the set of elastic users that areiplink resource allocation algorithm for heterogeneousrsis
allocated RBs in Stage 2. We look at these users one by dftee proposed algorithms in the literature are for systeras th
in Lines 21-34. Each user has a contiguous block of RBs. \WWaly have users demanding elastic traffic. We will consider t
start from the edges of a block and see if we can allocate tmfaithose algorithms. The first one written in Algorithm 2 was
different user (of course, considering the contiguity ¢mist) proposed by Wong et. al. [2] and we namdviaximal Utility
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Increase (MUI). First, in Line 2 utility increase is computedAlgorithm 3 Improved Recursive Maximum Expansion [5]
by adding a RB to a user, for each user and RB. In the whitRME)

loop, the user-RB pair that maximizes the utility increase i 1: Init. KC,,, = (), K/, = K Vm € M, finish = 0 and setT,
allocated. Contiguity constraint has to be obeyed, theegfo 2: Find Uy, x = Ry, 1,11} Vm € Mg andk € K using (1),
when a user is allocated a contiguous set of RBs, there are at while finish = 0 do

most two feasible RBs for that users, which are the left and:  Find [m*, k*] = MAaxX, v pekh U s

right neighbor of the block (Line 8). 5 Ky = Kme UKk, K. = {min(Kpn-) —

1, max(Kp) + 1} N K,

Algorithm 2 Maximum Utility Increase [2] (MUI)

6:  while there is improvementio
L rm=0,K,=0 Kl =K, Vm € Mg, finish=0. 7 Sort U, min{c/ .} @mong allm st.m € M and
2: For all usersm € Mg, calculate Ary,;, = min{k! .} € KI
W D ke Uk} Bom kK, UTkY — Tms VK € Kf, using (5) g if order > T, then
3: while finish =0 do o Find k** = min{K/ .}
4: Fmd [m*, k] =max, \pexcs ATmk 10: Kme = Km- Uk™KL. = {min(K,-) —
5. if Arp g~ >0 then 1, max (k) + 1} N K and € = K\ k*,
6: Sethm* = ’Cm* U {k*}, 11: else
& Uedaterm* = T + AT e 12: no improvement
8: K = {min(Kp«) — 1, max(Kpx) + 1} N K 13: end if
9: Arm,k* = O,Vm, A’I‘m*7k = O,Vkﬁ 14: end while
10: Cale. Arpe k= Wm D gek,,uthy Bmkk,,Ut) = 15.  Repeat Lines — 14 for k& = max{K/ .}
T'Tnv ke ’C{n 16: if ]ng = @,Vm then
11: else 17: finish =1
12: finish=1; 18: end if
13:  end if 19: end while
14:  if KI, =0,vm then
15: finish=1;
le: end if —161dBm/Hz noise power spectral density. A Non-Line of
17: end while

Sight channel with Log-Normal shadowing standard dewviatio
i ) ) of 8dB is considered. There are 25 RBs each with bandwidth
Another algorithm for elastic-only users is proposed ifgokHz. RB power constraint is?* = 8.0403mW and user
[5], which is called !mprovepl Reqursive Maximum.ExpansioBOWer constraint isP* = 125.89mW [9]. We generate 2000
(IRME). In fact this algorithm is not totally suitable forgets of user distances and fading values and for each of these
uplink, because it assumes there is single power source gd nerform allocations and record the resulting perforreanc
power is equally distributed to the RBs. Anyway, we assumgyes in an array. For all the considered schemes, we obtain
that at each RB, the transmission powerHs and perform eqe arrays. We divide the array of the optimal scheme to the
IRME, according to that. Line 2 in Algorlth.m 3 calculates th%rrays of each of the suboptimal schemes entry-by-entra As
weighted rate for each user and RBE, using (1) . result, what we obtain is an array of relative performances f
At each main loop the user-RB pain(, k™) that maximizes gach suboptimal algorithm. We plot the empirical cumutativ
Ui are found among all théeasible pairs and RBE™ IS gistribution of these arrays. The rate constraint for eamfrn

allocated to userm’; (Lines 4,5). Line S redetermines theg|astic user is 90Kbps. Le¥y » be the number of non-elastic
feasible set of usen" as the left and right neighbors of the sefisers In Figure 1 we consider the case of all-elastic users

of RBs of usem*, if they are still available. Then, Lines 6-15 Nyg = 0). We compare the relative performance of our
expand this allocation to the left and right as much as plssibygnosed algorithm with relative performances of IRME and
In Line 6 all the users for whom the considered RB is feasibjgy ) algorithms. It is seen from Figure 1 that our proposed

are taken and their utilities are sorted. If the utility okus:* algorithm is the best suboptimal algorithm. With 80 percent
ranks among the greate#v , then usern” takes that RB. cnance, it is within 10 percent of the optimal algorithm. It
This expansion continues left and right until the ranking Qf <cen that IRME is better than MUI, and its performance
m* is not good enough or there are no more free RBs. Whﬂ@pends on the threshdld- value (I'r = 4 is the best). As we
whole RB set is allocated completely the algorithm stops€Li g4ig pefore, the optimal solution tends to give most of the RB
17). to a single user, which is done in IRME for highgr values.
Our proposed algorithm performs significantly better tham t
V. NUMERICAL EVALUATIONS other suboptimal ones and it doesn’t need’a parameter,
We consider a single cell with radius of 1000 meterghich is a plus.
and 10 users transmitting to a base station. The users arén Figure 2 we present the performance results for 1 and
uniformly distributed in the cellular area and the path los% non-elastic users, respectively. For this purpose weterea
is 31.5 4+ 37.6log,, d dB, whered is the distance to the basebenchmark algorithms by modifying MUI and IRME for
station in meters. We assume a fading Gaussian channel widterogenous case as in Algorithm 4. Briefly, the algorithm
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Empirical CDF of relative performances (NzlgENO, K=25) Ne=1
‘ = = ir L 1r
—f—n—'“"'—:q—‘_-:?::-q-"r:'-$ P [t
LT T 1 oot o.of
el
P o 1 0.8} 0.8F E
,' RME,(-ErﬁéttOl no. of successes: ".,—" g%ggz%?;gg;es;
q 0.7F OPT:1584/2000 0.7F 4 proposed:928/2000
proposed:1582/2000 ' IRME—H'%AS/ZOOO
IRME-H:1569/2000 [ MUI—H'7‘44/2000
1 0.6 MUI-H:1571/2000 0.6+ )
| = L = U
T 0.5 g 0.5
y 0.4 0.4H
OPT/proposed 03rk 03]
= = = OPT/IRME(Tr=4)
E - - — OPT/IRME(Tr=3)|] 0.2} 0.27]
B = = = OPT/IRME(Tr=2) OPT/proposed OPT/proposed
01F = = = OPT/IRME(Tr=1)[{ 0.1 | = = = OPT/IRME-H(Tr=4) 0.1 | = = = OPT/IRME-H(Tr=4)
------ OPT/MUI ' OPT/MUI-H v OPT/MUI-H
O Il Il Il Il Il 0 L L L J 0 L L L J
1 1.25 15 1.75 2 2.25 25 1 2 3 4 5 1 2 3 4 5
X (performance ratio with respect to the optimal) x(relative performance) x(relative performance)
Fig. 1. Relative performance results for a system with onstit users. Fig. 2. Relative performance results for the cases of 1 andrBefastic

Proposed algorithm is the best among the suboptimal ones, tahdsia users. As the number of non-elastic users increase, the ggdpalgorithm
performance mostly within 10 percent of the optimal. significantly outperforms the benchmarks.

first allocates RBs to non-elastic users based on achievabfecertain users (if possible), while maximizing the weigght
rates. Then the remaining RBs (if there are any) are alldcateum rate of others. Comparisons with some benchmarks show
to elastic users. that the proposed greedy algorithm is close to optimal and
significantly outperforms the benchmarks, as the number of
Algorithm 4 Benchmark Algorithms for Heterogeneousate-constrained users increase. Future work will addsgss
Users: (Named as MUI-H and IRME-H) tems with random packet arrivals and delay-aware resource
1: Set the weights of non-elastic users as ang:=1,Vn € allocation.
MpyE
2: Run the MUI or IRME algorithm for the non-elastic users. ACKNOWLEDGMENT
The only difference from. actual MUI or IRME. Is that as The work in this paper was supported by Turkish Scientific
soon as the rate constraint of a user is satisfied, that node . .
) . and Technical Research Council (TUBK) under 1001 grant
doesn'’t receive any more RBs.

3: Run the MUI or IRME algorithm among the elastic user%OSEZOS'

in order to allocate the remaining RBs.
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Abstract—We consider an OFDMA based multicast system
where a base station transmits multicast sessions to a number
of multicast groups. The goal is to maintain fairness among
the multicast rates of groups. Contrary to classical multicast
systems, the achievable subchannel rate is not limited to the
worst user, Thanks to Reed-Solomon coding [4]. In this paper
we propose an iterative subchannel and bit allocation algorithm
that has much lower complexity and better performance than the
one proposed in [4]. Secondly, we consider a simple bit loading
scheme for single-group multicast and obtain approximate closed-
form expressions for the average multicast rate. We show by
simulations that the analytical results are very accurate.

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is
one of the promising techniques to combat frequency selective
fading in broadband wireless systems. With this technique,
the information is sent over narrowband transmission channels
named subchannels. In a multiple-user system, where each
user experiences different frequency selective fading, OFDM
can be used as a multiple access technique (OFDMA) by
judiciously allocating subchannels to users.

Wireless Multicast/Broadcast services such as IP radio
broadcast and Mobile TV is a growing application in broad-
band wireless access systems [1]. As individual feedback-
based systems such as ARQ/HARQ can’t be supported in
multicast systems (due to large amount of feedback required),
robust modulation and coding schemes are used, which limits
the throughput. Traditionally in multicast resource allocation,
the base station looks at the user in the multicast group
with the worst channel gain [6]. In [6], total throughput
is maximized in the presence of multiple multicast groups.
Some-lower complexity resource allocation schemes are also
proposed in this paper. The work in [2] improves the total
throughput by using the benefits of OFDM along with multiple
description coding (MDC) [3]. Users with better channel
conditions receive the same broadcast, but with better quality.
However their work didn’t provide fairness, and the users with
bad channel conditions had less benefits. The received rate of
the user with the worst channel significantly decreases as the
number of users in the group increases.

The work in [4] significantly improves the throughput of
the worst user by using a technique based on Reed-Solomon
coding. In this work, the case of multiple multicast groups
was also studied. In this paper we base our work on [4] and
propose an iterative resource allocation algorithm for multiple
multicast groups. Our algorithm has both better performance

and significantly less complexity than that of [4]. The perfor-
mance and complexity improvement becomes more significant
as the number of users and groups increase.

Secondly, we consider a simple bit allocation scheme,
for a single group of multicast users. For this scheme, we
derive the approximate probability distribution function of the
system multicast rate. Simulation results reveal that the derived
analytical approximation is very accurate.

II. MULTI MULTICAST SESSION

A base station transmits to K users, which are grouped into
G multicast groups. A user can subscribe to more than one
group. The total bandwidth is divided into N subchannels.
These subchannels are shared among multicast groups. The
channel gain between the BS and user %k in subcarrier n is
denoted by h,, j, and is assumed to be known by the base
station. The base station has a short term power budget Pr.
Let R9T and RY be the target and achieved multicast rate of
group g, respectively. The objective is to maximize

RY
a=minf{ | 1)

Hence the BS aims a kind of proportional fairness and tries to
match the rate of each group to its target as much as possible.

Resource allocation involves 1) Allocating each subchannel
to a group and 2) Deciding the set of users in the group that
will decode the subchannel 3) The number of bits to transmit
at each subchannel. We have the indicator 6n,g, which takes
value one if subchannel n is allocated to group g and zero if
not. We define a set S9 that includes the users in group g. The
indicator w,, j takes value one if subchannel n is to be decoded
by user k, and zero if not. Let ¢,, denote the number of bits
assigned to subchannel n. This value is assumed to be chosen
from a discrete set C where C = {C*,C?,...,CM} where
CM is the maximum number of bits that can be transmitted
in a subchannel. The data rate R} of the user k in group g
can expressed as R? = 25:1 CnWn, k0n, g, the sum of all bits
allocated to the user k.

Let b, ; € C be the maximum number of bits that can be
decoded by user k& in subchannel n. It depends on the type of
modulation and BER requirement. If §,, , = 1, then w,, ;, can
be defined as wy, = I{b,x > c,}, that is, becomes one if
achievable rate of a user is greater than the transmitted bits.
We define RY as the minimum of all user rates in session g.




The multicast data rate for session g can be expressed as

N
R9 = min CnWn kOn 2)
keS9
€ n=1

Let R, = ZnNzl CnOn,g be the total number of bits
transmitted to group g. Multicast data of session g (i.e. RY
bits) is coded into RY,,., > R9Y bits of data using Reed
Solomon coding. Then the RY,,, coded bits are separated and
allocated into different subchannels. As each user in session
g can decode RY bits of data they can recover the original
multicast data. User doesn’t have to decode each and every
subchannel and only needs to decode a subset of it. This results
in significant increase in multicast throughput as shown in [4].

Let f(cn, BER) be the required received power for any
user to receive ¢, bits of data with a bit error rate BER !.
Then the power allocated to subchannel n must satisfy

n, BER)w,, 1.0n
max { fle 3 Jnk ’g} <P, 3)
k.g hn,k

P,, should be sufficient to decode c¢,, bits with error rate BER
for all the assigned users. The objective o can be regarded as
a measure of proportional fairness, where each group gets the
highest possible rate proportional to its target. Optimization
problem is formulated as follows [4]

. N
. mMiNgeS9 Zn:l ann,kdrb,g
max Q= 1Min T
W, k,0n,g,Ch g RS9

4
N
s.t.y» P,<Pr Q)
n=1
G
> 69,=1,Yn (6)
g=1
cn €C={C',C?% .. .CM}vn,g 7

In (6), one subchannel is allowed to be allocated to only one
multicast session. In order to solve the optimization problem
(4), a joint subchannel and bit allocation has to be done.
Moreover, the subchannel allocation is composed of two parts,
the subchannel allocation among multicast sessions, d, 4 and
among users within multicast sessions, wy, ;. Although this
problem can be solved by nonlinear integer programming, the
optimum algorithm is NP-hard. In [4] a suboptimal resource
allocation algorithm was proposed. In this paper we propose
another suboptimal algorithm that jointly allocates power and
subchannel among sessions and users in an iterative fashion.

IThese BER requirements can be different for different multicast groups
and applications

III. PROPOSED ALGORITHM

Proposed algorithm is a three stage algorithm. In the first
stage the subchannels are shared among the multicast groups.
In the second stage an iterative scheme is used for each groups
separately in order to further increase the multicast rate of each
group. In the last stage the residual power is calculated and
allocated in order to load more bits to each subchannel. The
first stage is the Lines 1-14. In this stage the BS distributes
the available power equally to each subchannel and compute
the by, ; values. This stage loads each subchannel with equal
number of bits, i.e. ¢; = cg = ... = cy. The algorithm tries
all the values from C' to C™ in Lines 2-13. The C***! that
maximizes the « value is found.

The second stage consists of iterations. At each iteration
each subchannel is checked one by one (Lines 16-31). The
owner g* of the subchannel n is found (Line 17). Then the al-
gorithm finds the number of bits ¢,, = C' best of the subchannel
n that most improves the multicast rate (Lines 19-27). Then the
algorithm finds the least-rate group ™" = arg minges %;T
and (if g™ # ¢*) see if the o improves by giving subchannel
n to group g™ (Line 29). This process is performed for all
subchannels. If there is no improvement in an iteration, then
the algorithm is aborted. In the third stage power is further
optimized in a way that increases the o value. We adopt the
RPA scheme in [4]. The details of RPA are explained in the
Algorithm 2.

IV. BENCHMARK ALGORITHMS
A. Multiple Multicast Groups

In [4], a Greedy Algorithm (GA) is proposed. As shown
in Algorithm 2, the algorithm consists of two stages. In
the first stage (Lines 1-7), it is assumed that subchannels
in a multicast session are allocated to all users within the
multicast group (Line 1). At each step the group g* with
the smallest R9/R97 is found and that group is allocated
the best available subchannel. In the second stage an iterative
procedure is implemented. The group with the highest and
lowest R9/R9T value are found. A subchannel (the one
with least no. bits) is taken from the best and allocated to
the worst. Then subchannel and power allocation algorithms
SAAU-EP and RPA are applied for each group of users. These
two algorithms are originally proposed in [4] for a single
multicast group. They are explained briefly in Algorithm 2.
As a result of this reallocation, if the « value increases, then
one more iteration is performed, else the algorithm is aborted.
SAAU-EP, simply chooses the least-rate user at each step and
allocates the best available subchannel. RPA is a variation of
Levin-Campello algorithm and it uses the residual power in
order to load more bits and improve the multicast rate.

GA has to repeatedly run SAAU-EP and RPA for each
iteration, thus its run time becomes too high.

B. Single Multicast Group

There are also algorithms proposed for single multicast
session in the literature.



Algorithm 1 Iterative Subchannel and Bit Allocation for
Multigroup Multicast (ISBM)

1:

2:

26:
27:
28:
29:

30:
31:
32:

Calculate by, ,Vn,k assuming equal power/subchannel.
Set o™ =0,
for m=1: M do
Set 0p.g = 0,Vn, g, wpr = 0,Vn, k and ¢, = C™,¥n
forn=1: N do
Find the min-rate group ¢g* = argmin,{RY/R%T}
Set 5n,g* =1, Wnp k= I{bn,k > Cm},Vk IS
Update group rate B9 using (2)
end for
Calculate « using (1)
if a > o™ then
Obest =Qm
end if

: end for

Set ¢, = C****,¥n and run the Lines 3-8 again.

: while there is improvement do

forn=1: N do
Find g* s.t §, - =1
Find k* = arg mingcgo {Ri* },
Find C™** = maxc1, oM s.t. C™ < by j»
Max rate = R9
for all C"™ s.t. C™ < C™** do
Set w;hk = Wp k, VN, k, ¢, = Cn,¥n
Set w], , = I {byp > C™} ,Vk € 59
if mingegss >0, CpW;, x0n,g > Max rate then
Cbest — C«m’
Max rate = mingego 21]:/:1 CnWy, 1.6n,g
end if
end for
Update w,, 1, Vk € S9° according to ¢, = O,
Find g™ = arg minges RI;—;,T. Set 5;7!;,”1-" =1 and
repeat Lines 18-28. If the resulting « value is better,
then Set §,, gmin = 1.
end for
end while
Using Levin-Campello Algorithm [8] [4] allocate residual

power to subchannels

1) SAAU-EP+RPA: This algorithm was proposed in [4]

and its explanation can be found in 2.

2) Least Subchannel Gain Allocation (LGSA): LSGA as-

sumes that all users have to be able to receive all
subchannels (i.e. wy, ; = 1, Vn, k). Therefore the loaded
bits in each subchannel are determined by the worst user
at each subchannel. The algorithm is very simple , but
has poor performance. RPA can be performed in order to
use the residual power, which improves the performance.

3) Minsum [2]: This algorithm does not aim max-min

fairness. The goal is to maximize the total rate of users.

4) Equal Bit Algorithm (Equalc): This algorithm is a

simple scheme that we considered. This scheme assumes
that every subchannel is loaded with equal number of

Algorithm 2 Greedy Algorithm (GA)[4]

1:

AN A

~

Assumption for the first stage: All subchannels are al-
located to all users in a group, Define and calculate
¢} = mingeso by KV, g

: Initialize 9, 4 = 0Vn, g
: for n=1:N do

Find g* = arg ming(R9/R9T)
Find n* = arg maxy.¢.5, ,—0,vg1¢% }

Update 6+ 4« = 1 and Calculate multicast rate RI"
using (2)

: end for

8: while There is improvement do
Find the best and worst group (g™i" =

11:

12:

13:
14:

15:

arg ming(R9/R9T) and g"** = arg max,(R9/R9T))

Find the subchannel n* (allocated to ¢g™%*) that has the

least number of bits.

Allocate n* to g™ if there is improvement in multicast

rate

Perform SAAU-EP and RPA algorithms proposed in

[4], for each group of users.
end while
SAAU-EP: Assumes uniform power per subchannel and
performs at each step the following: Find the user £* in the
group with the smallest rate. Then, find the free subchan-
nel n* that results in the maximum increase in user rate,
and allocate it to the minimum-rate user (wy- g+ = 1).
Meanwhile, find the users k** such that by jx= > by« p=
and also set wy+ == = 1. Update the user rates.
RPA: This algorithm calculates the residual power and
allocates to the subchannels in order to maximally increase
the multicast rate of the group. It is a modified version
of Levin-Campello algorithm[8]. It first calculates the
required power to support the current ¢ bits for all n
and calculates the residual power. It then calculates for all
subchannels the power required to increase the number
of bits one step further. Then at each step the minimum-
rate user k* is found. Among the subchannels allocated
to k*, the one n* that requires least amount of additional
power is found. The ¢" is increased one step further.
Residual power is updated. The algorithm continues until
the residual power is not enough to increase the bits.

bits (¢ = ¢; = c2... = cn). If a user has b, > ¢,
then wy, , = 1. We try each member of the discrete set
{CY,C?,...,CM} and choose the one that maximizes
the multicast rate. Then RPA can be performed in order
to use the residual power.

V. NUMERICAL RESULTS

We consider a simulation setup similar to the one in

[4]. Users are randomly distributed in a circular area of
radius 1. A frequency selective Rayleigh fading channel
is assumed, where the channel gains of subchannels are
ii.d. Channel is corrupted with additive white Gaussian
noise with power 1. Path loss exponent is assumed to be



equal to 4. M-ary QAM modulation is assumed. Then the
required received power function f(c,, BER) is equal to
flen, BER) = 22 [Q Y (BER/4)]%(2°» — 1), where Ny is
the variance of the AWGN and Q(z) = \/% L. et /24t
As in [4] the set of number of bits is chosen as C =
{0 0.53 0.79 1.58 3.17 4.75 6.34 9.50 12.67 14.26 15.84}.

Figure 1 shows the performance results of allocation
schemes for the case of a single multicast group. The results
reveal that our proposed scheme has almost the same perfor-
mance as SAAU-EP+RPA [4]. The advantage of our scheme
is that it has almost three time less run time. Surprisingly
the Equalc scheme has a performance close to these two
schemes. Equalc has a much less run time than ISBM and
SAAU-EP+RPA. LSGA+RPA and MinSum schemes have
significantly worse performance.

Multicast Rate vs Number of Users (G=1, N=128, P=1000, BER=10"")
T T T T T

-©- ISBM
180 : : —+ SAAU-EP+RPA [|
9 LSGA+RPA
-8~ Minsum
160 B : Equalc

| | ; n
2 4 6 8 10 12 14 16 18 20
number of users (K)

Fig. 1. Multicast rate of a single multicast group vs. number of users.
Figure 2 shows the performance for the case of multiple
multicast sessions. Simulations are performed for number of
groups from 2 to 9. Target multicast rate of each group is
uniformly distributed between 50 and 150 bits. Each user can
be a member of a multicast group with probability %, and a
user can be a member of more than one group simultaneously.
We compare three schemes, ISBM (proposed algorithm), GA
[4] and FSAAS+SAAU+RPA [4]. The last algorithm is a
benchmark algorithm, where each group g gets % sub-

channels and then SAAU-EP and RPA are applieé.ﬁ Simulation
results show that the proposed ISBM has the best performance.
At high number of groups, ISBM has 50% better performance
than FSAAS+SAAU+RPA. GA is close to ISBM, but it has
3-4 times longer run time than ISBM.

VI. PERFORMANCE ANALYSIS OF A RESOURCE
ALLOCATION SCHEME

In this section we will consider a simple bit loading scheme
for a multicast system with single multicast group. For simplic-
ity of analysis we assume a continuous set of bits ¢,, € [0, 00)
instead of a discrete set. We also assume that each user has
equal distance from the BS, hence the average channel gains
are equal. Let vy be the average SNR of the users. Channel
gains of users are i.i.d and exponential distributed. This may

@ vs. number of multicast groups (N=256, P;=1000, BER=10")

—+ ISBM
- GA[4]
=i~ FSAAS+SAAU+RPA [4]

Fig. 2. «a vs. number of multicast groups. The proposed algorithm has both
better performance and much less run time than GA [4]

not be a realistic assumption but the resulting analysis reveals
significant performance gains by Reed-Solomon based coding.

The bit loading scheme is as follows. For each subchannel
n, the achievable number of bits of users are ordered and the
K™ mallest rate is chosen as the number of bits loaded in
that subchannel. So the probability that a user can receive from
subchannel n is 1 — % When r is low, users receive from a
lower number of subchannels but number of bits is higher. On
the other hand, when r is high, users get higher number of
subchannels but number of bits of each of them are lower. Let
the random variable R™* be the achievable number of bits
of users k at subchannel n. Let’s define the random variable
RE,, as the K /rt" smallest number of bits (K /rt" order

statistics)>. We will use the results from order statistics [10]
in order to understand the behavior of Rg , and the resulting
total multicast rate. The following result is taken from [10].
We assume that the achievable rate of user £ on subchannel
kis R™F = log(1 + yohnk), ¥, k, where h,, ) is an i.i.d.
exponentially distributed random variable with mean 1V n, k.

Result 1: Let the random variable R™* has a continuous
p.df. f(b). Let ¢y, denote the %th quantile of the random
variable R™* (i.e. Prob(R™* < (;;,) = ). Then for
sufficiently large K the distribution of Rﬁ /y converges to the
normal distribution in the following manner,

r—1
R?/r ~N (Cl/m KW) (@)

For our model the distribution of the number of bits is as
follows Fir(b) = Prob(R™" < b) = 1 — exp (—M)

Yo
The %th quantile of the random variable R™* is (;, = In(1—
Y ln(l — 1)). As K — oo the distribution of the random
variable Ry /- converges to the following Normal distribution,

1
1 L)
Rﬁ/r ~N (ln(l — v In(1 — ;)), (L 71;1(1(11)7 1))2)
Yo T (9)

2Note that r = K corresponds to RllI< , which is the worst-channel and

_ K Sh :
r = 2 corresponds to R K20 which is the median.



So, we obtained a result for a single subchannel. This is the
distribution of the achievable rate for a single subchannel when
the %th smallest achievable rate among users is chosen. Each
subchannel gain is statistically i.i.d. From the Central Limit
Theorem we know that the sum of a large number of i.i.d.
random variables converges to a Normal distributed random
variable. Let R* be the random variable defining the total
user rate collected from all subchannels.

Result 2: For a large number of users and subchannels, the
distribution of R* converges to a normal distribution with
mean and variance as follows,

lim FE[R"] =K (1 - i) In (1 — 0 In(1 — i)) (10)

K,N—oco

1
lim Var[RF) =K (1 - )
K,N—oo r

K(l i) 1 1 2
(,%0 —111(1— %))2 +; (hl (1—’)/011’1(].— 7‘))>
(11)

So, we obtained the achievable rate for a single user. Now,
we need to find the expected value of system multicast rate
R, which is the smallest rate minj R*. Using Result 1 the
expected value of the multicast rate becomes the %th quantile

X

of the distribution found in Result 2. The %th quantile of
Normal distribution with mean g and variance o? becomes
p+oxerf (£ -1),

Result 3: The expected multicast rate in the limit of large

number of subcarriers and users becomes

N%IEOOE[R] = E[R*)+y/Var[R*er£~! <12( - 1) (12)

where er £ 71(.) is the inverse error function.

We tested the accuracy of this approximation by comparing
it with simulation results. Figure 3 contains the average
multicast rate as a function of the quantile parameter r, for
number of users K = 30 and 60. Each user has average SNR
of 6. The top figure is for N = 64 and the bottom one is for
N = 128 subchannels. First of all we observe that average
multicast rate is maximum for r = 3, for both numbers of
subchannels and user. This means that for 30 users (60users),
the number of bits loaded to each subchannel is equal to the
achievable rate of the 10" (20*") worst user. Choosing the
multicast rate as the worst user at each subchannel corresponds
to %th quantile, which results in four times (five times) less
multicast rate for 30 (60) users. For a given r, the average
multicast rate does not depend much on the number of users.
The reason is that for large K the term erf ! (% — 1)
does not change much with K. This is an important results,
which says that contrary to classical multicasting, our scheme
maintains high rates even in the case of high number of users.
Secondly, for 64 subchannels, there is at most 7% difference
between the analytical and simulation results. This difference
drops to less than 4% for N = 128 (Central Limit Theorem).

Analytical and Simulation Results (1;=6, N=64)
501

— K=30 analytical
- = K=30 simulation
401 — K=60 analytical
= = K=60 simulation

30

20

7,6, N=128

Average Multicast Rate

100~

— K=30 analytical
= = K=30, simulation

80

— K=60, analytical
- - K=60, simulation

60

401

20

[ 5 10 15 20 25 30 35 40
quantile parameter (r)

Fig. 3. The comparison of simulation and analytical results for N = 64, 128
and K = 30, 60. The performance of quantile-based bit loading is insensitive
to number of users (K), but very sensitive to the quantile parameter (7). The
accuracy of the analysis gets better as the number of subchannels increase.

VII. CONCLUSION

We proposed a subchannel and bit allocation algorithm
for OFDMA-based multicast systems with multiple multicast
groups. Our algorithm has much less run time, but better
performance than the benchmark algorithm. Secondly, we
found an approximate closed-form expression for the expected
multicast rate for a single-group multicast system, using order
statistics. Simulation results show that the approximations are
very accurate and the scheduling (quantile) parameter has a
significant effect on the multicast rate. 3
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Abstract—In this work we consider the allocation of buffer
space to data streams sharing a common high-speed wireless
transmitter. As an example, we focus on an OFDMA-based
downlink system scenario. Scheduling for maximum throughput
has been extensively studied in the literature. However, the prac-
tically interesting case of a finite buffer has not been sufficiently
addressed before. Especially in the case of overloaded packet
queues, the choice of buffer management policy substantially
affects the throughput performance. We consider a physical-
layer scheduling scheme that allocates users to subcarriers based
on channel state, in order to make the most use of multiuser
diversity. We then consider optimal buffer partitioning to ac-
commodate the resulting rates. We study the system throughput
by simulations. As a benchmark, we also simulate MaxWeight,
a well-known cross-layer channel and queue-aware scheduling
policy that is throughput-optimal in the absence of a finite buffer
constraint. We observe that a suitable buffer management policy
with a simple channel-aware queuing policy achieves cross-layer
scheduling performance, and can exceed it.

Index Terms—Buffer Partitioning, Optimization, Downlink,
Broadband Wireless Access, OFDM , Queueing Analysis.

I. INTRODUCTION

A typical broadband wireless access base station (such
as in WiMax [1] and LTE [2]) serves a metropolitan area,
where hundreds of users are demanding high speed multimedia
applications. As advanced physical layer techniques such as
array processing and multicarrier transmission have facilitated
the delivery of high speed data over wireless links, the higher
layer issues of scheduling and buffer management for multiple
users to maximize efficiency and service quality are largely
open. Among the main problems which have been successfully
addressed[3], whilst under somewhat restrictive assumptions,
is achieving network capacity (such as the stability region of
a fading broadcast channel, for example) while packet arrivals
are discrete stochastic processes, and queues are required to
be finite with probability one. However, the related problem
of throughput maximization under constraints on queue length
(finite buffer constraint’) remains as a challenge.

Meanwhile, finite buffers are a practical reality. One ex-
ample is relay stations that are used to improve coverage
in IEEE 802.16j-based mobile multihop relay networks [4].
These relay stations have to be low in cost, therefore they
come with a number of capacity limitations and memory can
be one of them. In wireless broadband access networks instan-
taneous capacity may be far from expected, because of the
unpredictable channel conditions. Because of the limitations
in transport control protocols, base stations often work in

Omur Ozel, Elif Uysal-Biyikoglu
Department of Electrical and Electronics Engineering
Middle East Technical University
Ankara Turkey
omur,elif @eee.metu.edu.tr

the oversubscribed regime, where some packet buffers will
be working with loads greater than one. Therefore, finding
implementable scheduling and buffer management strategies
in the oversubscribed regime is important.

Resource allocation in broadband wireless access networks
is a challenging problem. Next generation broadband tech-
nologies are mostly based on Orthogonal Frequency Division
Multiplexing (OFDM) in the physical layer. OFDM provides
immunity to intersymbol interference and multipath fading;
it also can be used as a multiple access scheme (OFDMA),
where the subchannels are allocated to individual users,
based on channel condition, buffer occupancy and service
requirements. As for optimal throughput, for single channels
Largest weighted delay first (LWDF) in [5] is shown to be
throughput optimal. This scheme was extended for OFDMA-
based (multichannel) systems in [6] and [7]. These schemes
use head-of-line delay or average delay along with channel
condition in scheduling metrics and use those metrics to allo-
cate subchannels to users one by one. In wireless metropolitan
area networks fairness is also an important criteria because
channel-aware scheduling schemes normally favor users close
to the base station. Proportional fairness [8] is a good tradeoff
between throughput and fairness. Such schemes usually give
equal chance to access the channel and hence users receive
rates proportional to their average rate or SNR. Proportional
fairness in OFDMA based systems was formulated in [9].

It is conceivable that the optimal solution of the scheduling-
throughput maximization problem requires a cross-layer algo-
rithm: one which uses information on channel and queue/delay
states at the same time. It is even more so in the finite buffer
case. Even if the arrival rates are the same, in a metropolitan
area network, the service rates of users in the cellular area vary
considerably with distance. If a purely channel state-based
scheduler is applied, then the unserved packets of the distant
users may fill up the buffer, resulting in, (1) unfairness: Some
users do not get any service, and (2) loss of network capacity:
as only a subset of the users are using the total system
bandwidth, the throughput is limited by these users’ total
achieved rate. In addition, there is a loss in total achievable rate
in the wireless channel due to the reduced multiuser diversity.
Specifically, in our example, considering equal service demand
by all users, eventually the only scheduled users will tend
to be among the ones whose receivers are most distant from
the transmitter, as they typically have the lowest data rates
hence the highest loading factors. On the other hand, when rate
demands are unequal, even in the case of symmetric channels,



users with high demand will tend to fill up, or hog, the buffer.

One way of solving the described problem is judicious
buffer management. It is worth defining the two opposite
extremes of using a buffer: Complete Sharing (CS) and
Complete Partitioning(CP) [10] [11]. In CS, the complete
memory pool can be used by the BS for all sessions. This
improves the degree of resource utilization but a session with
high traffic intensity (e.g. in a BWA network, a distant user)
can completely hog the buffer degrading the performance as
mentioned in the previous paragraph. On the other hand, in
CP, each session has its own reserved buffer partition. This
is a definite solution to the hogging problem, for example,
in the simplest case of Equal Partitioning (EP). However, EP
is not necessarily the throughput-optimal one among all CP
solutions.

Optimal buffer partitioning has been studied in [13]'. In
this paper, building on the results of [13], we consider the
joint problem of buffer management and scheduling in an
OFDMA based finite-buffer downlink system. Jointly optimal
scheduling and buffer management is at present an open
problem. Here our goal is not to fully solve this problem, but
suggest that its solution could lead to technologically attractive
single-layer schemes that achive cross-layer performance in
the high-speed wireless downlink. We do this by presenting a
proof-of-concept algorithm and compare its performance with
the MaxWeight benchmark. Specifically, we want to answer
the following questions: 1) How effective is the buffer sharing
policy on throughput and fairness performances in the over-
subscribed regime? 2) Can a simple scheduling policy with
suitable buffer management perform better than current best
known cross-layer scheduling policies?

We first consider a simple normalized SNR-based schedul-
ing as in [15] and estimate its throughput performance under
finite buffer assumptions. Based on this estimation, we con-
sider allocating the buffer resource optimally. In addition to
this scheme, we consider Max-Weight schemes to which both
queue and channel state information is made available, and
which make use of these jointly. The latter type of schemes
are cross-layer and they possibly have better performance.
However, a method that keeps layers separate is certainly
preferable- if not necessary, as system designers often argue-
from an implementability perspective. We shall target such a
layered approach and see if a purely channel aware schedul-
ing can perform comparably to a cross layer scheduling, if
suitable buffer management is applied. In the next section
we will present the formulation of buffer management as an
optimization problem.

II. BUFFER PARTITIONING

In [12] it was observed that throughput is an increasing
concave function of traffic intensity p and buffer capacity m
for M/M/1/m and M/G/1/m systems. Let B(p,m) be the
overflow probability and let T'(p,m) = A(1— B(p, m)) be the

There are also hybrid schemes like buffer sharing with minimum buffer
guarantees and push-out type of policies , where some packets in the buffer
can be removed for some higher priority packets that arrive. These schemes
are beyond the scope of this work.

throughput. T'(p, m+1)—T(p, m) is the increase in throughput
by adding one more unit to the buffer capacity. In [12] it is
proven that T'(p,m + 1) — T'(p,m) is a decreasing function,
therefore increasing buffer capacity brings diminishing returns.
Another interesting finding is that the traffic intensity p* that
maximizes this throughput improvement in M/M/1/m is
between 1 and 1.8. This implies that in the oversubscribed case
that we consider, optimal buffer partitioning is very important.

A. Optimal Buffer Allocation Algorithm

In [13], these two properties are used and a buffer allocation
algorithm with optimal throughput is proposed. Suppose that
the BS has memory capacity of M packets of fixed length.
The algorithm initially allocates space for one packet to each
of the N nodes. Then it calculates AT;(m;) = T(p;,m; +
1) — T(p;,m;) for each node, where m; is the buffer space
allocated to node ¢ at the current step. The BS allocates
one more buffer space to the node maximizing AT;(m;).
This continues until all the buffer spaces are allocated. If
the throughput function T'(p,m) is concave in m, then the
algorithm is optimal [13].

III. OFDMA-BASED DOWNLINK RESOURCE
ALLOCATION WITH FINITE BUFFERS

In this case we consider a base station transmitting to N
users. A wideband channel of bandwidth W is divided into
K subchannels of W;,,Hz. We assume that the channel gain
from Base Station to each user consists of a slow and a fast-
varying component. Slow component consists of pathloss and
fading, while the fast part consists of Rayleigh fading. We
assume in this work that the slow part is actually time-invariant
for each user and the fast part is independent and identically
distributed for each user, time slot and subchannel. Assuming
a fixed transmission power per subchannel (as we assume in
this work) the SNR of user ¢ at subchannel k is 7y; , = fy?hi7 ks
where 7! is the average SNR of user i (combination of pathloss
and shadowing) and h;j represents fast Rayleigh fading at
subchannel k for user i. Therefore h;; is an exponential
random variable with mean one. The achievable rate by user
i at subchannel k is assumed to be logy (1 + ;) bits/sec/Hz.
We assume a normalized SNR-based scheduling , where at
each subchannel, the user arg maxi{% = h; 1} is scheduled.
Because of the i.i.d. nature of normalized SNR, each user
gets any subchannel with probability 1/N. We prefer this
scheduling method because it maintains a balance between
fairness and throughput, by allocating equal resource to each
user on the average. Besides it is an analytically tractable
method. Other types of scheduling methods and joint schedul-
ing and buffer management is a subject of future research. We
assume packets of constant length L bits. Let R be the random
variable representing the achievable spectral efficiency given
that a node with average SNR ~° wins subchannel k. The
expression for R is R = log, (147" max; h; ). Using extreme
value theory [14], [15] the probability distribution function of
number of bits that can be transmitted by the maximizing user
from a subchannel converges to the following expression as



number of users go to infinity,

N
lim FY(r) = exp (— exp <—T ;A? )) (1)

N—oc0

where exp(— exp(—2x)) is the normalized Gumbel distribution.
Here a”V and b (in bits/sec/Hz) is [14],

a¥ = logy,(14+~°InN)
1+4°(1+InN)
Vo= 1 —_— 2
0go ( 1+ 70 In NV (2
The probability density function of R is as follows:
lim f5(r)

N —o0

1 r—a r—a?
bNexp(exp< N >>exp(bN) 3)

The average spectral efficiency converges to a’¥ +Eyb’Y, where
Ey = 0.5772... is the Euler number [14]. The standard devia-
tion becomes b . As seen from these expressions, the mean
increases and the standard deviation decreases with increasing
N. Therefore achievable rate per subchannel converges to a
deterministic quantity as N increases.

A. M/G/1/m Model

We assume Poisson arrivals of rate A bits/sec for each user.
Packets are of constant length L bits. The services for each
time slot and subchannel can be in fractions of a packet. Let
M be the total buffer capacity and for the case of complete
partitioning, let m; be the buffer capacity allocated to user @
by the BS. If a packet does not completely fit into the residual
buffer memory, it is dropped.

The system described can be modeled as an M/G/1/m;
system, where m; is the buffer allocated to user . Gelenbe’s
formula is known as an accurate approximation to the packet
drop probability for M/G/1/m; [19]:

Ap — A) exp(—2U5p1 i)

N AA2 4152 .
Pd(Aa:uHmz) - 9 /\2 _2(“_)\)(7,%_1) 7VZ (4)
Jz exp(—2-5 1275
Var[T]

In the above, S =

E[T]?
_ Var[T.] .. . . . .
A= BT > where T, is inter-arrival time. As inter-arrivals

are exponential, A = 1. To apply the above approximation
for drop probability, we shall thus need the first and second
moments of the service time.

The service time (i.e., packet transmission duration) is the
number of timeslots from the start of the transmission of the
first bit of a packet until the end of the time slot in which all
L bits are sent. Considering packets that are long compared to
the maximum number of bits that can be sent in a subchannel,
it will take a number of subchannel uses to transmit a packet.
The probability that user i gets a given subchannel in a given
time slot is % and K is the number of subchannels. We know
that each packet is of length L bits, and user n will on average
transmit VL= (aX + Egbl)) bits of data when it is assigned a
subchannel in any given timeslot 2. These statistical values are

where 1T is service time, and

2From now on, we will omit the subscripts and superscripts in aly and
bfy for the sake of simplicity. In fact, the parameters a and b are possibly
different for each user and depend on the user distance.

obtained using Extreme Value Theory , and they are exact as
number of users go to infinity. In the rest, we will assume that
these values are exact.

Now consider 7' time slots. The number of bits collected
by a given user over this duration is the random variable
St = erzl R;, where R; is the number of bits that the user
receives in the j* timeslot. Note now that 7 is a stopping rule
associated with the process S [18] In order to be able to use
Gelenbe’s formula, we need to find the mean and variance of
time until a L bits are received (i.e. process is stopped) by a
user. The following theorem was proven in [18] and references
therein.

Theorem 1: Let z1,x3,... be independent random vari-
ables with mean g and variance o2. Let s, = >.,_, ), and
for any ¢ > 0 define T' = T'(c) as the first n > 1 such that
sn > c. Then, as ¢ — oo, E{T} ~ & and Var{T} ~ Ci—;

In our problem, stopping time is packet completion time,
and packets are of constant length L, so ¢ = L. Note that
the result in Theorem 1 is asymptotic in ¢, so we are
considering the regime where packet length is much larger
than the mean number of bits transmitted, u, per subcarrier
allocated. Note that this mean number of bits is approximately
%(a + Eyb), where a, and b are defined in (2). As for
the variance of the number of bits per time slot, o2, again
let us again use the large-n stochastic limit for this quantity
as an approximation. Variance of number of transmitted bits
over an allocated subchannel is approximately (%)%2 %2 as
mentioned above, which follows from extreme value theory.
The second moment is found as (%L2)2(B2 % 4 (a + Egb)?),
by adding the square of its mean. A subchannel is allocated
with probability 1/N. Thus, the second moment of transmitted
bits over any subchannel is found by multiplying the above
quantity by 1/N. We find the parameter 02 by subtracting the
square of mean and then multiplying the result by K.

2 2
2 K “{ <V[;(T*) (bﬂ;j + (a+Eob)2>
1 (WTS

N2\ K

- () (5 e (o-3)

As a result, the mean and variance of the service time are
equal to,

)
2

>2 (a + Eob)?

LN 1
BV~ W at a )
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Varll] ~ v (Fx*) ( 6 0b)* ( N))
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Using these, the parameter S in (4) can be calculated.

In the performance evaluations, we will compute the op-
timal partitions by computing the blocking probability us-
ing Gelenbe’s formula given above, with the service time
mean and variance we have just derived. The computation
of optimal partitions uses the observation that the throughput



T(\, pi,mi) = A(1 — Pyg(\, s, my;)) is a concave function of
m; in the M/G/1/m; system [13], and the algorithm provided
in chapter II of [13].

IV. PERFORMANCE STUDIES

We consider a system of 40 users and a cellular area of
radius 2000m. In order to better observe the performance, the
users are located at discrete distances from the BS. 20% of
the users are located at 400, 800, 1200, 1600 and 2000 meters
from the BS. We arranged the BS power, channel noise and
Non Line of Sight path loss model so that the users at each
distance level have approximately 34.4, 23.9, 17.7, 13.4 and
9.9dB SNR. A 1MHz channel is divided into 100 subcarriers.

We will evaluate the performance of the proposed opti-
mal buffer partitioning scheme by comparing some joint-
scheduling and buffer management schemes. Scheduling
schemes include channel-aware and joint channel and queue-
aware policies. Buffer management schemes include complete
sharing, and equal and optimal partitioning schemes. Perfor-
mance comparison will be performed by gradually increasing
the system arrival rate for a fixed number of users, and memory
resource. But first, we need to observe the accuracy of the
M/G/1/m analysis that we presented in the previous section.

A. Accuracy of The M/G/1/m Analysis

While analyzing the drop rate and throughput, we used
approximation techniques such as extreme value theory and
Gelenbe’s formula. In this part, we will test the accuracy
of these approximations. We will consider the normalized
SNR based scheduling mentioned in Section 3. Let’s call this
scheme as MC. As the buffer partitioning scheme, we consider
equal partitioning, which will be denoted as EP. In Figure 1
we see the per user throughput for different users as a function
of buffer space for the MC-EP scheme. For a system of 40
users and 10Mbps total arrival rate (i.e. 250kbps per user)
buffer space is changed from 4 to 12 packets per user, which
means a change from 40KB to 120KB total memory resource.
The dotted lines are the simulation results. It can be seen that
analytical results closely follow the simulation results. M/G/1
model is especially more accurate for distant users, which have
higher load and therefore higher drop rate.

Figure 2 shows the throughput as a function of arrival rate.
For a system of 40 users and a memory space of 8 packets/user
(i.e. 8OKB of total resource) , the total arrival rate is changed
from 4 to 12 Mbps. We observe even a closer match between
the results of the simplified analysis of the previous section
and the simulation results, where the deviation is always below
1%. These results show that the M/G/1 analysis can be used
in optimum buffer partitioning.

B. Benchmark Algorithms

Let MC denote the scheduling scheme mentioned above.
As an alternative to MC we will consider Max-Weight (MW)
scheduling, where, each subchannel, at each time slot is
allocated to the user

arg max {g;(t) logs (1 + 7i k) } ©)
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Fig. 1. Accuracy of the analytical approximation is tested by increasing the
total buffer space. Accuracy increases as the buffer space and user distance
(hence user load p) increases. For most of the cases the analytic result deviates
less than 1% from the simulation results.
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Fig. 2. Accuracy of the analytical approximation is tested by increasing
the bit arrival rate. Analytic result always deviates less than 1% from the
simulation results.

, where ¢;(t) is the buffer occupancy for user 7 at time slot ¢.
We also consider a proportional fair alternative called MW-PF,
where the metric is

q;(t) logy (1 + %:,k) } 7

R; (t)

R;(t) is the average received rate for user i at time slot t,
which is updated at each time slot as R;(t + 1) = aR;(¢¥) +
(1 —a)r;(t), where r;(t) is the rate allocated to user i at time
slot t and « is a constant typically close to 1. In both of these
queue-aware scheme, after the allocation of each subchannel
(e.g. subchannel k to user ¢*) the buffer occupancy of the user
is updated as g;- (t) = max(0, ;- (£) — L= log, (1 + v+ 1)),
so that users are not overallocated.

arg max {
K3




As for the buffer management schemes, CS, EP, OP mean
Complete Sharing, Equal Partitioning and Optimal Partition-
ing, respectively.

C. Simulation results and performance comparisons

The arrival rate for each user varies from 175 to 350kbps.
Packets are of fixed length of 2000 bits. Considering the
average SNR and the multiuser diversity gain calculated in
(2), the total traffic intensity of the system for the MC scheme
goes approximately from 0.5 to 1.8. Of course, individual
traffic intensities for the near (far) users are lower (higher)
than these average numbers for each arrival rate.

Figure 3 shows the throughput performance MC-CS, MW-
CS, MW-PF-CS and MC-OP, in order to show the effect of
using Optimal Partitioning with a channel-aware scheduler.
Total buffer capacity is M = 200 packets (50KB). For the
optimal partitioning, we used the M/G/1/m based model. We
made the following observations,

1) Complete sharing policies (MC-CS, MW-CS, MW-PF-
CS) all saturate early. This is due to the hogging effect of
distant user traffic. Especially the performance of MC-
CS is poor.

2) Applying optimal partitioning to MC (MC-OP) we
obtain significant performance improvement with re-
spect to MC-CS (60% improvement). Moreover, in
the high load case MC-OP performs better than max
weight/complete sharing policies. Considering that the
max-weight scheduler uses full knowledge of queue
states and the channel, and is optimal (under infinite
buffers), outperforming it by simple channel-state based
scheduling is notable.

This time, in Figure 4, we apply equal partitioning to the

Max-Weight policies and compare their performance to MC-
EP and MC-OP. We make the following observations.

1) The algorithm that we achieve by allowing MaxWeight
to also use a partitioned buffer (MW-EP) is the best
out of all policies considered. This algorithm is really a
cross between queue-and-channel aware scheduling, and
buffer management. This shows that even an asymptoti-
cally throughput-optimal cross-layer scheme can benefit
from buffer partitioning, when buffers are finite. This
observation is encouraging, both because it suggests
that partitioning has significant impact, and because it
suggests a direction in which to look for the solution
of the globally optimal joint scheduling and buffer
management problem. The simple, MC-EP and MC-OP
policies are seen to achieve comparable performance
to MW-EP, which answers the question posed in the
Introduction. At this point, one may ask why no MW-
OP policy is shown. The answer is twofold: first, the
service time distribution for MaxWeight with partitioned
buffers is quite intractable thus making it intractable to
compute optimal buffer partitioning using our methods,
and second, as MaxWeight adapts to queue size, and
service time depends on queue size itself, the circulant
approach of setting limits to queue sizes based on service
time does not make much sense.

2) MC-EP and OP policies are better than MW-PF-EP
at high load. Since MC is a normalized SNR based
scheduling, it inherently respects proportional fairness.
Therefore comparing it with MW-PF-EP is a somewhat
fairer comparison.
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Fig. 3. Total Throughput vs. Arrival Rate: Max Channel-Optimal Partitioning
(MC-OP), our channel-based scheduling and optimal buffer partitioning
policy, significantly outperforms channel-aware scheduling under no buffer
partitions (Max Channel- complete sharing, MC-CS) as load increases. This
is due to the hogging of the buffers by high-load sessions.
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scheduling benchmark, can also make use of partitioned buffers. This way,
the best performance out of all algorithms considered is achieved. MC-OP
still outperforms MW-PF-EP in the high load case.

Figure 5 plots the sum of logarithms of user throughputs
(a measure of proportional fairness [9]) for the same system
parameters as Figures 3 and 4. The most interesting result is
that the MC-OP scheme performs even better than MW-EP



in the high load case. While complete sharing schemes still
perform rather poorly, contrary to Figure 4, MW-EP scheme
also becomes poor in terms of proportional fairness as the
system load increases. This is quite intuitive: as load increases,
eventually each user has a buffer that is almost surely full, and
at that point, queue size is no longer a distinguishing factor
between users in the MaxWeight scheme. Therefore MW-
EP turns into a maximum-instantaneous-throughput scheme.
It does attain maximum throughput (as shown in Figure 4)
but distant users are almost never scheduled, which degrades
the fairness.

Proportional Fairness : N=40 Users, M=200 packets(50KB)
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Fig. 5. Proportional Fairness (log-sum throughput) vs arrival rate. MC-OP is
the best for higher loads. MW-EP has a surprisingly poor proportional fairness
performance.

V. CONCLUSIONS

In this work we considered the problem of subchannel
and buffer allocation in an OFDMA-based downlink system.
We developed an accurate finite buffer queueing model for
a channel-based scheduling scheme and obtained the optimal
buffer partitioning based on that model. By simulations, we
compared the throughput performance of this scheme with
other scheduling/buffer management schemes. The simulation
results reveal that using simple channel aware scheduling
jointly with equal partitioning, provided better proportional
fairness performance than joint channel and queue aware
scheme with complete buffer sharing, as load increases. It
is also seen that with optimal buffer partitioning scheme,
comparable, and even better, throughput can be achieved with
respect to MaxWeight, which is optimal for infinite buffers.
There are plenty of possible interesting directions for future
work: for one thing, the question of optimal joint scheduling
and buffer control is open. Secondly, while the results here
seem promising, as the optimal cross-layer scheme for finite
buffers is unknown, the question of whether single-layer
schemes are sufficient is still unanswered. Of course, there
are the more practical aspects of all these questions, which

involve transport-layer mechanisms for controlling the load
that enters the buffer.
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Abstract—In this work we study framed transmission in
an OFDMA based relayed wireless access system that utilize
cooperative diversity. We consider a system of a source, a relay
and a number of destination nodes, where the nodes can combine
the signals coming from the source and relay. We are interested
in the case that the source and relay only have the information
of path loss and slow fading. The goal in resource allocation
is to allocate resources (time slots, subchannels and power) in
an energy efficient manner given target rates and target outage
probability. Numerical results show that cooperative relaying
requires significantly less energy than noncooperative relaying.
Adjusting the source and relay transmission durations has a
marginal effect on the performance, although it results in a
significant increase in complexity.

I. INTRODUCTION

In this work we consider the transmission of a source
node to a number of destination nodes, with the help of
a relay node. Transmitters use a multichannel transmission
scheme such as Orthogonal Frequency Division Multiplexing
(OFDM). OFDM is the underlying transmission technology
in current wireless technologies such as Wi-Fi, WiMax and
LTE. OFDM provides immunity to multipath fading and
intersymbol interference, hence higher signal to interference
plus noise ratio (SINR). Besides, it can be used as a multiple
access scheme (OFDMA) in order to exploit multichannel and
multiuser diversity by judiciously allocating subchannels to
users.

Relays are deployed in order to improve coverage, through-
put and energy-efficiency in broadband wireless access [1]
and multihop wireless networks [2]. These relays can also be
used to mimic multiple antenna systems and take advantage
of cooperative diversity. For example in the downlink, a
destination node can combine signals coming from the source
and relay in order to improve the SINR. There are two practical
and well-known forms of cooperative diversity , which are
Amplify and Forward (AF) and Decode and Forward (DF) [3].
Using OFDM and relays along with cooperative transmission
can provide more degrees of freedom by exploiting adaptive
subchannel, power and time allocation. Besides relays in
wireless networks are usually half-duplex, which necessitates
a TDMA-type of time sharing mechanism between the source
and relay. Time allocation adds another dimension to the
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resource allocation problem. In a cooperative relayed cellular
system, time is divided into transmission frames. In the first
part of the frame the source broadcasts the information, which
is both heard from the relay and the destination. After the relay
receives the signal it transmits it to the destination where the
signals are combined at the MS . In order to achieve this
the source-relay and relay-destination transmission durations
and signaling must be equal [3]. On the other hand , some
destination nodes may be so close to the source that direct
transmission by the source using the whole frame duration
may be more efficient.

OFDMA-based cooperative resource allocation can be made
for various purposes such as maximizing the throughput or
proportional fairness subject to power constraints or reducing
power expenditure subject to some rate requirements. In the
previous literature on the subject mostly throughput maxi-
mization was studied. In [4] and [5] the goal is to maximize
the throughput. Subchannel allocation at the source-relay and
relay-destination channels should be jointly considered in
order to maximize capacity. In these works power alloca-
tion was also considered. In [6] a three terminal system is
considered and adaptive power loading is studied in order to
minimize bit error rate. Joint resource allocation and selection
of cooperation strategies and relay to be used in multi relay
systems has been studied in [7]. In [8], the authors consid-
ered proportional fair resource allocation in an OFDM based
cooperative relayed cellular system. They studied different
subframe allocation and cooperative diversity schemes. In this
work it is shown that time durations (subframes) allocated
for the base and relay stations is a very important factor in
performance improvement.

Most of the previous works on OFDM based resource
allocation assume that the channel conditions are perfectly
known at each scheduling interval (that is, a frame or a
slot). In reality, obtaining the channel state information for
each user-subchannel pair is not very practical. Especially in
the presence of relays, channel information of users should
be forwarded to the source (base station) , creating further
communication overhead. A more practical assumption is that
the users measure the channel state for some time and feedback
the channel information averaged over that certain duration.
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Channel state is usually a combination of path loss, log-
normal shadowing and fast fading (which is usually Rayleigh
distributed and frequency selective). Time-averaged channel
gain captures the slow components of the fading, which are
the path loss and shadowing. In this case scheduling decisions
have to be made under channel uncertainty. Then , given a
modulation and coding rate there is a nonzero probability of
outage [3] where the received SNR falls below a required
level. In [19] a single source single destination and multiple-
relay system was considered. There is a fixed target rate and
each transmitted subchannel is relayed by the best relay such
that the achievable rate is maximized. The probability that
achievable rate falls below the target (i.e. outage) is analyzed.
However, it is still assumed that exact channel conditions
are known. On the other hand in [11] the authors consider
multiple users transmitting to a center with the help of a
relay. It is assumed that channel condition is not known and
the outage probability of the proposed transmission protocol
is probabilistically analyzed. The optimum relay location is
computed based on the analytical result.

In this work, we consider the problem of resource allocation
for total energy expenditure minimization in a cooperative
system of a source, a relay multiple users. The resource are
subchannels, power, and transmission durations of source and
relay at each subchannel (i.e. subframe durations). We assume
that the resource allocation is made by the source and it knows
only the average channel gains. Minimum-power resource
allocation in OFDM based systems was previously studied for
systems without relays [14], [13] and with non-cooperative
relaying in [16] and [15]. In cooperative relayed OFDMA
systems power minimization was first considered in [18].
Here the authors consider a two-user , one-base station uplink
scenario. The users help each other using an AF scheme.
Power minimization in a single source-destination pair and
multi-relay system is studied in [19]. The authors propose a
scheme that reallocates subchannels at the relay in order to
improve the performance. Differently from this work we as-
sume that fast fading is not known and outage probability is a
performance target. In our work the aim in resource allocation
is to minimize the total transmission energy in a frame duration
while satisfying rate and outage probability constraints. We are
interested in the performance improvement by 1) Cooperative
transmission of source and relay in the absence of perfect
channel information and outages 2) Optimally determining the
subframe duration for the source-relay and relay-destination
transmissions. The rest of the paper is organized as follows;
in section II the system model is introduced. In Section III
the various transmission methods have been described and
analyzed. Section IV includes the numerical evaluation results
and Section V gives the conclusions we have reached in this

paper.
II. SYSTEM MODEL

We consider a source node (e.g. a base station) , a relay
and multiple destination nodes. The relay uses Decode and
Forward (DF) or Amplify and Forward (AF) in relaying
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the information from the source to destinations. The total
bandwidth of W Hz is divided into K subchannels each having
the bandwidth W,. These channel states are assumed to be
constant during a transmission frame. Each user experiences
path loss , log-normal shadowing and frequency selective and
fast Rayleigh fading. In this system there are three types of
transmission channels which are the (S)ource-(R)elay, (R)elay-
(D)estination and (S)ource-(D)estination channels. The des-
tinations can also overhear the transmissions from the S-R
channel. Let g5P, g%, g/*P be the combination of pathloss
and slow (shadow) fading for destination n. The source node
perfectly knows these average values for all nodes and the
relay and performs the resource allocation based on these val-
ues. Let b0, hott, hﬁ% be the frequency selective Rayleigh
fading for user n and subchannel k. Note that ¢°f and th
are the same for all users, because there is a single relay.
The users are assumed to have constant channel gains during
a transmission frame, which is of duration T’ and divided
into time slots of duration 7. Let R,, be the rate requirement
and k, be the number of subchannels allocated to user n.
Given k, we assume that there exists a modulation-coding
pair and the transmitters use that pair. We use the information
theoretic achievable rate expressions [3] and outage happens
if the achievable rate is lower than the target rate. We also
assume that information transmitted using a subchannel by the
source is transmitted using the same subchannel by the relay.
Outage probability can be reduced by increasing the energy
expenditure. The goal is to satisfy the user rate and outage
probability requirements by minimum energy.

III. RESOURCE ALLOCATION SCHEMES

As the frequency selective fast fading is not known and
path loss and shadowing are assumed to be subchannel-
independent, all subchannels are equivalent and therefore
power is equally distributed to the allocated subchannels. Tar-
get rate is equally shared among the subchannels and outage
happens if any of the subchannels experience outage. This
implies that each subchannel of a user has equal probability
of outage. Given the target outage probability P,,;, the target
outage probability of user n for each subchannel becomes
P5" =1 — (1 — P,,)". For low outage probabilities, this
can be approximated by % In fact, this is always slightly
less than the actual value , therefore it is more conservative.
We consider four different transmission (and frame allocation)
policies, as illustrated in Figure 1. As illustrated in the figure,
for all policies, a number of subchannels are allocated to each
user. For relayed users, allocated subchannels are divided into
two subframes, where the source and relay transmit. There
are also direct users, which don’t use the relay. The details

are described below;

A. Non-Cooperative Relaying with Time Optimization (NCR-
T0)

Figure 1(a) shows the frame model for the case of five
users. For destination n, k,, subchannels are allocated and the
frame time 7' is divided into two for the source and relay
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o=5/14, k=3
(12:7/14, Kn=1
o3=1, kp=1

0y=6/14, kp=2

(a)

OL5:8/14, anz

K1=2
k=1
K3=1
(b)
K4=3

K5=2

o=5/14, x1=3
0y=7/14, kp=1
0L3:1 , Kp=1

0y=6/14, k=2

(c)

05=8/14, k=2

Fig. 1.  Transmission policies and corresponding frame models. (a)Non-
Cooperative Relaying with Time Optimization (NCR-TO) (b) Cooperative
Relaying (Using Decode and Forward (DF) or Amplify and Forward (AF)
) without Time Optimization (c)Decode and Forward Relaying with Time
Optimization (DF-TO)

transmissions. In the first subframe (of duration o, T) the
source broadcasts the information, but is only decoded by the
relay. Once the relay gathers the information it decodes, it
re-encodes and forwards it to the destination in the second
subframe (of duration (1 —a,)T). Here «, can be optimized
(v, T’y has to be an integer multiple of time slot duration) for
all n to further improve the resource utilization. On the other
hand, if it is more energy-efficient, some users can be set
as direct users and served directly by the source using all the
frame duration (e.g. node D3). Let 5 and e be the energy
exg}gnditures by the source and relay for destination n. Then
(f:Tf and A= Ty become the power expenditure by the
source and relay for user n. The aim is to find for all users the
energy expenditures that satisfy the target outage probability
and rate requirements with minimal total energy. As mentioned
above, P —eut ig the target outage probability for any subchannel
allocated o destination n. Without using subscripts, let 25
and h'P be the Rayleigh fading gain for any subchannel
allocated to user n. We assume that 5P, hB®P and hEP are
independent and exponentially distributed with unit mean. For
each allocated subchannel, the outage probability equation is,
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Pyt ‘ 6SR SR} SR
=P 1 1+ "
o r {mm {an 089 ( + ron NoWoanT

RD ,RD},RD
(1—ap)log, | 1+ ‘n h < Py,
’ )08 (BT e NoWa(1 — ) T K WoT;
SR SR .
Here —r— and ()T, are the power expenditures for

the S-R an({ R-D links in one of the allocated subchannels.
For simplicity, let’s define,

___Rp
621 (Hn, Ozn) aan’inNOWs <2 FnWsTpan _ 1)

Rp
e??("nvan) = (1 - an)TfKnNOWs <2~"W5Tf(1ia") - 1>

After some rearrangements on the outage equation, we obtain,

—In <1—@) =
Kn

We need to find the energy expenditures 5% and e?P that
satisfy the above equation with a minimal total, for energy
efficiency. Using convex optimization techniques, the optimal
energy expenditures are,

621 (Kny o) 622 (Kny on)

eSRgSR

M

RD ,RD
€n"In

(/-:1, ,0tn) €O (Kn, ) €92 (Fom,tn)
SR + SR RD
€n ('%n: an) = (2)

—In (1—@)

(nn,an) +\/e° (nn,o;nR)eRD(nn,an)
en® (kn,an) = 3)

—1In (I—Ps—;‘t)

The total energy expenditure using the relay is,

6261'”’( (Kny o) + egD(anan)

2
01 02
<\/en (;snéan) + \/en E;z?éan)>
—In (1 _ Pour )
fon
Time-optimized energy expenditure can be found by optimiz-
ing a,. Let €% (k.. o) = 5B (kp, o) + elP (K, k) be
the time optimized total energy expenditure for a relayed user.

In case of direct transmission that uses the whole frame
duration, the total energy expenditure is e”, which becomes

SR
En, Q) = €5

“)

Ry
Thin Ny W, <2 WaTpen 1)

—In (1 ‘”“) gn

Since the frame is not divided in case of direct transmission,
the energy is not a function of «,,. If ed”“t(/-cn) is smaller
than erela (k,, o) , then e5%(k,) = efP(k,) = 0 and
edirect (i) is as in the above equation.

direct
Cn

(fn) = en”( ®)

Kn) =
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B. Decode and Forward based Relaying (DF)

In this scheme the destination nodes can combine the signals
coming from the source and relay. As seen in Figure 1(b),
if relayed transmission is used, then the frame is divided
into two equal subframes. In the first subframe the source
transmits to the relay using energy e5® and the destination
overhears it. In the second subframe both source and relay
transmit simultaneously with energy eSD and efP, using
space time coding [8],[9]. If it is more energy-efficient, direct
transmission can also be used as is the case for destination
Ds. These energy values are divided into ,, to get the energy
used in one subchannel. Now let us define for simplicity

eg(lin) = 0.5Tf;§n]\]()[/[/S OWeTsrn _
ability equation becomes as follows [3],

@ = Pr {mln SR SRhSR
HVL
(en+enP)gnPhoP 4+ elP gl ) < € (kn)} (6)

This can be rewritten as,

>. The outage prob-

POU.
t=pr {e5BgSBRST < €0 (ky)}
K"L
+ Pr {eSR SEpSR > ¢ (nn)}
x Pr {(eg + en )gT‘?DhSD engthRD < eg(mn)}

)
We need to find e, e3P and P that satisfies the above
equation with minimum total. In order to find the energy values
more simply (sacrificing optimality), we give the two added
terms in the above equation equal probability 5 Pour Targetmg

Pr{esRg RSt < e (k,)} = L2t we dlrectly “find S as

ed (”n)

—11’1(1 _ oiut)gSR

en'(

®

Dh=1-

KJn) =

Equation (8) implies Pr {e;®gS%h5% > € (k

};"“* Using this we find
K

1
2Kn
Pf‘ut -1
= Pr{(ep™ +en?)gnPh P + P gitPhfP <€) (k) }

This involves the summation of two exponentially distributed
random variables being smaller than a constant. We can write
this relation as,

l—e o 1—678”- In
1 _ elDglD (FHeI” (g
26p | ; 1

Pout (enfiteiP)gn®

For a low target outage probabllity and high SNR, we can
_ rpednn) _ rned (5n)
assume that ¢ 552957 and e “FPoEP are close to zero.
At this point we make the approximation e™% ~ 1 — z 4 22

and write the following

(S (€5 (kn))?

2Ky - SR SDY)gSDeRD
p:ut -1 2(671 +€n )gn Cn g

(10)
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If we use the approximation in (10) then

CPEE -
- 2g3PglP o
Here we have the requirement that the product of two values
eSf 15D and ef*P are equal to a constant. We need to find the
two values such that €5 + e5P + efP is minimal. Normally
this implies that e % +€S b= eRD however the actual values
of 3%, e3P and 2P also depend on (8). These values are

found as follows,

RD

n

(€8 +e57)

o ¢3%(k,) is found according to (8)
2kp
¢ 71n(1cjﬁ) 57 > Enlfin) 2;7%139531’ then
egD(’in) =0 12)
Poy in
oGy = TR0 B - DR
n n 2gSD gRD \
1If ‘32,("%) 0 2::f —1 h
® 71}1(17?‘;“1 )gS R < €n(/£n) 297D gftP then
2K
L — 0
SD 0 Pout e (Fn)
e3P €0 ()| st — ——— 44y
n ( n) n( n) 2g§Dg£gD 7111(17%)9 4
2K,
RD Pouy
En ("i’ﬂ) = G?L(Iin) ZQEthﬁD (15)

o Calculate et (k,,) using (5). If edreet < 5P (k,,) +

en® (kn) + e (ki)
(’SD(I{n) _ Fﬁirect(Kn) (16)
efP(k,) = eXB(k,) =0 (17)

C. Amplify and Forward

In this scheme, in the first subframe the source transmits
to the relay and the destination also hears it. In the second
subframe the relay amplifies and forwards the received signal.
At the same time the source transmits again. The source
and relay use space time coding as mentioned in [9],[20].
Frame model is similar to the DF model in Figure 1(b). AF
is simpler than DF since there is no decoding at the relay.
Besides, its performance can be better since there is no error
propagation by decoding at the relay. In this work we aim to
find the minimum energy power allocation that satisfies the

rate and outage probability constraints. Let us define 7> =
4,5D SD SD RD ESDQRDhRD SR PbR b th
T; N, Warny2® In Ty NoWar /2 T T TN, Warn/2
SRD __ e;SIR SD’LS

and ;) = TN W3 Assuming k,, subchannels are
allocated, the mutual information at the receiver can be found
as [20]",

SRD

1 1
I:§1Og2<1+ gr\/n + T

1 SR RD
+ SRD_SD | Tn In

—5Tn Tn 1 L ~SR L ~RD (18)
2 )

'In [20] it was assumed that AP = 1, while deriving the mutual
information and outage. In this work we assume that it is also exponentially
distributed like 257 and ST
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where w? = 1+ SR —7- The term 'y;fRD'y;fD involves
(hSD )2, which is small for the outage case, therefore it is

ignored [20]. One more approximation can be made. Source-
relay channel is usually much better than the relay destination
channel. Therefore w? can be approximated as 1. Outage
probability at the receiver of destination 7 can be written as,

engSRh,SR eﬁDgﬁDhRD
Pout p Ty NyWatin J2 Ty Ny Watin /2
- r eSH SE’hSR eRDgHDhRD
Rn

1 + TfN Wekin /2
(en™ + en”)gn "hP
TfNOng{n/Q

TyNoWskn/2

+ < 9TV _ 1} (19)

Here we will neglect the ”1” in the denominator, which
is a common high-SNR assumption [4][11]. Then, defining

2Ry
€% (kn) = 0.5T ki, NoWy [ 27Ts%% — 1) as before, we get,

Pyt { 1 1 1
Pr<( + )
eSRgSR,SR " ¢RD gRDp,RD

Kn
SR D D

+en)gn <ed(ry)} (20)

The first term involves the harmonic mean of two expo-
nential random variables with means e Rgs R and eRPgRD,
respectively. In [21] it was proven that for the high SNR
case the harmonic mean of two exponential random variables
can be approximated by an exponential random variable with
mean equal to the harmonic mean of the two means. This
approximation is successful especially in outage calculations.
Now, as before, outage event involves the summation of two
exponential random variables being smaller than a constant.
Using the result in (10), we obtain,

eSB 4 eSP B (€2 (k) %k o1
1 1 =
e + g 2087 Fou

In order to find the minimum-energy allocation that satisfies
the above equation, we formulate a constrained optimization
problem of minimizing e5% + P 4 5P subject to the
satisfaction of equality (21). We obtain the energy values as
a function of number of allocated subchannels (details are
omitted for the sake of brevity)

If g8 < giP,

eﬁR(’in)
_eo(ﬁ) 0.5k, \/gn 1 1
"N PP o\ Vo
erlfD(Hn)
B 0( ) 0.5k, 1 1 n 1
= €p\Rn g}?DPout /gT}lgD /gSR /gffD
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After these calculations we again calculate e n) using

(5) If edzrect < ESD( n) _’_EED( )_|_ ESR(Hn)
SD (,‘i") _ e;llzrect ("in)
egD(’in) en (k) =0

D. Decode and Forward with Time Optimization (DF-TO)

Time optimization can be used together with cooperative
transmission as in Figure 1(c). In the first subframe the
source transmits to the relay but the destination doesn’t decode
this signal, therefore the modulation/coding pair - hence, the
duration- can be different than 7% /2. In the second subframe
the source and relay transmit simultaneously using again a
space time coding scheme. We call this scheme as Decode-
and-Forward with Time Optimization (DF-TO). Now let us

Rn
define, €% (k,, o) = anTrkn NoWy (2 WsTyrnen 1) and

Ry
€2 (Kn,an) = (1 — an)Tirn N,Wy [ 2WeTsmnG=en) —

We redefine the subchannel outage probability as follows [3],

P,
out Pr {ESRQSR}ZSR < Egl(ﬁn,an)}
Kn
+ Pr {65R SRhSR > egl(ﬁ'ruan)}
x Pr {eSDgnDhSD + P GRDpRD 602(57“0(")} (22)

{GSR SRhSR < 601(

As before, we target Pr K, Qn)} =

Seut We directly find e " as
601(

—In(1

K On)
Poy
—32)g

Other term involves the summation of two exponentially
distributed random variables being smaller than a constant.

e;S;R("fna an) = SR (23)

92 (kn,an) €92 (kn,an)

T T e¢SD,SD T e
1—e enPonP l1—e el oItD
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Again, we make the approximation e=% ~ 1 — z + 2% and
write the following

1 _ (e%Q(Kn:an))?
26, _ 1 2¢SDgSDeRDgRD

(25)

out

If we use the approximation in (10) then

eiD(Kn»an) = efD(Knv an) = 622(/€n7an)

Let o be the value that minimizes 7% (k,,a,) =
P (Kp,an) + e3P (kn, an) + e3P (ky, o). Power expen-
diture by direct transmission can be found using (5). If
edirect () is smaller than e7¢'%¥(x,,, o) then direct trans-
mission is chosen.

E. Resource Allocation Algorithm

While describing the above transmission schemes, we de-
rived the energy (and subframe time) allocation given the
number of subchannels allocated to a user. How do we
determine the number of subchannels allocated to each user?
In this section we present the subchannel allocation algorithm
for the DF-TO scheme. Other schemes are similar,

1) Setx, =1, Vn

2) For each user calculate e, (kn, o) and e, (K, + 1,05)

(en(kin, ) = min{ep ¥ (r,, a3,), e (k) })

3) Determine n* = argmax,{e,(kn,al) — en(ky +

1,ak)} and Ae* = max,{en(kin, @) —en(kn+1,ak)}

4) If Ae* > 0 Set Ky« = K+ + 1 else finish

5) If ), kn = K finish else continue from Step 2

The proposed greedy algorithm allocates at each round a
subchannel to the user that most needs it. Step 1 allocates each
user a subchannel. Step 2 calculates the energy requirement
for the current number of subchannels and for the case of one
more added subchannel for each user. Step 3 calculates the
decrease in energy expenditure by adding one more subchannel
to each user. Then it finds the user that can most improve its
energy expenditure by adding a subchannel. Step 4 allocates
a subchannel to the maximizing user. This continues until all
subchannels are allocated. Depending on the characteristics of
the energy function it is also possible that allocating more than
a certain number of subchannels causes increase in energy
expenditure. This is also the case in our problem and it
is related to the definition of outage. An outage happens
for a destination node if one of the subchannels experience
outage. Increasing the number of subchannels first decreases
the energy expenditure but then increases the chance of outage
(Figure 2), thus requiring more energy to compensate it
(especially if rate requirement is low). The algorithm finishes
if either all subchannels are allocated or adding a subchannel
results in increased energy expenditure for all nodes.

Step 2 also involves finding the optimal c,, for a given
number of allocated subchannels for all users (For NCR-
TO and DF-TO). Simulation results show that the energy

L: where

en(Kn, ) is a concave function of «a, = t, x T
tn € {1,2,...,K — 1} . The search algorithm starts from
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Energy vs Number of Subchannels (Relay distance=1400m, policy=DF, N=16)
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Fig. 2. Variation of required energy expenditure for all users with the number
of subchannels. The characteristics show that adding one more subchannel
brings diminishing returns as the number of subchannels increase. In fact
energy expenditure increases after allocating more than a certain number of
subchannels to a node. The characteristics are similar for all transmission
schemes.

th = round(%). Then the algorithm increases t,, by one. If
the energy expenditure decreases, then ¢,, is increased by one
until the minimizing ¢, is found. If the energy expenditure
increases then ¢, is decreases by one until the minimizing ¢,
is found.

Energy expenditure vs alpha\n
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Fig. 3. Energy expenditure is a convex function of as,. Giving too much

subframe for either source or relay increases the energy requirement of the
other one. Optimal v, is somewhere in between. This convexity simplifies
search for energy-optimal «. Relay distance is 1400m, number of nodes is
16. Total rate requirement is 10 Mbps.

1) Optimality: The resource allocation algorithm greedily
allocates the subchannels to the user that it provides most
energy decrease. The paper [22] proves that such greedy
allocations are optimal for a specific class of problems. If
adding more resources to a node brings diminishing returns
(i.e. concavity), then allocating a resource to the user that
brings maximum increase of utility is the optimum scheme.
In our problem we can regard negative energy as the utility.
Diminishing return characteristics in Figure 2 show that the
above algorithm is suitable. On the other hand, various ap-
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proximations that we made to ease the analysis results in loss
of optimality.

IV. NUMERICAL EVALUATION

In this section we numerically evaluate the four transmission
policies. We consider a tandem cell of 2000 meters long, where
the base station is located at the origin and the users are located
uniformly in the region 100-2000 meters. As for the channel
model we adopt the IEEE 802.16j model, where the path loss
in the source relay (BS-RS) link is 31.54+35x[og1¢(d) dB and
the path loss in the source-destination and relay-destination
link is 36.5 4+ 23.5 x logio(d) dB. Here d (in meters)is the
distance of the considered link. Log normal shadowing (in dB)
has standard deviation of 3.4 dB in the source relay and 8 dB in
the source-destination and relay destination channel. Rayleigh
fading is assumed to be independent across all the links and
subchannels. Total bandwidth is SMHz and it is divided into
64 subchannels.

Figure 4 presents the total energy expenditure vs. distance
of relay from the base station. We obtained these results for a
total rate requirement of 10Mbps divided equally into 16 users.
We changed the source-relay distances from 1000 to 1800 m in
100 m steps. For each distance we generated 10000 different
sets of path losses, shadow fadings and Rayleigh fadings;
ran the algorithms and took the averages of total energy
expenditures. We further divided these values by the frame
duration 75 to obtain the average power expenditure. The most
interesting result in Figure 4 is that cooperative transmission
results in significant savings from energy. Cooperative relaying
results in less than half (almost one third) of the energy ex-
penditure of noncooperative relaying. Second interesting result
is that the further performance improvement by optimization
of the subframe time may not be worth it because it is less
significant and requires much more computation time. In fact
AF without time optimization results in approximately 30
percent less energy expenditure than DF and 15-20 percent
less energy expenditure than DF-TO. Lastly, we observe that
best performance is observed when the source-relay distance
is between 1400-1500m.

We also need to check if we achieve the target outage
probability. Target outage probability is chosen to be 0.01 in
all simulations. Table I shows that for the non cooperative
case this target is achieved. For the cooperative cases the
outage performance is better than 0.01. This is because of the
approximation e® ~ 1 —z+x2 that was made in the analysis.
Less energy expenditure can be achieved by using the exact
formula instead of approximations, however the approximation
results in a very simple scheme with acceptable performance.
In the AF scheme we make more approximations which results
in more deviations from 0.01.

The reason of close performance of CR and CR-TO implies
that time optimization is not as effective as cooperative diver-
sity. Figure 3 shows for a typical case that the performance
0.3 < a, < 0.6 does not provide significant performance
variation. Figure 5 shows the cumulative distribution of «
for the above simulation parameters. This figure shows that
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Energy Expenditure vs Relay Distance (K=64, N=16, H‘o‘a‘ﬂoMbps)
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Fig. 4. Energy expenditure performances for all four policies as a function
of relay distance from base station. Number of users is 16 and total rate
requirement is 10Mbps. AF and DF protocols are simple since they do
not need time optimization. Besides their performance is much better than
non cooperative scheme. Here, AF algorithm results in the best performance
probably since it does not propagate errors.

\ [ 1000m | 1200m | 1400m | 1600m | 1800m |

NCR-TO | 0.0103 0.0102 | 0.00954 | 0.0103 | 0.00998

CR 0.00917 | 0.0874 | 0.00938 | 0.00921 | 0.00941

CR-TO 0.00900 | 0.00849 | 0.00875 | 0.00877 | 0.00858

AF 0.00844 | 0.00804 | 0.00816 | 0.00810 | 0.00825
TABLE 1

OUTAGE PROBABILITIES VS. DISTANCE FOR ALL POLICIES.

0.3 < a;,, < 0.6 has an 80 percent occurrence, which means
that for most of the cases optimizing « results in insignificant
performance difference.

Empirical CDF of o, for the relayed users
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Fig. 5. Cumulative distribution of alpha for the relayed users. Source-Relay
distance 1400m. N=16

Figure 6 shows the cumulative distribution of the total
energy expenditure per frame for all four policies. We see
that the AF policy is clearly the best one. Figure 7 shows
the total energy expenditure per frame as a function of
number of users. Total rate requirement is 10Mbps and is
divided equally among the users. Energy expenditure decreases
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because rate requirement per user decreases, although the total
rate requirement keeps the same.

CDF of energy expenditure (Relay distance =1400m)
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Fig. 6. Cumulative distribution of total energy expenditure (normalized by
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Fig. 7. Total energy expenditure per frame vs number of users. Total rate
requirement is 10Mbps. Source-Relay distance 1400m.

V. CONCLUSION

In this paper we proposed an energy-efficient subchannel,
power and subframe allocation scheme for a multiuser down-
link OFDMA system that utilizes a relay node. The source
makes the resource allocation only based on the pathloss and
slow fading, without knowing the fast fading. In this setting,
we showed that using cooperative diversity both achieves the
target outage probability and requires less than half, almost
one-third of energy required by non-cooperative relaying. This
performance improvement can be achieved without adjusting
the subframe durations, which significantly decreases the

Digital Object Identifier: 10.4108/ICST.WICON2010.8511

complexity. Future work will consider Incremental Relaying
and other more complex policies [3] in addition to Decode
and Forward and Amplify and Forward. Proportional Fairness
will be considered as an objective instead of energy efficiency.
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ABSTRACT

In this work we study framed transmission in an OFDMA basddyedl wireless access system that utilize cooperative
diversity. We consider a system of a source, a relay and a euofl@estination nodes, where the nodes can combine the
signals coming from the source and relay. We are interestttkicase that the source and relay only have the information
of path loss and slow fading. The goal in resource allocasido allocate resources (time slots, subchannels and pawer
an energy efficient manner given target rates and targegemt@bability. Numerical results show that cooperativayiaeg
requires significantly less energy than noncooperativayied. Adjusting the source and relay transmission dunatttas

a marginal effect on the performance, although it resuli smgnificant increase in complexity. Copyrigt 2010 John
Wiley & Sons, Ltd.
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1. INTRODUCTION Amplify and Forward (AF) and Decode and Forward
(DF) [3]. Using OFDM and relays along with cooperative
In this work we consider the communication between transmission can provide more degrees of freedom by
a source node and a number of destination nodesexploiting adaptive subchannel, power and time allocation
with the help of a relay node. Transmitters use aBesides relays in wireless networks are usually half-
multichannel transmission scheme such as Orthogonatluplex, which necessitates a TDMA-type of time sharing
Frequency Division Multiplexing (OFDM). OFDM is the mechanism between the source and relay. Time allocation
underlying transmission technology in current wireless adds another dimension to the resource allocation problem.
technologies such as Wi-Fi, WiMax and LTE. OFDM In a cooperative relayed cellular system, time is divided
provides immunity to multipath fading and intersymbol into transmission frames. In the first part of the frame the
interference, hence higher signal to interference plusenoi source broadcasts the information, which is both heard
ratio (SINR). Besides, it can be used as a multiple acces$rom the relay and the destination. After the relay receives
scheme (OFDMA) in order to exploit multichannel and the signal it transmits it to the destination where the digna
multiuser diversity by judiciously allocating subcharmel are combined at the MS . In order to achieve this the
to users. source-relay and relay-destination transmission duratio
Relays are deployed in order to improve coverage,and signaling must be equd][ On the other hand , some
throughput and energy-efficiency in broadband wirelessdestination nodes may be so close to the source that direct
access J] and multihop wireless networks2]. These transmission by the source using the whole frame duration
relays can also be used to mimic multiple antennamay be more efficient.
systems and take advantage of cooperative diversity. OFDMA-based cooperative resource allocation can
For example in the downlink, a destination node canbe made for various purposes such as maximizing the
combine signals coming from the source and relay inthroughput or proportional fairness subject to power
order to improve the SINR. There are two practical andconstraints or reducing power expenditure subject to
well-known forms of cooperative diversity , which are some rate requirements. In the previous literature on the
subject mostly throughput maximization was studied. In
[4] and [5] the goal is to maximize the throughput.
mersion of this paper was presented at the Wireiesadt Subchannel allocation at the source-relay and relay'
Conference (WICON 2010), Singapore destination channels should be jointly considered in order

Copyright © 2010 John Wiley & Sons, Ltd. 1
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to maximize capacity. In these works power allocation [16] and [L5). In cooperative relayed OFDMA systems
was also considered. In6][ a three terminal system power minimization was first considered iig. Here
is considered and adaptive power loading is studied inthe authors consider a two-user , one-base station uplink
order to minimize bit error rate. Joint resource allocation scenario. The users help each other using an AF scheme.
and selection of cooperation strategies and relay to bdPower minimization in a single source-destination pair
used in multi relay systems has been studied 7h [ and multi-relay system is studied in19]. The authors
In [8], the authors considered proportional fair resourcepropose a scheme that reallocates subchannels at the
allocation in an OFDM based cooperative relayed cellularrelay in order to improve the performance. Differently
system. They studied different subframe allocation andfrom this work we assume that fast fading is not known
cooperative diversity schemes. In this work it is shown and outage probability is a performance target. In our
that time durations (subframes) allocated for the base anavork the aim in resource allocation is to minimize
relay stations is a very important factor in performancethe total transmission energy in a frame duration while
improvement. satisfying rate and outage probability constraints. We
Most of the previous works on OFDM based resourceare interested in the performance improvement by 1)
allocation assume that the channel conditions are peyfectl Cooperative transmission of source and relay in the
known at each scheduling interval (that is, a frame or aabsence of perfect channel information and outages 2)
slot). In reality, obtaining the channel state information Optimally determining the subframe duration for the
for each user-subchannel pair is not very practical.source-relay and relay-destination transmissions. Téie re
Especially in the presence of relays, channel informationof the paper is organized as follows; in section 2 the
of users should be forwarded to the source (base stationdystem model is introduced. In Section 3, minimum-
, creating further communication overhead. A more energy power and subframe allocations given the number
practical assumption is that the users measure the channef allocated subchannels are considered for various
state for some time and feedback the channel informatiortransmission methods. Section 4, optimal and suboptimal
averaged over that certain duration. Channel state isolutions are proposed for subchannel allocation. Section
usually a combination of path loss, log-normal shadowing5 includes the numerical evaluation results and finally
and fast fading (which is usually Rayleigh distributed and Section 6 gives the conclusions we have reached in this
frequency selective). Time-averaged channel gain capturepaper.
the slow components of the fading, which are the path
loss and shadowing. In this case scheduling decisions have
to be made under channel uncertainty. Then , given a
modulation and coding rate there is a nonzero probability2. SYSTEM MODEL
of outage [3] where the received SNR falls below a
required level. In 19] a single source single destination We consider a source node (e.g. a base station) , a
and multiple-relay system was considered. There is a fixedelay and multiple destination nodes. The relay uses
target rate and each transmitted subchannel is relayed bpecode and Forward (DF) or Amplify and Forward
the best relay such that the achievable rate is maximized(AF) in relaying the information from the source to
The probability that achievable rate falls below the targetdestinations (downlink). The total bandwidth df’
(i.e. outage) is analyzed. However, it is still assumed thatHz is divided into K subchannels each having the
exact channel conditions are known. On the other handandwidth Ws. These channel states are assumed to
in [11] the authors consider multiple users transmitting be constant during a transmission frame. Each user
to a center with the help of a relay. It is assumed thatexperiences path loss , log-normal shadowing and
channel condition is not known and the outage probability frequency selective and fast Rayleigh fading. In this syste
of the proposed transmission protocol is probabilisticall there are three types of transmission channels which are
analyzed. The optimum relay location is computed basedhe (S)ource-(R)elay, (R)elay-(D)estination and (S)eurc
on the analytical result. (D)estination channels. The destinations can also overhea
In this work, we consider the problem of resource the transmissions from the S-R channel. bet’, ¢°F,
allocation for total energy expenditure minimization in a g=~ be the combination of pathloss and slow (shadow)
cooperative system of a center node, a relay and multipldading for destinatiom. The source node perfectly knows
users. The proposed solutions can be applied in botithese average values for all nodes and the relay and
uplink and downlink. The resources are subchannelsperforms the resource allocation based on these values.
power, and transmission durations of source and relayet k5%, hi™, b} be the frequency selective Rayleigh
at each subchannel (i.e. subframe durations). We assunfading for usern and subchannet. Note thatg®” and
that the resource allocation is performed by the centerhi ™ are the same for all users, because there is a single
node and it knows only the average channel gainsrelay. The users are assumed to have constant channel
Minimum-power resource allocation in OFDM based gains during a transmission frame, which is of duration
systems was previously studied for systems without?’y and divided into time slots of duraticfi. Let R, be
relays [L4], [13] and with non-cooperative relaying in the rate requirement and, be the number of subchannels
allocated to usen. Givenk,, we assume that there exists
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a modulation-coding pair and the transmitters use that

pair. We use the information theoretic achievable rate oy=5/14, k1=3
expressionsd] and outage happens if the achievable rate is
lower than the target rate. We also assume that information 0y=7/14, kp=1
transmitted using a subchannel by the source is transmitted az=1, kp=1
using the same subchannel by the relay. Outage probability 0,4=6/14, kn=2
can be reduced by increasing the energy expenditure. The
goal is to satisfy the user rate and outage probability 05=8/14, kn=2
requirements by minimum energy.

K1=2
3. RESOURCE ALLOCATION SCHEMES o
As the frequency selective fast fading is not known and © K4=3
path loss and shadowing are assumed to be subchannel-
independent, all subchannels are equivalent and therefore K5=2
power is equally distributed to the allocated subchannels.
Target rate is equally shared among the subchannels and
outage happens if any of the subchannels experience 0[=5/14, k|=3
outage. This implies that each subchannel of a user
has equal probability of outage. Given the target outage p=7/14, xn=1
probability P,.:, the target outage probability of user (© a3=1, kp=1
n for each subchannel becomé¥,,(k,) =1— (1 — 0y=6/14, kn=2
Pout)ﬁ. For low outage probabilities, this can be
approximated by?eut. In fact, this is always slightly less ®5=8/14, k=2

than the actual valtie , therefore it is more conservative. We
consider four different transmission (and frame alloagtio
policies, as illustrated in Figurel. As illustrated in Figure 1.Transmission policies and corresponding frame
the figure, for all policies, a number of subchannels models. (a)Non-Cooperative Relaying with Time Optimization
are allocated to each user. For relayed users, allocate@NCR-TO) (b) Cooperative Relaying (Using Decode and
subchannels are divided into two subframes, where théorward (DF) or Amplify and Forward (AF) ) without Time
source and relay transmit. There are also direct usersQPtimization (c)Decode and Forward Relaying with Time
which don’t use the relay. The details are described below; Optimization (DF-TO)

3.1. Non-Cooperative Relaying with Time . L
Optimization (NCR-TO) probability for any subchannel allocated to destination

n. Without using subscripts, let*® and h*" be the

Figure 1(a) shows the frame model for the case of five Rayleigh fading gain for any subchannel allocated to user
users. For destination, s, subchannels are allocated 1. We assume that®”, h®” and h™” are independent
and the frame timeT is divided into two for the and exponentially distributed with unit mean. For each
source and relay transmissions. In the first subframe (ofllocated subchannel, the outage probability equation is,
duration «,,Ty) the source broadcasts the information,
but is only decoded by the relay. Once the relay gathers SR _SR.SR

; o ; ; e h
the information it decodes, it re-encodes and forwards it Psoi(kin) = Pr {min {an log, (1 + L)

to the destination in the second subframe (of duration knNoWsan Ty

(1 — an)TYy). Herea,, can be optimizedd,, T has to be eltD gRD pRD Ra
an integer multiple of time slot duration) for alto further (1 —an)logy { 1+ <

: g ultiple of time slot duratio ) fo ofurther Fin NoWs (1 — o )T knWsTs
improve the resource utilization. On the other hand, if it

is more energy-efficient, some users can be set as direct SR JRD

users and served directly by the source using all the framéiere nne;‘an and =77 are the power expenditures
duration (e.g. nodes). Let ¢5 7 ande*” be the energy for the S-R and R-D links in one of the allocated

expenditures by the source and relay for destination subchannels. For simplicity, let’s define,
SR RD

Then (:ZTf and (1_62n)Tf become the power expenditure

by the source and relay for userThe aimis tofind forall o1

users the energy expenditures that satisfy the targeteutag

probability and rate requirements with minimal total

energy. As mentioned abovE;,, (k) is the target outage (Fn, an)

R
(Kn,om) anTykn NoWs (Qm—ws”Tan _ 1)

____Rp
= (1 —an)TrrnNoWs (2 R WsT(I—an) _ 1)
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After some rearrangements on the outage equation, wealues are divided inta:,, to get the energy used in one

obtain, subchannel. Now let us define for simplicity, (x,) =
2Ry
e (kny ) €22 (K, an) 0.5T sk NoW, [ 2W=Ts%n — 1 ). The outage probability
—In(1 = PSy(kn)) = 2im n (Kn, _
n( out (tin)) esRgSR eRDgRD equation becomes as follow3]|
1

: H RD
We need to find the energy expe_ndlturs&? and ef? o (kn) = Pr {mln(eSR SR SR
that satisfy the above equation with a minimal total, for
energy efficiency. Using convex optimization techniques, | eSRGSDpSD | (RD RDpRD) e%(nn)} ©)

the optimal energy expenditures are,
This can be rewritten as,

egw,l(’ﬁrman) + \/e 1("971,‘171)602("971,‘1

qSR R

)
enR(Knyan) = (2)

S gSR
T (1= Py () Piulin) = Pr{efg™ h" < ef (n) }
eg,z(ﬁrman) \/e 1("971,‘171)6 ("‘iwaaw)
eRD(K am) = gRiD + qSRq” ™ + Pr {engSRhSR > eg(mn)}
" e _ln( Pout(’i")) 7

X Pr{ SRGSDRSD 4 AP ROy RD eﬁ(mn)} 7
The total energy expenditure using the relay is,
We need to finde5® and eZP that satisfies the above

Y (i am) = €5 (in, an) + €52 (Kim, ) equation with minimum total. In order to find the energy
values more simply (sacrificing optimality), we make the
(\/ a(inson) \/ - (””’a”)) following high-SNR approximations,
= 4 SRGSRpSR o0 ~ €0 (kn)
—In (1 _ Pout(ﬁjn)) ( ) P'l”{@ h < en Kn } >~ e;S;RgSR and

Pr {eSR SERSE > €0 (kn)} ~ 1.
Time-optimized energy expenditure can be found by The last term is the probability of sum of two random
optimizing a,. variables being greater than a constant,
Let ey '™ (1, a5,) = €% (i, o) + P (i, 7)) be
the time optimized total energy expenditure for a relayed Pr SR sphsp RD RD RD 0
. . +en h™" < en(kn)
user. In case of direct transmission that uses the whole

frame duration, the total energy expenditure:j&’, which _ es"z]éngg _ ?:ZD(N%
l—e “n 90 l—e ©n 9In
becomes T eFDgRD T~ SR.SD ®)
Ry - 1 — 1
TflanoWs (2 WsTyhn _ 1 engVIiiD BngﬁD

direct SD
2 (kn) = €57 (Kn) = which can be approximated as

! " —In(1 = Fj(rn)) 977 i

®)
Since the frame is not divided in case of direct Pr{ SRoSDpSD 4 RD RDhRD<e?L(Hn)}
transmission, the energy is not a function of,.

. 0 2
If en™(k,) is smaller thane,”“¥(kn,ay,) , then ~ en (Kin)
ST (k) = efiP (k,) = 0 and e?"*“!(k,,) is as in the 2e; el giDgftP
above equation. finding
3.2. Decode and Forward based Relaying (DF) P2 () €9 (i) €9 (k)2 ©
t\hn) =
In this scheme the destination nodes can combine the . erfigSh = 2efReffP gl gl

signals coming from the source and relay. As seen 'nUsmg standard Lagrange multiplier techniques we obtain
Figurel(b), if relayed transmission is used, then the frame RD 295D gR RD .
the relation (1 + e,,” 222 e” =e;' and then

is divided into two equal subframes. In the first subframe 0 (kn)g

the source transmits to the relay using eneegy and  the following equation in terms offiP,
the destination overhears it. In the second subframe the

relay transmits with energyZ” [8],[9]%. If it is more . 295D gD
energy-efficient, direct transmission can also be used as is O“t(“")W(
the case for destinatiof, in Figure 1(b). These energy

) + Pout(nn)(egD)2

en(tn) ro _ (€n(kn))?
g n " ggggnp =0 (10)

*In [9],there is another scheme, where the source transmits together witlrrelay The root of this equatlon can be found usmg Newton’s

the second subframe. When energy and outage is considered, thisjstineal
because, the source should use all its power in the first subframe $othaelay method. If direct transmission energy |ﬁ) (S less, then

and destination can benefit from it. itis preferred.
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3.3. Amplify and Forward Based Relaying (AF) optimization problem of minimizing:>® + efP subject
.. to the satisfaction of equalityl@). We obtain the energy
Yalues as a function of number of allocated subchannels

H SR
(o the relay using energy, - (for noden) and noden édetails are omitted for the sake of brevity)

also hears it. In the second subframe the relay amplifie
and forwards the received signal using eneedy’. The

destination node combines the received signals in the first  rp 1 g€l (kn)?
and second subfra_meg_]j[20]. Frame r_nod_el is similar en = gD\ 2¢5PPs (ki)
to the DF model in Figurel(b). AF is simpler than

DF since there is no decoding at the relay. Besides, 1 8gRD

its performance can be better since there is no error * 1_6( I+ P )

propagation by decoding at the relay. In this work we aim
to find the minimum energy power allocation that satisfies
the rate and outage probability constraints. Let us define

2
RD _ egPgplnltl  sr _ egMgSTnSt 4 SRD _ SR L 9°"en(tin)
I = T NoWarn/2' 0 T Ty N,Warn/2 Tn = n 95\ 295D P (k)
CSR(]SDhSD " out "

SR,

TN, Wor, 73 Assumings,, subchannels are allocated, the

mutual information at the receiver can be found2d,[ After these calculations we again calculafé*°* (x,,)

1 ShD SR RD using 6). If en" " < en” (kn) + egR(”n)
1= 5 log, (1 + v+ A) (11)

1+ "Y;?R + "Y}?D eiD (Kzn) — eZiTECt (Kzn)
Outage probability at the receiver of destinatiorzan be efP (k) = (k) =0
written as,
3.4. Decode and Forward with Time Optimization
engSRhSR enggDhRD (DF-TO)
Tt NoWsrin/2 T NoWsrin /2

P;ut(/{’") = Pr

14 SalgSRASR | effDgtDhItD Time optimiz_atipn can_be .used together w_ith cooper-
TfNoWarn/2 & Ty NoWsrn/2 ative transmission as in Figuré(c). In the first sub-

N eSBgSDpSD - 2% B 1} (12) frame the source transmits to the relay but the desti-

Ty NoWskin /2 nation doesn’t decode this signal, therefore the modu-

) ) ) lation/coding pair - hence, the duration- can be differ-
Here we will neglect the "1” in the denominator, ent than7;/2. In the second subframe the source and
which is a common high-SNR assump?tll%ot][ﬂl]. Then,  relay transmit simultaneously using again a space time
defining €2 (k) = 0.5Tf ki No W <2W—T}JW —_1) as coding scheme. If the source-relay channel is good, then
it is good to decrease first subframe duration in order
to decrease energy expenditure in the second subframe.
We call this scheme as Decode-and-Forward with Time

Optimization (DF-TO). Now let us define! (kn, an) =
R

anTrrnNoWs [ 2WeTsrnen — 1) and ey (Kn, n) =

before, we get,

1 1 -
Poui(kin) = Pr{(eTSL’RgSRhSR + eEDg;;thRD)

+ engSDhSD < eg(nn)} (13)

Rn
i ) ) 1 — an)Tikn NoWy [ 2WsTrrenl=an) _ 1) We rede-
The first term involves the harmonic mean of two ( n) T NoWs

exponential random variables with meaasg°"* and  fine the subchannel outage probability as follodfs [
eltP gBD | respectively. In21] it was proven that for the

high SNR case the harmonic mean of two exponential S o(kin) = Pr {eSRgSRhSR < 601(l~€ o )}
random variables can be approximated by an exponential ~ *“* " " mmen

random variable with mean equal to the harmonic mean + Pr {egRgSRhSR > egl(ﬁman)}

of the two means. This approximation is successful

especially in outage calculations. Now, as before, outagex Pr {eSDgSDhSD + eBP gEPpRP < 092 (g, an)}
event involves the summation of two exponential random 17)
variables being smaller than a constant. Using the same

approximation as in the DF case, we obtain, We need to find3 %, ¢ ande?” that satisfies the above

SR 0 2 equation with minimum total. In order to find the energy
€n (en(Kn)) . e . . .
I I = 55D ps (o) (14) values more simply (sacrificing optimality), we make the
gRgSE T RDGED i Foutfon approximations

SR, SRp SR 01 o ol (kn,om)
In order to find the minimum-energy allocation that £ {en g™ ThT < €l (kin, am) } eSRgSR

satisfies the above equation, we formulate a constrained Pr {e5" g5 > €0 (kn, an)} ~ 1.
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The last term in 17) is the probability of sum of two
random variables being greater than a constant,

SD SD,SD RD RD} RD 02
Pr {en gn h”" + ey, h <ep (nn,an)}
_e2(kn,an) 92 (kn,an)
1—e  enPorl 1—e  “nPoitP
eRD% _ enlPgil
= 1 1 (18)
eRDgRD eSD 45D

which can be approximated as
Pr {eSD SDhSD RD RDhRD

~ €n (anan)
~ 2eSRcRDgSDGRD 1

< €% (K, an)}
finding

s en (Fn, on) en’ (K, on)?
Pout(kn) = =555 sborp 50 ip  (L9)
en’g 2epPer” gn P gx
It can be shown that the equaliey® = e*” must hold.
Then the equation becomes
Poy(kin) = e?zl(’fm an) (e%Q(HM an))2 (20)
exfgSh 2(efiP)2gR P gltl

T. Girici, F1. Sokmen

4.1. Optimal Solution

Let us define the cost function for node as c, =
len(1),e5(2),...,en(K)], wheree; (k) is the optimal
energy expenditure wheh subchannels are allocated to
node n. These values are found using the analyses in
the previous section. Then, let us define the overall cost
function c = [c1, C2, ..., Cn] @s a vector of lengthV K.

The allocation vector for node: is defined asx, =
[Tn,1,Tn,2, ..., Tn K|, Wherez, i is 1 if k subchannels

are allocated to uset, and zero otherwise. Only one of
elements ok,, can bel. Let the overall decision vector be

X = [X1,X2,...,Xn]. The objective of allocation should

be maximizingex” . There are two main constraints 1) The
total allocated subchannels should be less than or equal to
K, 2) For each user a number of subchannels are selected
from 1 to K. Let'slk, andOx be vectors of ones and zeros

of length K, respectively.

Using standard Lagrange multiplier techniques we obtain

the relationes \/%(fogjgﬁgw)ffg’;” (eRP)3/2 and
then the following equation in terms eff”,
Pout(lﬂ")egR(egD)Q
_ e?x (mman)(efD) + (6912(’fn704n))262R (1)
a g 293P gitP
0= pPs (n) 2e9! (K, an)gﬁDg,{‘D (eRD)7/2
ou (92 (kin, an))?gS R "
e?LI(HTMan) RD)2
- PR (en
_ (e’ (Fnyn))? 2691 (Kn, o) g5 P ghiP RD)3/2
293P gfitP (92 (Kin, am))2gSR *"
(22)

The root of this equation can be found using
Newton's method. Ifed"*“*(k,,) in (5)is smaller than
er'®(k,,, ) then direct transmission is chosen.

4. RESOURCE ALLOCATION
ALGORITHM

While describing the above transmission schemes, we

derived the energy (and subframe time) allocation given

the number of subchannels allocated to a user. How do

determine the number of subchannels allocated to eac
user?

max cx” (23)
X
s.t.
1,2..,K,1,2...,K,....,1,2... . K| <K (24)
1k Og Ox 1
Ox 1k Ok
e
. . . )
Ox Ox 1k

The inequality in 24) enforces that the total number
of allocated subchannels is less than or equalkfo
(The left hand side of it is a vector of length K).
The matrix in @5) has N rows and NK columns. It
enforces that for each node one of numbgrs, ..., K
is chosen. The resulting problem is a standard binary
integer programming problem and can be solved using
bi nt prog in MATLAB.

4.2. Greedy Algorithm

In this section we present a greedy subchannel allocation
algorithm that is much simpler than solving the above
binary integer programming problem. We present the
algorithm for the DF-TO scheme. Other schemes are
similar,

1. Setk, =1, Vn

2. For each user calculate e,(kn,a;)
and en(kin +1,05) (en(kn,a) =
mln{erelay(ﬁn7oén) erLzrect(Hn)})

3. Determine n® = argmaxn{en(kn, ) —
en(kn +1,05)} and Ae* =

maxp{en(kn, ) — en(kn + 1,a5,)}
4. If Ae* > 0 Setkn» = kn= + 1 elsefinish
5. If 3, kn = K finish else continue from Step 2

fThe proposed greedy algorithm allocates at each round a
subchannel to the user that most needs it. Step 1 allocates
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Energy expenditure vs alprpa
10 T T T

each user a subchannel. Step 2 calculates the enerc
requirement for the current number of subchannels anc
for the case of one more added subchannel for each use
Step 3 calculates the decrease in energy expenditure b
adding one more subchannel to each user. Then it find:
the user that can most improve its energy expenditure by
adding a subchannel. Step 4 allocates a subchannel t o—o
the maximizing user. This continues until all subchannels 02 03 04
are allocated. Depending on the characteristics of the

energy function it is also possible that allocating more

than a certain number of subchannels causes increase igure 3. Energy expenditure is a convex function of a.,,.. Giving
energy expenditure. This is also the case in our problemoo much subframe for either source or relay increases the
and it is related to the definition of outage. An outage energy requirement of the other one. Optimal «,, is somewhere
happens for a destination node if one of the subchannel® between._This cohvexity simplifies search for_energy-optimal
experience outage. Increasing the number of subchanneféz' Relay distance is 1400m, number of nodes is 16. Total rate
first decreases the energy expenditure but then increases
the chance of outage (Figur®, thus requiring more
energy to compensate it (especially if rate requirement
is low). The algorithm finishes if either all subchannels 4.2.1. Optimality

are allocated or adding a subchannel results in increased The resource allocation algorithm greedily allocates
energy expenditure for all nodes. the subchannels to the user that it provides most
energy decrease. The pap@g] proves that such greedy
allocations are optimal for a specific class of problems. If
adding more resources to a node brings diminishing returns
(i.e. concavity), then allocating a resource to the user tha
\ \ brings maximum increase of utility is the optimum scheme.

energy expenditure[r

05
alpha

requirementis 10 Mbps.

Energy vs Number of Subchannels (Relay distance=1400m, policy=DF, N=16)
T T T T T T

o 1 In our problem we can regarggative energy as the utility.
ocesl || 8 Diminishing return characteristics in Figugeshow that
(Y i the above algorithm is suitable. On the other hand, various

: approximations that we made to ease the analysis results in
I loss of optimality.

Required Energy
o
o
S
o
I

5. NUMERICAL EVALUATION

= = = = ) In this section we numerically evaluate the four
Number of subchannels (. transmission policies. We considettandem cell of 2000
meters long, where the base station is located at the origin
and the users are located uniformly in the region 100-
; - 2000 meters. As for the channel model we adopt the IEEE
with the number of subchannels. The characteristics show that . .
adding one more subchannel brings diminishing returns as the 802.16j m_Ode_l’ where the path loss in the source relay
number of subchannels increase. In fact energy expenditure  (BS-RS) link is31.5 4 35 x log,,(d) dB and the path
increases after allocating more than a certain number of loss in the source-destination and relay-destination link
subchannels to a node. The characteristics are similar for all is 36.5 + 23.5 x log;o(d) dB. Hered (in meters)is the
transmission schemes. distance of the considered link. Log normal shadowing (in
dB) has standard deviation of 3.4 dB in the source relay
. o . _ and 8 dB in the source-destination and relay destination
Step 2 also involves finding the optimal, for a given  cpannel. Rayleigh fading is assumed to be independent
number of allocated subchannels for all users (For NCR-3.1455 all the links and subchannels. Total bandwidth is
TO and DF-TO). Simulation results show that the energysy 4, and it is divided into 64 subchannels.
en(fin, an) is @ convex function ofv, = ¢, x % where We first compare the performances of the binary
tn € {1,2,..., K — 1} . The search algorithm starts from integer programming based subchannel allocation with
ty, = round(%). Then the algorithm increases by our greedy algorithm. Figuré shows the cumulative
one. If the energy expenditure decreases, thgnis distribution function of the energy expenditure for difat
increased by one until the minimizing is found. If the  transmission schemes and both subchannel allocations.
energy expenditure increases thenis decreased by one Results show that the performances of optimal and greedy
until the minimizingt,, is found. suboptimal schemes are almost identical. Therefore, we

0 10 20

Figure 2. Variation of required energy expenditure for all users
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will use the SUbOptimal algorithm in the fO”OWing Energy Expenditure vs Relay Distance (16 users, 10Mbps total rate)
. . 35 T T T T T T T
simulations. —e—NCR-TO
s —w— DF
= —&— DF-TO
) ) ! ) S 301 AF H
Comparison of optimal and greedy subchannel allocation (16 users, 1400m relay distance) =
1 : S
| a
","'“ [
0.9 o B E o5 J
0‘ E
08 Fid B I}
e s
0.7 g 4 é 20 4
2
@
0.6 ) u%-
= 3 15:
Zos : g %
2
NCR-TO w
0.4 B g
€10
0.3 B
0.2 i 1000 1100 1200 1300 1400 1500 1600 1700 1800
i Relay distance (m)
0.1 A
0 1
10 . . ..
x (Average energy expenditureT) Figure 5. Energy expenditure performances for all four policies

as a function of relay distance from base station. Target outage

probability is 0.01. Number of users is 16 and total rate

requirement is 10Mbps. AF and DF protocols are simple since

they do not need time optimization. Besides their performance

is much better than the non cooperative scheme. For a typical

relay location AF algorithm results in the best performance
probably since it does not propagate errors.

Figure 4. Greedy subchannel allocation algorithm is almost
identical to the optimal one based on binary integer
programming

Figure 5 presents the total energy expenditure vs.
distance of relay from the base station. We obtained
these results for a total rate requirement of 10Mbpsby using the exact formula instead of approximations,
divided equally into 16 users. We changed the sourceowever the approximation results in a very simple scheme
relay distances from 1000 to 1800 m in 100 m steps.With acceptable performance. In Table we see less
For each distance we generated 10000 different sets ofleviations from target outage for the casé)@f01 outage
path losses, shadow fadings and Rayleigh fadings; rafrobability. This is because the SNR is (has to be) higher
the algorithms and took the averages of total energy@nd high-SNR approximations become more accurate.
expenditures. We further divided these values by the frame
durationT’ to obtain the average power expenditure. The |

| 1000m [ 1200m | 1400m | 1600m [ 1800m |

most interesting result in Figurg is that cooperative NCR-TO | 0.0101 | 0.0100 0.0101 | 0.0105 | 0.0097
transmission results in significant savings from energy. DF 0.0086 | 0.0084 | 0.0087 | 0.0090 ) 0.0091
Cooperative relaying results in less than half (almost DFTO | 00093 | 0.0094 | 0.0090 | 0.0094 | 0.0091

P ying AF 0.0085 | 0.0081 | 0.0080 | 0.0081 | 0.0082

one third) of the energy expenditure of noncooperative
relaying. Sec_ond interesting re_su_lt IS that the furtherrapie 1. outage Probabilities vs. Distance for all policies. Target
performance improvement by optimization of the subframeoutage probability is 0.01. There are 16 users and the total rate
time may not be worth it because it is less significant requirementis 10Mbps. The High-SINR approximations that we
and requires much more computation time. DF-TO is themake results in actual outage probabilities that deviate from

best when the relay distance is less than 1200 meters. 0L

The reason is that the source relay channel is good,

subframe can be shortened and second subframe length

can be increased in order to decrease energy expenditute 1000m | 1200m | 1400m | 1600m | 1800m
(at the expense of increased computational time).For thg NCR-TO | 0.00095 | 0.0011 | 0.00104 | 0.00093 | 0.0001
typical relay distances of 1300-1400 meters, AF without| _ DF | 0.00088 | 0.0011 | 0.00094| 0.0010 | 0.0011

DF-TO 0.00086 | 0.00107 | 0.00112 | 0.00085 | 0.0011
AF 0.00091 | 0.00098 | 0.00093 | 0.00088 | 0.00085

time optimization results in best performance. Lastly,
we observe that best performance is observed when th
source-relay distance is between 1400-1500m. Table II. Outage Probabilities vs. Distance for all policies. Target

We also need to check if we achieve the target outageyutage probability is 0.001. Low target outage means high
probability. Target outage probability is chosen to be SINR, which makes our approximation more accurate actual
0.01 in all simulations. Tablé shows that for the non outage probabilities are closer to the target.
cooperative case this target is achieved. For the cooperati
cases the outage performance is better than 0.01. This is The reason of close performance of CR and CR-
because of the high SNR approximations that were madd O implies that time optimization is not as effective as
in the analysis. Less energy expenditure can be achievedooperative diversity. Figur@ shows for a typical case

8 Eur. Trans. Telecomms. 2010; 00:1-10 © 2010 John Wiley & Sons, Ltd.
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that the performancé.3 < «,, < 0.6 does not provide
significant performance variation. Figu@ shows the
cumulative distribution ofa for the above simulation
parameters. This figure shows thaB < a,, < 0.6 has

an 80 percent occurrence, which means that for most o
the cases optimizing results in insignificant performance
difference.

CDF of the optimal a, value for the relayed users (For the DF-TO scheme)
1

0.8

0.6

F(x)

0.4

0.2

0‘,6
x(a,)

i
0.3 0.4 05 0.7 0.8 0.9

Figure 6. Cumulative distribution of alpha for the relayed users.
Source-Relay distance is 1400m and there are 16 users.

Figure 7 shows the cumulative distribution of the total

channel and Power Allocation in Cooperative OFDMA Systems

Energy Expenditure vs. Number of Users (1400m Relay distance, 10Mbps total rate)
T T T

T
=—©— NCR-TO|
—t— DF
=—8— DF-TO
AF

w
a

W
=)

N
a

N
=)

i
ad

Total Energy Expenditure per Frame Time (W)
=
o

i i i
14 16 18
Number of Users (N)

10 12 20 22

Figure 8. Total energy expenditure per frame vs number of

users. Total rate requirement is 10Mbps and Source-Relay

distance is 1400m, energy expenditure decreases but the

performance comparison of the policies are same for different
numbers of users.

energy expenditure per frame for all four policies. We seethe pathloss and slow fading, without knowing the fast
that the AF policy is the best one and DF closely follows fading. In this setting, we showed that using cooperative
it. Figure 8 shows the total energy expenditure per frame diversity both achieves the target outage probability
as a function of number of users. Total rate requirement isand requires less than half, almost one-third of energy
10Mbps and is divided equally among the users. Energyrequired by non-cooperative relaying. This performance
expenditure decreases because rate requirement per udgiprovement can be achieved without adjusting the
decreases, although the total rate requirement keeps thgubframe durations, which significantly decreases the

same.

CDF of Energy Expenditure (16 users, 10Mbps total rate, 1400m relay distance)

- = NCR-TO
---DF
DF-TO
AF

0.9

0.8

0.7

0.6

05

0.4

0.3

Cumulative Distribution Function

0.2

0.1

10"
X (Energy Expenditure/T')
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Figure 7. Cumulative distribution of total energy expenditure
(normalized by frame duration). Source-Relay distance is
1400m, target outage probability is 0.01 and there are 16 users.

6. CONCLUSION

In this paper we proposed an energy-efficient subchannel
power and subframe allocation scheme for a multiuser,

multichannel system that utilizes a relay node. The base
station makes the resource allocation only based on

Eur. Trans. Telecomms. 2010; 00:1-10 © 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/ett
Prepared using ettauth.cls

complexity. The proposed policies can be used both for
uplink and downlink. Since they rely only on pathloss and
slow fading, the computations do not have to be made
often. Future work will consider Incremental Relaying and
other more complex policies]in addition to Decode and
Forward and Amplify and Forward. Proportional Fairness
will be considered as an objective instead of energy
efficiency.
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Abstract—We propose two encoding strategies for a two region, which was larger than that of [6], was obtained by
user cooperative Orthogonal Frequency Division Multiple Access  ytilizing block Markov superposition encoding and backavar
(OFDMA) system, based on block Markov superposition encodaig. decoding. More recently, in [8], the MAC with generalized
We obtain the expressions for the resulting achievable rate ’ ' . o .
regions for both encoding strategies, and evaluate them tlough feedba_ck Was used to model a fading cooperative add'tMEWh'
simulations. We show that, by allowing for re-partitioning and ~ Gaussian noise (AWGN) channel, and the results therein made

re-encoding of the cooperative messages across subchaspé is  cooperative communications very attractive.

possible to better exploit the diversity created by OFDMA, ad The use of cooperative protocols in OFDM systems was
higher rates can be achieved. investigated extensively by many authors over the recemisye
|. INTRODUCTION In [9], the authors obtained bounds on pairwise error pridbab

ity for single antenna OFDM systems employing cooperative
convolutional codes. In [10], per subcarrier hybrid coggpien
strategies were proposed, with the goal of minimizing the
error probability. Methods for subcarrier selection in tifdp
OFDM systems were developed in [11]. Resource allocation
for an OFDMA system where each user is allowed to transmit
F\Snd receive at the same time, but necessarily on different
subcarriers, was considered in [12]. An amplify-and-famva
éﬁF) scheme based on time-division duplex transmissions
was employed in [13] with the aim of maximizing system
throughput and enhancing fairness in a cooperative OFDMA

OFDMA provides a relatively simple way of assigning
available bandwidth to users, while avoiding multi-useein
ference; and at the same time, it converts a frequency aaect
fading channel, to parallel flat fading subchannels, hewree r
ducing the effects of intersymbol interference. Howevike |
all orthogonal multiple accessing techniques, OFDMA iscur
a loss in achievable rates. Moreover, in wireless channe
what is considered as interference is in fact side inforomati
and combined with the diversity created by the orthogon
subchannels in OFDMA, this side information can be cargfull
taken advantage of to increase the rates achievable by ¢he us

In OFDMA, one way of exploiting the diversity createdupIInk system._ : :

' . ; The works in the literature related to cooperative OFDM,
across the orthogonal subchannels is resource (i.e., power

. ; . . some examples of which are listed above, either consider
subchannel) allocation, which has been studied extensiuel 2 one sided cooperation strateav. or a mutually cooperative
the literature. One example is [1], where the authors sdiee t P gy, y P

power and subchannel allocation problem in two phases.en tﬁtrategy based on two parallel dedicated relay channels, or

first phase, each subchannel is assigned to the user witleshe mutual cooperation based on a time division protocol. In

o L his paper, without imposing any prior constraints on which
channel state; in the second, power allocation is execuged . .
. - . ; users will use which subchannels, we propose two full duplex
single user water-filling. A similar problem was solved ih 3 . . o !
2 o . A . cooperative encoding strategies: intra-subchannel atet-in
optimizing a utility function, which is assumed to be a fuant

of the rates. There, Karush-Kuhn-Tucker (KKT) Conditionssubchannel cooperative encoding. These strategies usealec

, . . gnd forward (DF) approach and are based on block Markov
were used and an algorithm with low complexity was proposed. - . S
Superposition encoding. Intra-subchannel cooperaticeding

The problems of downlink subchannel and power allocation . : )
X . . . IS an extension of the two user cooperative strategy in [7]
and continuous and discrete rate adaptation were solved],in [ . . )
: . o . : and [8] to OFDMA, and inter-subchannel cooperative enagpdin
by using ergodic rates as the objective function, and Lagjean

) is a novel method which allows for re-partitioning and re-
techniques. These works, as well as many others, all assurhe_ . .

o . encoding of the cooperative messages across subchanreels. W
orthogonal transmissions, and do not take into account th

possibility of cooperation based on side information pdev Obtain the achievable rate regions for both strategies, and
by the channel compare them with non-cooperative OFDMA capacity region.

The idea of cooperative communications roots from théNe demonstrate through simulations that, the new encoding

simplest form of cooperative channel model: the relay cbann strategies provide significant rate improvements.
This channel was first studied in [4]. Later, in the seminal Il. SYSTEM MODEL

paper [5], fundamental capacity and achievable rate tinemre
for the relay channel were proved, and several coding an
decoding techniques were proposed. The extension of the ofle

dWe consider a two user cooperative OFDMA system with
subchannels, modelled by,

sided cooperative relay model to mutual cooperation wasemad G (3) +(4) /2 G) (i) (%)

possible by the introduction of multiple access channela@W Yo = Vo X7 + Vhoo Xo 7 + 207, 1

with generalized feedback [6], [7]. In [7], an achievabl¢era Yl(i) _ hgl)Xéi) + Zl(i) )
This work was supported by The Scientific & Technological d¢&esh YQ(z‘) _ hgz‘Q)Xl(i) + Zéz‘) (3)

Council of Turkey, Grant 108E208.



where, for each subchanr_m‘eet {1,...,N}, X,gi) is the symbol These two submessages are further divided iMteubmes-
transmitted by nodek, Z(l is the zero-mean additive white sages each, to be separately transmitted dvesubchannels:

Gaussian noise at nodeh l) is the fading coefficient between Wi — (1) (N)
@ kO = {Wgg » - Wi (>
nodesk andj, andY " is the symbol received at nogewith W )
ke {1,2} andj € {0, 1,2} Here, the recelver is denoted by Wiy = {wkj ooy W } 4)

j = 0. The variance OZ is given bya - To simplify the e correspondmg submessages over each subchannel bave th

notation throughout(lt)he paper, we deflne the normalizechéadi rates{R,iO), ___’R](CO } and{R,%.), ...7R](€JJY)}, respectively.

(4) h
coeff|C|ents,s,;J = (’jjz.
J . .
Note that, this model can be extended to a more genefdl Intra-subchannel Cooperative Encoding

setting with many users, if we assign different subsets of Thjs encoding strategy is a rather trivial extension of the
we obtain in this paper will be readily extendable thanks tg7] 8], [14], to OFDMA. The encoding in each subchannel
the orthogonal nature of the channel. Clearly, in that sgéena i gone independently, by mapping the submessatjﬁsand
one also needs to address issues such as optimal groupmquoif) onto codewordsy () for each subchannél Following the

cooperative partners, and assignment of subchannels wth%otaﬂon in [8] and [14] and the message generation process

pairs, which are interesting extensions to this work but Afascribed in (4), the transmitters divide their message@)
beyond the scope of this paper.

in blockb = 1,--- , B, into submessagesu " o101, w,(jj) [b]

These submessages are then encoded using block lMarkov
encoding, i.e.,

II. CODING TECHNIQUES ANDRATE REGIONS FOR
CoOPERATIVEOFDMA

The channel model given in (1)-(3) consistsMforthogonal X ( sl l(fj) [b— 1]715;2) [b— 1]) ; (5)
two user cooperative multiple access channels (CMAC) in @) (. () (3) NOI'SE
parallel, over which users 1 and 2 communicate with a common Xk (wkﬂ (b, wy; b = 1], i [b 1]) ’ ©)
receiver. Therefore, the encoding and decoding techniques Uki) (U’/(;J b — 1], (z) Db — 1]) )

known for the two user CMAC [8] can be easily extended

to this system with V' subchannels in parallel, by simply Here, X% carries the fresh information intended for the

dividing the total message to be transmitted into smallér Suyqqejyer, X(’) carries the information intended for transmitter
messages, and encoding each submessage independently over

the orthogonal cooperative channels. This approach, which 7 g for cooperatlon in the next block arid( is the common

call intra-subchannel cooperative encoding, is relagiegsy to mformatuon sent by both transm|tters. for the resolutlorthé.

implement, but it does not allow us to take full advantagéehef t remaining _uncertalnty f_rﬁjm the previous block, all of wh|c_h

diversity created across subchannels by the OFDM system. € tra_nsmt_ted_ over th&" subchannel :Eg chosen ffom unit

instance, if on one subchannel, the inter-user link is veong), aussian dlstr|but|ons.. The caret, as .ﬂc[b — 1, will be

but user-destination links are consistently very weak,ttal used to denotte the est|mat(_es of messagg; throughout the pape

data rate of the submessage on that link will be dictated naIIy, userk’s codeword in subchannelis formed by the

the weaker link. If, however, we allow submessages receiv alperposmon of the codewords (5)-(7),

by a user on each subchannel to be combined, re-encoded and iy \/T i i \/7 i

forwarded to the intended receiver by a re-allocation of the X = pkOXkO + ’(WX + UkU’g ’ (8)

received message onto the subchannels, we will potentialiyr j.k < {1,2}, k¥ # j. Note that, the codewords (5)-(7)

obtain better rates. Therefore, we propose an implementatiin each subchannel, are assigned separate powers, which are

of such an approach, and call it inter-subchannel cooperatirequired to satisfy the following average power constsaint

encoding. Since both of the encoding policies rely on theesam i @ -

message generation process, we first discuss how the msssage Zpko + Py TPy, = Zpk <pr, k=12 (9

to be transmitted are formed. Next, the two encoding pdicie ' i

briefly explained above, will be presented in more detail anBue to the orthogonal structure of OFDMA, the signals in

their corresponding achievable rate regions will be dekive separate subchannels may be independently decoded using

backwards decoding at the receiver, without interferinghwi

each other. Therefore, by suitably extending the resul{8]in

to N parallel subchannels, it can be shown that the rate region
We assume that users 1 and 2 have independent messagésn in the following theorem is achievable:

wy andwy respectively, to be conveyed to the receiver. These Theorem 1. For a two user cooperative OFDMA chan-

messages are first divided into two submessages,use= nel which employs intra-subchannel cooperative encodig d

{wip, w12} andwy = {wag, wa1}, as in [7], [8]. Herewy; is  scribed by (5)-(8), an achievable rate region is given byctbe

intended to be decoded by usgrand the receiver, andy, sure of the convex hull of aII rate paif®;, R2) sat|sfy|ng (10)-

is intended to be decoded by the receiver, whetee {1,2}  (15), whereR; = Zl 1 R10 + R}j Ry = Zl 1 Réo + Rél),

andj # k. and the convex hull is taken over all power allocation pekci

A. Message Generation



that satisfy (9). The corresponding submessages over each subchannel have
the rates{®,\", ... RSV and { RV, .. RN )}, respec-

RY) < 2 E |log (1 + 12 12 ) (10) tively. It is'assumed that a table to match the néw cooperativ
5121)10 + 1 submessage&i?, to the cooperative submessages received in
) Céil) 2 Ellog 1+ 21 21 (11) the prev_ious blockw,(c;.), is avgilable at bot_h of the users and
Q) 1 the receiver, hence, the receiver can obtajn upon decoding
S21 20 + @ tor all 4 J
i ! for all 1.
) < CI(O) 2B log (1 10]910)} (12) ki ' YN
@ a It is important to note that, sinc%w,(w) and{v ’J)} \
20 <Cy =F 1Og (1 + 8207920)} (13) are just different partitionings of the same messageg, their
R%) n RQZO < Céi 2 p 1Og (1 I 3107910 gzo)p%)] (14) total rates have to be the same, i.e.,
. . . nRis __ nR(1)+...+nR(N> _ nR/(1)+...+nRI(N)
R+ R < 00 2 B [log (14 s{3p{) + 5838 gt = g g

nRsy nR(1)+...+nR(N) o nR/(1)+...+nR/(N)
5 BRONOINO (15) 21 — 9nity 21 — QMo 21 (21)
+24/810820Pu, Py, | | - . . . . L
An achievable rate region obtained using the re-partitigni
It is more instructive to express the rate constraints imser in (19)-(20) is given in the following theorem.
of Ry and Ry directly, rather than expressing them in terms of Theorem 2: For a two user cooperative OFDMA channel,
the rates of individual submessages as in Theorem 1. Thistite rate region described by the closure of the convex hull of

done in the following corollary. all rate pairs(R;, R2) satisfying
Corollary 1: The achievable rate region given in Theorem 1 N
is equivalent to the closure of the convex hull of all raterpai Ry — R( +RW = R pt R 22
(R1, Ry) satisfying ! Z 10 12 Z 12 g (22)
: () (&) (i) N
i< 3 min {cid v el e}, (16) Ry =" Ry + Ry = Z RY + R, (29)
Ry <) min {cé? +cy c@} : 17 ith
’ , : : : (3)
Ri+ Ry <Y min{C®,clf +cf +c}. a8 Ry < 012 , (24)
i RY) < CfY, (25)
The minimum operations, reql_ur_ed over ea(_:h subchar_m_el asin R%) < 010 7 (26)
(16)-(18), prevent us from efficiently exploiting the disiy @) @)
offered by OFDMA. Therefore, we propose a new encoding Ry < Ty, (27)

strategy, explained in the following section, which renmtie RY +RY < ¢, (28)

obligation to transmit the same submessages on user-uder an () '(4) (i) (i) )

user-receiver links over each subchannel, thereby moviag t Ry’ + Ryy + Ryg + Rag < G5, (29)

minimum operations in (16)-(18) outside of the summations.js achievable; where the convex hull |s taken over all power
allocation policies that satisfy (9), ar@12, 211), 013, Céé,

C. Inter-subchannel Cooperative Encoding CO” andC'” are defined in (10)-(15).

The block Markov encoding strategy relies on users decoding  Proof: Although the statement of the theorem is very
part of each other’'s messages in each block, and re- encodﬁm(iﬂllar to that of Theorem 1, there are now two sets of rates,
them in the next block. Although this can be done on &, ; and Rk , arising from the modification we propose in
subchannel (and hence submessage) basis as descrlbedbkhﬁ;k Markov encoding. The codebook generation, encoding,
Section 1II-B, it can also be done by re-encoding the overa#ind decoding policies are obtained by an extension of the
message received over all subchannels, by an appropriate approach in [7], to accommodate multiple submessages, as
partitioning of that message to subchannels, to be used Gescribed below.
conjunction with the message generation process descinbedCodebook Generation:

Section IlI-A. The following codebook generation procedure is repeated fo

Let us denote, the estimate at ugeof the message transmit- each subchannél=1,--- / N.
ted in the previous block by usérover subchannel by w,(jj)

j # k. Since userj’s real objective is to decode the overall
messagev;,; and re-encode it, in the re-encoding process

« Generate"(f:5’+Ra1") lengthn sequences® with i.i.d.
unit Gaussian entries, and assign them to distinct message

can be divided into new submessages with different rates: pairs{v3, %1} € {1 275 L, 20 ) to
5 ) form (9 ( 1212 ,v21
wig = {viz y ey Ut }, (19) . For everyu® (v&,véﬁ) generate2"fi? length n se-
o= {US), vgll\f)}' (20) quences xgg? and 2”R_m length n sequenceng”
from independent unit Gaussian distributions, and



aSS|gn them to d|st|nctw§2) e {1,- 2”R17é} cooperative messages [ 1] using the match-up table
and w9 ¢ {1,- 2an} respectlvely, to form available at the users and the receiver.
x%) (w&’ (z)(vY) (z))) and lo)(wgzo u(z)(() (1)7 (l)))_ . .Usmg th|s Idecodlng strat7egy15and well ktr)lowr;] propehrtles]c of
« For every u® (v} (@) vél)) generate onRY; length 7 jointly typical sequences [7], [15], it can e shown that for
() R (1) n large enough, the average error probability can be made
sequencesy; and 27720 length n sequenceszs

from independent unit Gaussian dlstr|but|ons an@rbnrarlly close _to z.ero provided that the rates satisfg th
ollowing constraints:

assign them to d|st|nctw§1) e {1, 1}

and w% € {1 2”R20} respectlvely, o form RY) < 1(x{3, v x57 U@, (34)

9521 wgl’ U127U2 )) andx Z)(wglo)a u® (v (1)7 (Z)))- R§Z1 < I(Xy % Y(Z)|X(Z U(l)) (35)
Encoding: N o _ RY < 1(xDvox{ x0) v®)y, (36)
The way block Markov superposition encoding is executed is () (). v () 1 (0) (1) @
mostly similar to the case of intra-subchannel cooperative Rzo < I(X YHIX X UY), (37)
coding, with the key difference that, in blodkthe cooperatwe R%) < I(x! X;), Yy ”|X(1 X2(11>7 U@, (38)

codewordU}, of each userk is now assigned to; [b —1]

and v,j) [b — 1], which are re-partitionings of the cooperatlve
messages exchanged in the previous block. Then, in eack biddnally, evaluating (34)-(39) for Gaussian codewords used

R + R, “) +RY + RY) < 1(xP xS v @) (39)

b=1,---, B, appropriate codewords, which correspond to thgncoding, we obtain the desired result. ]
messages from previous and current block, are selected frdiie improvement in the set of achievable rate péits, Rz),
the randomly generated codebook above, i.e., obtained by inter-subchannel cooperative encoding, besom
@ () @) (1) more apparent if we restate the achievable rates in Theorem 2
Xro (wko [6], vy [b— 1], 0 [b — 1]) (30) in terms of total rates of the users:
@ (. () () A(l) B Corallary 2: The achievable rate region given in Theorem 2
Xk (wkﬂ (B, vy (b = 1], 3 b 1]) (31) is equivalent to the closure of the convex hull of all raterpai
Ukz ( (i) - ]’ﬁﬂ - 1]) ' (32) (R1, R2) satisfying
These codewords are superposed using (8), and are subject to < Z C 10 ’ (40)
the power constraint (9) as in Section III-B. ; ;
Note that, in the first blockh = 1, cooperative mes- Ry < 2021 +Czoa (41)
sages are set tov!)[1],0$)[1]} = {1,1}; and in the i
last block, b = B, the fresh information is set to . ; (4) (i) (4)
i i i R; + Ry < min cON O+l +0 . (42
(0l (). ) (5) ] ()0 () = (11,11}, overeach 11 1 {Z 2.+ GG (42

subchannel =1,---, N.

Decoding: Proof: Constraints (40) and (41) follow trivially from (22)-

For decoding, each user uses joint typicality check at thke en28) Constramt (42> follows from (22)-(25), (28)-(29)cathe

(1)
of each block. The receiver on the other hand uses backwaf@§t thatR and R,;* are constrained separately, and need
decoding [7] to determine the transmitted messages. That is N°t P€ equal on a glven subchannglas long as their sum

block B, the receiver decodeél) andvgl [B— 1] over over all subchannels remains the same. ]
each subchannel using joint typlcahty check, and therefore Comparing the achievable rate region (40)-(42) of Corpllar

also knowswi2[B— 1] andws: [B— 1]. Then, in blockB — 1, it 2 with (16)-(18) of Corollary 1, we see that the minimum
uses this information to iointl decoc{e;(i)[ — 9w (1) B - operations required for the individual rate constraintsefach
() (%) Jointy 12 subchannel are removed, and the minimum operation required
1], v31 [B—2], wsy [B—1]}, based on which it may also deduce : ; .
: : for the sum rate constraint (18) is taken outside the summa-
wi2[B — 2] andws [B — 2], and this process continues until
the first block.

The decoding operation in an arbitrary bloékfor each

tion over the subchannels. This way, possible bottlenecks o
achievable rates, caused by the per-subchannel consfraret
removed, and the rates obtained by inter-subchannel caoper

. . . . ~(7)
sub~<(:lhannelz = 1 - IV |s) equivalent to findings{3[b —  five encoding are always greater than or equal to thoserwatai
1], 091 [b— 1], @ [ ] and wzo[ ] for which by intra-subchannel cooperation. The rate regions achieva
(%) @ =@ 11 =D by both strategies will be compared for some sample fading
{ (B, w0150 — 11, 31 [ — 1), scenarios, in Section IV.
2 (@33 0], u® (@13 [b — 1], 97 [b - 1)), v SmULATIoN Resuirs
o) (5] 18]« (@13 b — 1], 25 b - i e section we evaluate the achiesab| e a0
)1~ () (i) /=0 ; In this section we evaluate the achievable rate regions (40)
o (@9 ], @S5 ], u (813 [b — 1], 557 [b — 1)), (42) for inter-subchannel cooperative encoding and (16)-(
2 (@8[], @S [b], u® (38 b — 1), 850 [ — ]))} (33) for intra-subchannel cooperative encoding, and compa th

with the capacity region of a non-cooperative OFDMA system.
are jointly typical. The estimates of the re-partitionedger- \We assume that, for all three protocols, the users are able to
ative messages,(jj) [b — 1] are converted to estimates of theallocate their total power across subchannels and codeword
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Fig. 1. Achievable rate regions for fading scenario 1. Fig. 2. Achievable rate regions for fading scenario 2.

but power allocation as a function of instantaneous fadia®s We derived rate region expressions for both encoding strate
is not considered. Hence, we generate the rate regions usijigs and showed that re-partitioning and re-encoding of the
an exhaustive search over all valid distributions of avdda Cooperative messages across Subchanne|5, i_e_, intehasuiel
power over subchannels, as well as over codewords in eaghoperative encoding, is always superior to intra-subobkn

subchannel, and taking the convex hull of all achievablestat Cooperative encoding, and provides significant rate gains_
The total power of each user and the noise variances are both
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Abstract—For a cooperative orthogonal frequency division mul-
tiple access (OFDMA) system with two transmitters (TXs), and
full channel state information (CSI), we obtain the optimal power
allocation (PA) policies which maximize the rate region achievable
by a recently introduced version of block Markov superposition
encoding (BMSE): inter-subchannel cooperative encoding (ISCE)
[1]. We provide the optimality conditions that need to be satisfied
by the powers associated with the transmitted codewords. We
propose two algorithms that yield the optimal power distribution:
a subgradient algorithm which achieves an arbitrary rate point on
the achievable rate region boundary, and an iterative waterfilling-
like algorithm which maximizes the sum rate, and converges
much faster. We observe that, utilization of power control to take
advantage of the diversity offered by the cooperative OFDMA
system, not only leads to a remarkable improvement in achievable
rates, but also may help determine how the subchannels have to
be instantaneously allocated to various tasks in cooperation.

I. INTRODUCTION

The ability of OFDMA to cope with both intersymbol and
interuser interference, combined with its low complexity of
implementation have made it a popular choice for the next
generation wireless networks. As a result, the problem of
resource allocation in OFDMA systems was studied extensively
in the literature. One example is [2], where it was proved
that in an OFDMA uplink system, allocating subcarriers to the
users with the maximum marginal rate is a necessary condition
for maximizing the system throughput. A similar problem was
solved in [3] using KKT conditions, by optimizing a utility
function which was assumed to be a function of the rates. In
[4], a low-complexity algorithm for subcarrier, power, and rate
allocation for OFDMA was proposed, to maximize the sum rate
under individual rate constraints to guarantee fairness. These
works, as well as many others on OFDMA, naturally assume
orthogonal multiple access, thereby choosing to avoid inter-
ference. However, like all orthogonal transmission techniques,
OFDMA incurs some rate penalty, caused by the orthogonal-
ization. Moreover, in wireless channels, “interference” is in
fact free side information, and gives rise to the concept of
user cooperation, if taken advantage of by the system design.
Hence, in this paper, we focus on resource allocation for a
cooperative OFDMA model, which allows subchannels to be
shared by pairs of transmitters, thereby treating interference
as information, and allowing mutual cooperation among the
transmitters over each subchannel.

Besides its natural use in the uplink within each cell, the co-
operative OFDMA system analyzed in this paper is especially
useful in multicell cooperation scenarios, some examples of
which are illustrated in Figure 1:

e In the downlink scenario shown in Figure 1(a), a cell

edge mobile station (MS) acts as a receiver (RX), and two

This work was supported by TUBITAK Grant 108E208.

onurkaya@isikun.edu.tr

(a) Downlink cooperation scenario. (b) Uplink cooperation scenario.

Fig. 1. Multicell cooperation scenarios, based on cooperative OFDMA.

base stations (BSs) act as transmitters (TX 1 and TX 2),
which creates a two-transmitter multiple access channel
(MAC). Assuming that the MS is already likely to receive
data from both BSs in a soft handoff scenario, we can
purposely assign the same subchannels to both BSs, so
that the MS simultaneously receives data from both base
stations, and jointly decodes it. Meanwhile the BSs, which
potentially have reliable line of sight links among each
other, can cooperate on each subchannel so that they can
obtain coherent combining gain at the BS. This approach
also allows multiple independent data streams arriving at
separate BSs to be cooperatively routed to the MS.

« In the uplink scenario shown in Figure 1(b), two cell edge
MSs (TX 1 and TX 2), each of which belong to one of
two adjacent cells, try to communicate with one of the
BSs: either RX a or RX b. The resulting model for each
BS is once again a two-transmitter MAC. Since the two
MSs are located closely, assigning the same subchannels
to them will create high quality side information, and the
MSs can cooperatively transmit to the BS of their choice
to maximize their rates, rather than sticking with their own
BS. More interestingly, assigning the same subchannels to
both MSs allows for frequency (subchannel) reuse in two
adjacent cells, thereby increasing user capacity.

The overheard information in a typical wireless MAC, is
captured by modeling the system as a MAC with generalized
feedback (MAC-GF) [5]. In [5], achievable rates for the MAC-
GF were obtained based on BMSE and backward decoding.
In [6], these encoding and decoding techniques were applied
to a Gaussian MAC in fading, and the resulting rate regions
were characterized. In [7], PA policies that maximize the rates
achievable by BMSE for the same model were obtained.

While the above works all deal with a scalar MAC-GF,
some works on resource allocation for user cooperation in
vector channels, specifically OFDMA, also exist. A cooperative
OFDMA system where each user is allowed to transmit and
receive at the same time, but necessarily on different subcar-
riers, was considered in [8]. Subcarrier and power allocation
schemes for a time-division duplex amplify and forward proto-
col were employed in [9] with the aim of maximizing system



throughput and enhancing fairness in a cooperative OFDMA
uplink system. Resource allocation and cooperative partner
selection in cooperative OFDM networks was investigated with
the objective of minimizing the overall power in [10]. However,
these works consider either a one sided cooperation strategy, or
a mutually cooperative strategy based on two parallel dedicated
relay channels, or mutual cooperation based on a time division
protocol. A more general cooperative OFDMA model based on
parallel MAC-GFs, which does not make any prior assumptions
about the way in which the subchannels are assigned to the
TXs, was introduced in [1], but there, PA as a function of
fading states, which can further take advantage of the temporal
diversity over each subchannel, was not considered.

In this paper, we obtain the optimum PA policies that
maximize the rate region achievable by the full-duplex ISCE
strategy of [1]. Despite the complex re-encoding structure
employed in ISCE, and the fact that the powers allocated to
each subchannel have to satisfy a sum power constraint over
subchannels, the achievable rate region turns out to be of a
relatively similar form to its scalar counterpart, and we are
able to extend some properties of the optimal PA derived in
[7] for scalar cooperative MAC, to cooperative OFDMA. As
a result, the weighted sum of rates, which can be used to
obtain any point on the rate region boundary, becomes concave,
and convex optimization techniques can be employed. For the
general case of maximization of an arbitrary rate point, we
employ a projected subgradient algorithm that converges to the
optimum. For the special case of sum rate maximization, we
derive the optimality conditions, and closed form expressions
for optimum powers analytically. We then propose an efficient
iterative algorithm with a much lower complexity, that obtains
the sum-rate-optimal powers. As a result, we demonstrate
that by jointly exploiting the diversity provided by OFDMA’s
parallel subchannels, and the temporal diversity created by
the time varying channel, we obtain very promising gains
in achievable rates. More interestingly, we observe that the
optimal PA may automatically dictate that some subchannels
are assigned exclusively to certain TXs/tasks, depending on the
instantaneous channel state.

II. SYSTEM MODEL

We consider a full-duplex cooperative OFDMA system with
two TXs and one RX, operating over /N subchannels (see Fig.
2), modelled by,

Yy = hig X717 + g x{7 + 257, (1)
Y =i x50 + 27, @
v = niyx) + 230, 3)

N}, X,Ei) is the symbol
transmitted by node k, Z, ) is the zero-mean additive white

where, for each subchannel i € {1,...,

Gaussian noise at node /, h,(d is the fading coefficient between

nodes k and [, and Y( V) is the symbol received at node [; with
ke {1,2},1€{0,1, 2} and k # [. Here, the RX is denoted by

[ = 0. The variance of Z, @ i given by a( i)? . To simplify the
notation throughout the paper, we define the normalized power-

fading coefficients s,(;l) — ! ’;})g ,
9

and the Gaussian capacity

Receiver

Fig. 2. Gaussian cooperative OFDMA channel.

A

function C(z) £ L log(1 + x).

We assume that the TXs and the RX have full CSI of both
the cooperative links and the direct link. Therefore, the TXs can
adapt their transmitted symbols X Igl) as a function of the joint
fading state s. Note that there are two ways to view the channel
adaptive transmission that maximizes the long term (ergodic)
achievable rates: we can either use a variable power variable
rate codebook, as in [11], or we can use a single codebook,
whose rate is supported by the channel in the long term, and
perform the channel adaptation by simply multiplying entries
from this codebook by channel adaptive powers, as in [12]. In
this paper, we employ the latter approach.

III. ACHIEVABLE RATES FOR COOPERATIVE OFDMA

To establish the cooperation among the TXs, we employ
a channel adaptive version of the ISCE proposed in [1]. In
ISCE, the message of each TX k € {1,2} is divided into
two submessages, wyo and wy;, intended to be decoded at the
RX and cooperative partner j € {1, 2} respectively, which are
further divided into N submessages each,

Who = {w](i)), .. w,(g)}, Wy = {w,(c?, . wlizjv)}, @

with the respective rates {Rko e } and {ng oo R,(Cy)},
to be transmitted over dlS]OlIlt subchannels is established
at the cooperating partner, the cooperative messages are re-
partitioned, to be transmitted to the destination in the next
block, over potentially different subchannels, and at different
rates, i.e.,

Wig = {vg), ...,vg)} , Wl = {v%), . véjlv)} , (®)]

with the respective rates {R1 . R12 )} {Rz(ll), o R;(lN)}.
Then, the encoding in block b € {1,...,B} is performed
by assigning codewords X,EB), X,g;), U,EZ), i =1,...,N,
selected from codebooks randomly generated according to unit
Gaussian distributions, to messages from the previous and

current blocks (and their estimates, denoted by ﬁ<2),

X0 (w0, - 1,000 -1)).  ©
X0 (wbl -1 -1), @
o (v~ 11,00 - 11), ®)



and superposing them to obtain the overall codeword of each
TX. The decoding at the RX is performed using backwards
decoding [5].

Note that, [1] does not utilize instantaneous CSI to adapt
the instantaneous transmission powers. In order to further take
advantage of the diversity provided by the OFDMA system,
in this paper, we propose a channel adaptive version of the
encoding strategy in [1], where we scale each of the above
codewords by variable powers,

X0 =\ )X + /e )X+ \/pu U, ©)

where k,j € {1,2}, k#j4,i=1,--
are subject to the average constraints,

ZE[pko Pl (s) + v (s)| 2 ZE[ V)] <pe 10y

With this adaptive encoding strategy, we can extend [1, Corol-
lary 2] to parallel Gaussian channels, to yield the achievable
rate region for power controlled ISCE: the achievable rate
region is given by the closure of the convex hull of all rate
pairs (R, R2) satisfying

, N, and the powers

N (i) (i
$19 P19 (8) D)
Ri<) E|C|—=212 |4 (¢ (11)
1 Z <12p§z<s>+1> (”)p“)())]
N
s$)psl (s) ) i
Ry <) E|C| =222 |4 C p()]uz)
P> <;Bpéz<>+1 (p49)

Ry + Ry < min {Z E {O (ngo)pgz gopél)( )

e 11

(1), (4)

S p ( ) 3 1 1 1

+C < (1)21(1)21 ) + C( 10)]950)( )+ Sgo)Pgo)( ))
851 P20 (s) + 1

+2\/310 320PU1 pU2 )

)

13)
where the convex hull is taken over all valid PA policies.

IV. CHANNEL ADAPTIVE POWER ALLOCATION

If we set N = 1 in (11)-(13), the problem reduces to a
scalar cooperative MAC. In [7], it was shown for this case
that, based on the instantaneous channel state, the optimal PA
dictates that each TX either sends cooperative information, or
fresh information, but not both. Although in OFDMA, there is
a sum power constraint over the subchannels, and one would
expect the PA over each subchannel to be dependent on the
powers assigned to the other subchannels, we show that many
properties of the optimal PA for OFDMA remain surprisingly
parallel to those in the scalar case [7], and the codewords that
should be used over each subchannel are determined solely
by the instantaneous fading coefficients over that particular
subchannel, as stated in the following theorem:

Theorem 1: The PA policy that maximizes the sum rate of
a cooperative OFDMA system using ISCE should satisfy,

1) p(z)* 7,)*

(2)
%8 p%% s) - 0, if 5%2) > s%% and s%]) > s%%
b e =i _8 B

4) p% = %1 —Ooer’(),—pé?()—Oor
Py (S) péo (s) _O if 552) <s§0 and .s(Z <520)

_ Proof: Let us assume that we know the total optimal power
p,(;)*(s), allocated to each subchannel 7 at each channel state
s. For ISCE, the sum rate (13) is maximized if each argument
of the minimum operation is maximized. The first argument
is insensitive to the choice of p( D+ (s) or pgg? (s), as long as
their sum is fixed; whereas the second argument is maximized
if we separately maximize its summands for each ¢. The result
follows by noting that this is equivalent to N independent
optimization problems, each yielding a scalar case, and [7,
Proposition 1] holds, giving the desired result. ]

An important observation is that, setting two of the powers
equal to zero as suggested by Theorem 1, is also optimal for
the entire rate region maximization, as the right hand sides of
all three constraints are maximized by choosing the powers
according to Theorem 1.! Therefore, from now on we focus
only on policies that satisfy Theorem 1. But then, it is easy to
check that the rate constraints in (11)-(13) now become concave
: (i)* (i)* ()% ()%
in the power vector p(s) = [p1g (8), P12 (8),Pp, (8),P20 (8),
pgl)*( ), pgi*( ), i = 1,...,N], lending themselves to well
known techniques in convex optimization, which we discuss in
the next sections.

A. Maximization of the Weighted Sum of Rates

Since all bounds of the achievable rate region are concave
in powers, so is any weighted sum g3 + poRso at the
corners. Moreover, it is easy to show that the rate region is
strictly conxex [7], [12]. Therefore, we can obtain points on
the rate region boundary by maximizing R, = pui1 Ry + paRa.
Assuming (17 > po without loss of generality, the optimization
problem can be stated as:

In(&x(ul 12) ZR( + p2 Z
e 3 B [pla(s) + (”(>+p“()]§m

p,?o( ), (), P (8) 2 0, kyj € (1,2}, k # j

where {R;, Rz} is the corner of the pentagon obtained from
(11)-(13) for a given PA policy. Unfortunately, due to the
minimum operation in (13), the gradient of the objective
function does not exist everywhere. In particular, there are
two gradient vectors, depending on which argument of the
minimum in (13) is active. Yet, these vectors may be viewed
instead as subgradients, which makes it possible to employ the
method of projected subgradient, for power optimization. Due
to the convex nature of our problem, this method is guaranteed
to converge to the global optimum, provided a diminishing
stepsize normalized by the norm of the subgradient is used [13].
Since the calculation of the subgradients requires rather tedious
formulas which give little insight, we will instead directly
provide the achievable rate region, and some samples from the
resulting power allocation policy in Section V.

'"We choose the first option in case 4, which may cause a slight deviation
from optimality for the sum rate. However, the probability of case 4 occuring is
very low practical cooperative settings, and this suboptimality can be ignored,
as it has been done in [7].



The major drawbacks of the subgradient algorithm are its
slow rate of convergence, and complexity. As the number of
subchannels increase, so does the size of the vector of power
variables, making the process of computing the subgradients,
and the projection operations formidable. In the next section,
we propose an alternative approach, where we obtain the ana-
Iytical expressions for sum-rate-optimal powers, and develop an
iterative algorithm which converges much faster. This approach
can also be extended to arbitrary rate point maximization, and
will be discussed in a journal version.

B. Sum Rate Maximization

To simplify the exposition, we assume that we always
operate in case 1, where 5512) > s§3 and sgl) > séo) , yielding
pglo)( ) = 0 and p( )( ) = 0. The sum rate maximization

problem can then be stated as

e
B, <ZE[ (P (0)s2) + COE o)D) as)
Ry <ZE{ log(4)] (16)
> (B[pe)] +E[pe)]) <m a7
i (B[] + B ) )]) <2 (18)
pgg( ). Py (8), P51 (8), L1 (s) > 0, Vs (19)

where A is defined as

AD =14 Sglo)pgl)( )+ l) (Z )+ 2\/510 SzopU1 p&( )-
Assigning Lagrange multipliers 1, y2, A1, A2 to constraints

(15)-(18), and e,(f)(s), t =1,2,3,4,to the positivity constraints

(19), the KKT conditions for optimality can be obtained as,

(1) S(z

Skg .
Y 42 <N =1, N (0)
L+ s¢)py) (s) A©
(%) (Z) (%) (Z) (%)
s Py (s) + Py, (S)
QY R00PY, O < =1, N Q21

j (@)
Al Py, (s)

where, each constraint is satisfied with equality, iff the respec-
. 7 . ..
tive power le\'/els, p,(w)( )s pgi( ), k,j € {},2}', are positive.
These constraints are very similar to the optimality constraints
in [7], but here there are /N times more constraints, which
are all coupled across subchannels, through the same Lagrange
multipliers A\, and ~y; a feature which will prove useful for our
iterative algorithm.

To obtain coherent combining gain, the cooperative powers

p,(})( ) over a given subchannel should either be both positive,

or both zero. When p(Z (s) > 0, (21) is satisfied with equality
for both TXs, and after some manipulation (20)-(21) yield
S;;) 1 AZs ()

D 0 = o

_— < (22)
1+ 3135 (8) ”le\sko—i—)\ks @

L=y (@), M (z
A0 < + — Y =X\ (23)
The constraint (22) can be solved for p,(jj) (s), to give
i i +
0 " (A ko + Mesfo ) 1
Dy (s) = (24)

Al )
This solution is quite interesting, as the power levels of the
cooperative codewords on each subchannel should satisfy a
single user water-filling type solution, and they depend only
on the channel gains over that particular subchannel. The water
level is determined by the direct link gains.

Similarly, solving (23) for p l)( ), we obtain,

piL(s) = (1= )55 + Ow/A)si) /e

—(1+ syl () + si0pl () ) s /(550 + 510)?
Note however that, this quantity is not guaranteed to be
positive. In case it is not, this means that (23) is satisfied with
strict inequality and the optimal solution for pgi (s) should be
set to 0. But then, (24) is no longer valid, and instead, we
should use, for k& = {1,2},

71‘9;@?

1+ s0p0)(s)

(25)

(1—y1)std

1+ sigpi) () + sl pli) (s)

<\ (26)

obtained from (20) by setting p(l) (s) = 0. This time, the power

,(CJ)( ) depends on pgk) (s), and vice-versa: increasing one of

the powers will decrease the other, should the constraints (26)
be both satisfied with equality, and we now have a multi-
user water-filling type solution. Note that, this is significantly
different from the observations in [7], which assumed (22)-(23)
were sufficient to cover all cases (for a scalar MAC).

When p(l)( ) =0, p(l)( ) can then be obtained by,

0" (s) + /A (s)
2a{" (s)

a,(;) (s) = /\ks,(jgsg,
b (s) = Au(sf + s, + si) 550 pi (s)) -

(1) () = M\o(1 (1) (1) _ @
¢ (s) k(1+ Sjopjk( s)) = Sko
= nloi + o0 PE) ~ 5k
B(s) 0 () s),

At this point, it should be clear that although (24) and (27) do

not explicitly depend on p(Z (s), the decision regarding which

Py (s) = @7)

S

A (s) =

of these equations should be used while computing pgj) (s)
does. Likewise, pgi (s) are clearly functions of p,(fj) (s), which
makes equations (24), (25) and (27) coupled. Note however
that, due to the convex nature of the problem, and the Cartesian
nature of the constraints across TXs, it is possible to design an
iterative algorithm, which performs u dates on the powers of

the TXs, one-user-at-a-time: given pU ) and p12( ), we can

compute pgi( ) and pgl)( ), and using these new values for



TX 2, we can re-iterate the powers of TX 1. Such an approach
simplifies the seemingly difficult task of obtaining the optimal
powers from the coupled equations, and provably converges
to the optimal solution, as at the end of the iterations, the
KKT conditions will be satisfied. The proposed algorithm is
summarized as follows:

Iterative Power Allocation Algorithm:

o Fix the Lagrange multipliers A1, A2 and ;.
e For each subchannel i and each TX, k:

usmg (24) and p(z)( ) using (25)
assuming pUg

- pr(Z (s) < 0, then for those s, setp()( ) =0 and

re-calculate pgw)( ) using (27) and p )( ) using (25)

— TIterate this procedure across TXs, unt11 all KKT
conditions are satisfied for given A1, A2 and ;.

— Calculate p .

o Iteratively update A\i, A2, 71, until average power con-
straints (17)-(18) and rate constraints (15)-(16) satisfied.

Perhaps the most important feature of this algorithm is
that, regardless of the number of subchannels used, we only
need to solve for three Lagrange multipliers, which relate the
powers allocated to the subchannels, to obtain the optimum PA.
This reduces the complexity of the algorithm dramatically, and
makes it scalable, compared to the subgradient algorithm. As
a result, the convergence is much faster.

V. SIMULATION RESULTS

In this section, we first simulate the projected subgradient
algorithm in order to obtain the optimal power allocation,
and the resulting achievable rate region for a simple case
with only three subchannels. The achievable rate region for
the ISCE strategy is obtained by running this algorithm for
varying priorities j, and then by taking a convex hull over the
resulting power optimized regions. In Figure 3, we compare
the achievable rate region for power controlled cooperative
OFDMA with those for several enconding strategies without
power control, from [1]. We assume that, for the channel
non-adaptive protocols, the TXs are still able to allocate
their total power across subchannels and codewords. The total
power of each TX and the noise variances are set to one.
The fading coefficients are chosen from independent Rayleigh
distributions, the means of which are shown in Figure 3. We
observe that, when the powers are chosen jointly optimally with
ISCE, there is a major improvement in achievable rates. This
unusually high gain from power control can be attributed to
our ability to take advantage of the additional diversity created
by OFDMA: power allocation not only allows us to use the
subchannels at time varying instantaneous rates based on the
channel qualities, but also to use them adaptively for varying
purposes, i.e., cooperation, common message generation or
direct transmission.

The simulations of the iterative algorithm proposed in Sec-
tion IV-B to maximize the sum rate are carried out for an
independent uniform fading scenario, to guarantee operation in
case 1. Figures 4(a)-4(c) and 5(a)-5(c) demonstrate the powers
allocated to subchannel 1, as functions of the inter-TX link
gains, when the direct link gains are fixed to two different sets
specified on the figures. Powers p[(}g are not shown, to save

Achievable Rate Regions for Couperatlve Non-Coop and Channel Adaptlve OFDMA
T T
inter-subchannel coop, power contr
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Achievable rate regions in Rayleigh fading.

space, as they are identical to p(Ull) due to the symmmetry in

fading. An important observation is that, although we make no
prior assumptions on subchannel allocation to TXs/codewords,
the optimal powers sometimes dictate exlusive use of some
subchannels for dedicated tasks. For an example, see Figures
5(a)-5(c): when the inter-TX links are both strong, the TXs
exchange information using simultaneous waterfilling. When
only séll) is strong, only TX 2 uses the subchannel. When both
inter-TX links are weak, the TXs use the subchannel solely
to convey common information to the RX, by using only p&)

and p( ). The resulting power distributions show that the KKT
condmons are indeed satisfied at the fixed point of our iterative
algorithm, verifying convergence.

In Figures 6(a)-6(c), we plot the power distributions obtained
using the subgradient algorithm instead, for the same setting as
in Figures 5(a)-5(c). The subgradient algorithm is terminated
after 10000 iterations. It is observed that while the powers
p§2)( ) and p( )( ) seem to have nearly converged to the
optimal values shown in Figures 5(a)-5(c), the cooperative
power pgjll)(s) has still not fully converged, though it is close
to its optimal distribution. The sum rate obtained by the
subgradient algorithm is 0.2239 bits/transmision, whereas the
faster iterative algorithm terminates at the optimum value of

0.2241 bits/transmission.

VI. CONCLUSION

We obtained the optimum power allocation policies for a
cooperative OFDMA channel that employs ISCE. We devel-
oped a subgradient algorithm which converges to the optimum
power allocation policies that achieve the maximum rate region,
and a more efficient iterative algorithm which maximizes the
sum rate. We demonstrated that the optimal power allocation
may also serve as a guideline for subchannel assignment to
the TXs’ cooperative codewords, and that power allocation for
cooperative OFDMA provides significant rate improvements,
due to its ability to exploit the diversity provided by OFDMA.
The resulting rate regions serve as benchmarks for several
practical single cell and multicell systems, as the techniques
developed are readily extendible to multiuser scenarios, by
running the proposed algorithms for multiple pairs of users
operating in parallel over orthogonal subchannels.
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As the inter-TX links get stronger, it becomes more profitable to create common information, p( ) become 0, and the TXs perform simultaneous waterfilling.
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The algorithm has not yet converged to the optimum value, despite a much longer running time compared to the iterative algorithm. Achievable rates are Wlthm
0.2% of the optimum value.
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Abstract—We obtain the jointly optimal power allocation and
partner selection policies, that maximize the sum rate of a coop-
erative OFDMA system with mutually cooperating pairs of users.
We show that the power allocation and partner selection steps can
be performed sequentially, and the latter step can be formulated
as a maximum weighted matching problem on a undirected graph,
which can be solved in polynomial time. We further propose
practical algorithms, and compare their performances to the
optimal matching algorithm, and demonstrate that very simple
and low complexity algorithms based on user-user and user-
receiver distances may provide near-optimum rate performance.
Moreover, we observe that algorithms that achieve superior sum-
rate performance, surprisingly also provide a better sense of
fairness for the cell edge users, as they tend to pair weak and
strong users.

I. INTRODUCTION

The concept of cooperative communication arises naturally
in wireless channels, due to their propagative properties. The
users in a wireless network can overhear each other’s signals,
and with clever protocol design, they may aid each other’s
transmissions to combat the challenging channel conditions,
in order to achieve better performance. One of the pioneering
works, which demonstrated the potential gains from user co-
operation is [1], which deals with a two user fading Gaussian
MAC with overheard information. It was shown in [1] that the
users may increase their transmission rates considerably if they
cooperate, and that the improvement in rates depends highly
on the channel conditions in the system. In a practical wireless
network, the channel conditions for different user groups are
highly variable, based for example on location and mobility,
and hence, in order to benefit from user cooperation, one
has to select the cooperating partners efficiently. To this end,
several strategies for partner selection in wireless networks
have been developed in the literature. An SNR threshold
based partner selection algorithm was proposed in [2] in order
to reduce the error probability, or to increasing the system
throughput. A user location information based partner selection
algorithm using maximum weighted matching for an amplify-
and-forward relaying scheme was studied in [3] with the aim
of minimizing total system transmission power.

The models used while dealing with the partnering prob-
lem usually involve some form of orthogonality across the
user pairs, so that the pairs can cooperate without causing
interference to each other. OFDMA, which has gained a
lot of popularity in the recent years because of its several
desirable properties, is a good candidate for realizing practical
cooperation, due to its orthogonal structure. There is quite an
extensive amount of work on power and subchannel allocation
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schemes for OFDMA, some examples of which are [4], [5],
[6] and [7]. Yet, encoding techniques, and resource allocation
for mutually cooperative OFDMA systems, have not been in-
vestigated much until rather recently. For cooperative OFDMA
systems containing only two users, achievable rates based on
mutual cooperation across subchannels were characterized in
[8], and for such systems, optimal power allocation algorithms,
which will also be used in this paper, was developed in [9].

Partner selection in OFDMA has also been considered re-
cently by several works in the literature. A related work [10]
deals with a system which uses amplify-and-forward relaying
scheme for OFDMA with only half-duplex user cooperation,
where the benefit of partner selection is observed in the form of
a significant reduction of total transmission power. The partner
selection algorithm proposed in [11] applies a game theoretical
approach on selecting partners for OFDMA systems.

In this paper, we deal with a model which combines the
frequency diversity created by OFDMA, the spatial diversity
created by multiple users, and the time diversity created by
the time varying channel, and our main purpose is obtain
the optimal partner selection algorithm, which, when used
in conjunction with power allocation proposed in [9], will
maximize the total transmission rate in the system.

We first decouple the jointly optimal power allocation and
partner selection algorithm into two components, and refor-
mulate the partner selection problem as a maximum weighted
matching problem from graph theory. We obtain the optimal
partnering pattern, and the resulting achievable rates. By an-
alyzing the structure of the optimum partnering strategy, we
design simple, yet efficient heuristic partnering algorithms,
and compare their performances to the optimal algorithm. We
observe that, especially one of the algorithms designed to
mimic maximum weighted matching, solely based on distance
properties of the network, provides near-optimal rates. The best
partnering algorithms tend to pair the users far away from the
receiver, with those close to the receiver, in order to maximize
the sum rate of the overall system.

II. SYSTEM MODEL

We consider a fading Gaussian multiple access channel, with
N users randomly distributed over a disk of radius R, where
N is even. The receiver is assumed to be at the center of the
circular cell. The users employ OFDMA in their transmissions,
and also cooperate in pairs. Each cooperating pair, say {i,j}
where i« € {1,...,N}, j € {1,...,N} and i # j, is
assigned M orthogonal subchannels S;; C {1,..., NM/2}.
This subchannel assignment is assumed to be made once, and
is fixed throughout the transmission. For each cooperating pair
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In (1)-(3), the noise components Nl-(s), N;S) and Nés) over
each subchannel are assumed to be independent Zero mean
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x® and X J(-S) denote the codewords trasnntted by users i
and j. The fading over each subchannel is assumed to be
independent and identically Rayleigh distributed. Hence, the
power fading coefficients hE;), hgz , hES) and h;f)), are i.i.d.
exponential random variables. We assume that full channel
state information, which we call h, is available at all users
and the receiver. The symbols d;;, d;o and d;o denote the user
1 to user j, user ¢ to receiver and user j to receiver distances

respectively; and « denotes the path loss exponent.

white Gaussian with variances o, . The symbols

We employ mutual cooperation, i.e., both users involved in
a cooperating pair decode and forward each other’s messages,
using the inter-subchannel cooperative encoding protocol in-
troduced in [8]. Furthermore, each user is able to utilize the
available channel state information to perform power control,
in order to maximize the cooperating pair’s sum rate, as in [9].
Accordingly, the transmitted codewords of users ¢ and j over
each subchannel s are formed using [9],
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The component codewords Xi((f ) X J(f ) and U®) defined in “),
are used for direct transmission, common message generation,
and coo (s)
peration purposes respectively. The variables p;;’ (h),
pE;) (h) and p(s) (h) simply denote the channel adaptive powers
assigned to these codewords. The definitions for user j follow
similarly. The powers of both users in the cooperating pair

should satisfy the average power constraints,
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Extending the rate regions obtained in [9], to include the path
loss based on inter-user and user-receiver distances, it is easy
to show that the achievable sum rate for each cooperating
pair, employing power adaptive inter-subchannel cooperative
encoding, is given by the constraint (8) at the top of this page.

III. SUM-RATE-OPTIMAL PARTNERING ALGORITHM

In this section, we formulate and solve the jointly optimal
power control and partner selection problem for the cooperative
OFDMA system modeled in Section II. The objective is
to maximize the overall sum rate of the entire system, by
optimally pairing the users. Let us denote by I' the set of
all possible 2-user partitions of the set {1,..., N} of users.
The number of all possible 2-user partitions of this set can be
computed as

N/2
L:H(N—2n+1). 9)
n=1
Let I'; denote the [th 2-user partition of I', where [ € 1, ..., L,

and p(h) denote the vector of powers of all users, containing
as its elements the non-negative powers p's (h), pEJS)(h),
p&) (h), Vs, Vi,j € {1,..., N} and Vh. Then, the sum rate

maximization problem can be stated as,

max Z Ri + R; (10)
p(h) {istel
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R; + R; satisfy (8), WV{i,j} eT. (12)

In its present form, (10) seems rather difficult to solve,
as the rates, which form the objective function for power
optimization, depend on the selected partnering strategy, while
the partnering strategy that needs to be selected depends on
the rates. Therefore, before we proceed, it is instructive to in-
troduce a simple 4-user example, depicted in Figure III, which
will shed some light into the solution of the general problem. In
Figure III, all possible links which can be used for cooperation
among all possible pairs are shown. Here, as suggested by
(9) there are only three possible 2-user partitions of the set
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Fig. 1. 4-user OFDMA system model, with pairwise cooperation.

of users: {{1,2},{3,4}}, {{1,3},{2,4}} and {{1,4},{2,3}}.
The crucial observation is that, once one of these partitions
is fixed, the sum rate of each pair in that partition depends
solely on the channel gains on the subchannels used by that
particular pair, and is not affected by the transmission policy of
the remaining pair, thanks to the orthogonal nature of OFDMA.
But then, since each pair’s transmission rate is independent of
the other, we can simply find the optimal power allocation, and
the resulting sum rate separately for each pair, for each given
partition. Afterwards, the optimal partition can be selected
by performing a search over the L power optimized sum-
rate values. This argument is obviously valid for an arbitrary
number of pairs as well: going back to our original problem,
our optimization problem (10)-(12) can be equivalently stated
as a two step problem

max Z max (R; + R;),
I €T, (igyer, pi(h),p;(h)
st B [l ) ol )+ )] < gy Wirj) e T
s€S;;
R; + R; satisfy (8), V{i,j} eTIy. (13)
which can further be converted into
max > (Ri+ Ry, (14)
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where (R; + R;)* is the power optimized sum rate of pair
{i,j}, obtained by running the iterative algorithm proposed in
[9]. While (14) is considerably simpler than (10), a brute force
search over all possible partnering strategies would require
factorial time, as evident from (9). However, given the sum
rates achievable by each possible partnering, it is possible to
model (14) as an equivalent matching problem in graph theory.
Let us go back to our simple 4-user example, and create a
complete undirected graph, where the users are the vertices, and
the weights over the edges are the sum rate that is achievable by
the pair of users connected by that particular edge, in case they
are paired. The resulting graph is shown in Figure 2. In order
to create all the weight information in this example, we need
to compute six sum rates, each corresponding to one possible
pair of users. However, note that since there are 4 users in

(Ry+R 2)*

Ry+R )

(R2+R 3)*

Fig. 2. 4-node undirected graph equivalent of the system in Figure 1

this graph, we can simultaneously choose only 2 disjoint pairs,
and the pairs for which the summation of the corresponding
weights is maximized should be found. This problem is known
as “maximum weighted matching” in graph theory, which can
be solved by an efficient algorithm presented in [12].

The worst-case complexity of the maximum weighted match-
ing algorithm is O(N?3) [12]. Meanwhile, for a general system
with N users, the complete graph consisting of all possible
pairings of users contains only N x (N — 1)/2 edges. Since
the cost of finding the weights (R; + R;)* on each edge
based on power optimization is constant, the overall cost of
generating the graph becomes negligible, compared to the
cost of weighted matching as N grows. Note however that,
for moderate number of users, which is typical in a wireless
network, the fixed cost of computing these weights using
iterative power optimization may become a time consuming
computational burden. In practical networks, users are not
necessarily stationary, and the topology of the network, and
hence the channel conditions, may change frequently. Every
time the topology changes, we may need a new matching.
Therefore, in the next section, we propose alternative matching
algorithms with the aim of obtaining even faster and more
practical results.

IV. PRACTICAL SUBOPTIMAL PAIRING ALGORITHMS

In our model, the locations of the users, and their distances
to each other are the major factors that effect their transmission
rates. The impacts of Rayleigh fading and noise variances
on the rates are negligible in comparison to path loss. This
forces the power allocation and partner selection to be mostly
dependent on the topology of the network, which means that a
suboptimal but fast algorithm can be derived based only on user
locations as an alternative to the maximum weighted matching
algorithm. But then, the weights of the graph will not be needed
to match the users, and this will decrease the time consumed
by the matching algorithm drastically.

Below, we propose five algorithms, which perform make
partnering decisions based on differing criteria based on the
relative locations of the users in the network. In devising
some of these algorithms (especially algorithm E), we observed
the structure of the partnering strategies obtained using the



maximum weighted matching algorithm, and tried to mimic
this structure.

A. Select Nearest to Receiver

The two users nearest to the receiver get matched. These
users are removed from the pool, and the algorithm repeatedly
matches the rest of users with the same method until every user
is matched.

B. Select Farthest from Receiver

The two user farthest from the receiver get matched. These
users are removed from the pool, and the algorithm repeatedly
matches the rest of users with the same method until every user
is matched.

C. Maximum Matching on Nearest Four to Receiver

The user nearest to the receiver is selected. Then, three
users which are nearest to it are selected. Maximum weighted
matching algorithm runs on those users and the users get
matched. The algorithm repeatedly matches the rest of users
with the same method until every user is matched.

D. Maximum Matching on Farthest Four from Receiver

The user farthest from the receiver is selected. Then, three
users which are nearest to it are selected. Maximum weighted
matching algorithm runs on those users and the users get
matched. The algorithm repeatedly matches the rest of users
with the same method until every user is matched.

E. Select Nearest and Farthest to Receiver

The user furthest to the receiver gets matched with the
nearest to the receiver. These users are removed from the pool,
and the algorithm repeatedly matches the rest of users with the
same method until every user is matched.

V. SIMULATION RESULTS

Twenty runs were taken from each of the algorithms pro-
posed in Section IV, as well as from the weighted matching
algorithm described in Section III. In the simulations, N = 20
users were placed in a disk with radius R = 100m according to
a uniform random distribution. The receiver was placed at the
center of the disk. All of the users had the same transmission
power and the same number M = 3 of Rayleigh fading
subchannels. The path loss exponent in the simulations were
set to « = 2. The noise variances were normalized to unity.
Users’ transmission power before path loss and fading was set
to P = 10%, to give a high Signal-to-Noise-Ration (SNR), in
order to yield a more pronounced cooperation gain in terms of
transmission rates, and more pronounced differences between
the performances of the proposed algorithms.

In Table I, a detailed comparison of the rates achieved by
each cooperating pair is given for a sample run of all algo-
rithms. We observe that, if the users close to the receiver are
coupled first, these users’ transmission rates are high, however
the farther users’ rates are so low that, the total is not as much
as one can obtain by a more nearly equal distribution. This is
the main problem encountered in Algorithm A. The same also
applies to Algorithm B with a little bit of difference. The users
farther away from the receiver are selected as close as possible

TABLE I
TRANSMISSION RATES OF PAIRS BY DIFFERENT ALGORITHMS

[ Pair | MWM | AlgoA | AlgoB [ AlgoC | AlgoD | AlgoE |
1 17.084 | 21.045 | 19.439 | 21.045 | 17.926 17.078
2 16.618 | 19.596 | 18.133 | 18.062 | 17.731 16.621
3 16.414 | 13.073 | 16.649 | 15.336 | 16.727 16.410
4 14.924 | 10.064 | 13.073 | 11.534 | 16.417 14.911
5 10.683 4.833 5.484 4.833 7.164 10.683
6 8.716 3.906 4.388 3.798 3.906 8.657
7 7.938 3.451 3.906 3.496 3.451 7.760
8 7.164 3.074 3.496 2.793 3.074 5.111
9 3.906 2.841 2.841 2.642 2.865 4.833
10 3.596 2.329 2.793 2.706 2.858 4.429
Total || 107.043 | 84.211 | 90.202 | 86.245 | 92.117 | 106.494

to each other, however, since the SNR goes down because of
the path loss, the cooperation gain is still low for these users,
and total rate becomes low. It is noteworthy that, algorithm B
gives better results than algorithm A. Algorithm E, which is
inspired by the optimal matching, performs surprisingly well.

In Figure V, the achievable rates of the proposed algorithms
are compared to the total transmission rate of maximum
weighted matching, by defining the ratio of the sum rate
achievable by each algorithm to the optimal sum rate of
weighted matching in the form of a percentage, which we call
the efficiency. Also, the matchings created by the algorithms
are visually compared to maximum weighted matching. It is
observed that, maximum weighted matching generally selects
pairs such that, one of the users in the pair is close to the
receiver, while the other user is far away from the receiver. This
is rather surprising in that, the pairing that is optimal for the
benefit of the entire system also happens to assign acceptable
rates to the cell edge users, which adds to the fairness.

In Table II, we provide the statistics of the efficiency of our
proposed algorithms. In our simulations, the efficiencies of the
algorithms A and B are between 75% and 95%. Algorithms C
and D include maximum weighted matching for subgroups of
users as a subroutine, but they are still fast algorithms since
subgroups include small numbers of users. Algorithm D gives
better results than C. Algorithm D’s efficiency is observed to
be between 80% and 99%. Algorithm E is the best among
the proposed heuristic algorithms in terms of efficiency, with
efficiencies between 94% and 99%. Since one closer and one
further user is paired with each other, for most user pairs,
cooperative gain is on average, but in total, this converges to
the maximum transmission rate. Also, there is no maximum
weighted matching routine in this algorithm which makes it
much faster.

VI. CONCLUSION

Partner selection in wireless networks is a key consideration
in rate maximization for cooperative networks. In this paper,
we formulated the joint power allocation and partner selection
problem, with the goal of maximizing the sum-rate of a
cooperative OFDMA network. It is shown that, the problem
can be reduced into a maximum weighted matching problem
which has a polynomial time solution. The result of the
maximum weighted matching algorithm, inspired us to develop
some heuristic algorithms with lower complexity. Hence, to
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Fig. 3. User constellations, maximum matching and matchings created by different proposed algorithms.

TABLE I
STATISTICS OF PROPOSED ALGORITHMS

Efficiencies [| AlgoA | AlgoB [ AlgoC | AlgoD | AlgoE |

min 76.994 | 83.379 | 78.735 | 85.114 | 94.657
max 94.682 | 95.610 | 94.762 | 99.551 | 99.487
mean 85.708 | 89.716 | 88.142 | 92.942 | 97.498

further simplify the partnering problem, we proposed matching
algorithms which only use the location information of the
users. We demonstrated that, the algorithm which matches the
users farthest away from the receiver to the ones closest to the
receiver, gives a near-optimum solution, very fast.
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Ozetge- Bu bildiride roleli yayinlama kanalinda ortak kesinti 0
olasiligini en kuigik yapan iletisim protokolleri ve ilgili en iyi k aynak
aktarimi yéntemleri incelenmektedir.

Roleli yayinlama kanalinda, bir kaynak, iki hedef ve bir de
role bulunmaktadir. Hedefler arasinda esgidiim gejiekien,
kaynajin ya her iki hedefe birden ayni anda iletimde bulufuiu
ya da her iki hedefin de ayni anda kapandiarsayiimaktadir.
Kanallar blok sonumlenmelidir. Kanal kazanglar butirciall :
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tinda calisiy kabul edilmistir. Bu nedenle sistemde her blok so- 10 (L= = =KKS | ‘ : ;
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glic aktarimi yapilmaktadir. Ancak kanallardan bazilaki k(i ortalama toplam guc (dB)

oldugunda, her iki hedefteki sabit veri hizi siniringayabilmek Sekil 1: Enkucuk ortak kesinti olasgina karsi ortalama toplam gic.
icin ¢ok fazla gli¢ gerekir ve ortalama toplam gii¢ kisitiglaa réledeki kod ¢6zumu kisitlarini azaltmakta ve rélenin Hiedim
mak mimkin olmaz. Bu durumlarda iletim yapilmaz ve sisteneteaz birisine yardim edebilmesi ola§ihi artirmaktadir.
ortak kesinti olur. Biz de bu ¢alismada bu ortak kesintsdigini 5) Patika Secimi ve Baglarin Birlestiriimesi (PS-BE)AI-
en kiiglik yapan gii¢ aktarimi yontemlerinigugtaki isbirlikci ak- BB’de olduju gibi bu yontemde de amag, hedeflerin hem rdleyi
tarici teknikleri icin inceliyoruz. hem de kayng dinlemelerinin getirdji kazanci anlamaktir. PS-
1) Dogrudan iletim (DI): DI'de sistem basit bir yayin-BB yéntemindeki calisma kipleri, PS'deki gibi DI, RH1, Rh2
lama kanalina esderdir ve role kullanilmaz. Kaynak tim zaCl'den olusmaktadir. Sistem, bu calisma kipleri arasiseigm
man boyunca iletimde bulunur. DI, roleli iletim tekniklem yaparak gug¢ tiketimini azaltir.
kazanglarini gosterir ve inceldiimiz diger firsatci yontemlerinin -~ 6) Kesi Kimesi Sinirt (KKS)Bu galismada, buldiumuz
parcasidir. sonuglarin mimkin olabilecek en iyi durumdan ne kadar azakt
2) Coklu Atlamaliiletim (CAI): CAl'de iki calisma kipi oldugu anlayabilmek i¢in, kesi kiimesi siniri da hesaplanmisti
vardir: DI ve ¢oz-ilet (). Cl kipinde réle, her iki hedefin bilgi- Kesi kiimesi yéntemi kullanilarak, réleli yayinlama kanalaki
lerinin kod ¢cdzimind yapmak zorundadir. Hedefler sadeegirolilagilabilir veri hizlarina iki farkli tst sinir bulunrsuwe bu Ust
dinlerler. DI ve @ kipleri arasinda secim yapilarak sistemin gisgnirlara dayanarak olasi en kiigik ortak kesinti oshesap-
tiiketiminin azaltilmasi amaclanmaktadir. lanmistir. Yukarida belirtilen blttin yontemler bu en kiigitak
3) Coklu Atlamalilletim ve Baglarin Birlestirimesi (CAI- kesinti olasilgi sonucu ile karsilastiriimistir.
BB): CAI-BB yontemindeki calisma Kipleri, CAl'dekilerle  Sekilll'deki sonuclar, bglantilarin birlestiriimesinin sonucu
aynidir. CAI-BB'de hedefler hem rélenin hem de kagma ¢ok dejistirmedgini, sistemdeki kazancin temel olarak patika
sinyallerini dinlerler. CAI-BB ydnteminin CAl'den her zaan se¢me davranisina@aoldugunu gosterir. Rdlenin ayni anda iki
daha iyi basarim gosteregieaciktir, fakat bu yontem daha karhedefe birden yardim etmek zorunlglucok kisitlayicidir. Calis-
masik alici devreleri gerektirir. Bu nedenle CAl yéntemi@Al- tayda yukarida anlatilan igbirlikli iletim yontemleriagtilaryla
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Abstract—In this paper the broadcast relay channel (BRC) is
studied. In the BRC model, the source communicates with two
destinations with the help of a single relay. The minimum com-
mon outage probability for four different transmission protocols,
direct transmission (DT), multihop (MH), path selection (PS)
and link combination with path selection (LCPS) is investigated
under long-term power constraint for constant rate transmission.
In addition, the c-outage rate region for a fixed common outage
probability is computed. Based on the cut-set bound (CSB), a
lower bound on the minimum common outage probability and
an upper bound on the c-outage rate region are also found.
Numerical results suggest that enforcing the relay to help both
destinations simultaneously is limiting. The dominant factor in
the gains obtained with respect to DT is due to path selection
and link combination is not necessary when the relay is close to
the source.

Index Terms—broadcast relay channel, common outage proba-
bility, cooperation, power allocation, long-term power constraint,
wireless channels

I. INTRODUCTION

The relay channel was introduced more than thirty years
ago [1]; however, it was not until [2] and [3] that research
on the relay channel picked up that proved that relaying can
enhance reliability in wireless channels. Similar to multiple
antenna techniques, relaying schemes are viable methods that
mitigate the adverse effects of fading [2], [3]. The gains co-
operation/relaying promises in wireless channels have resulted
in a significant expansion in the literature over the last decade
(see [4], [5], [6] and references therein.)

The four-terminal broadcast relay channel (BRC) is first
studied in [7]. In the BRC model, there are two destinations,
which communicate with the source with the help of a single
dedicated relay. The capacity region of the BRC, when both
receivers are degraded with respect to the relay is found in
[8]. This result is extended to Gaussian channels in [8], [9].
An achievable rate region for the K-receiver broadcast channel
with a single relay is investigated in [10].

When channel state information is available at the transmit-
ter, substantial gains can be achieved if transmission power
is adapted according to the channel conditions. In [11], an
optimal constant-rate transmission scheme for the block fading

I'This material is based upon work supported by the Scientific and Techno-
logical Research Council of Turkey, TUBITAK, under Grant No. 108E208.

Melda Yuksel
EEE Department
TOBB University of Economics and Technology
Ankara, Turkey
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point-to-point channel is found. Under a long-term power
constraint, it is proved that the optimal power allocation
scheme that minimizes outage probability is of threshold-
type [11]. Generalizing the single-user results, an optimal
power allocation protocol and the resulting capacity region
are established in [12] for parallel Gaussian broadcast chan-
nels. Optimal power allocation protocols for minimum outage
probability for fading broadcast channels and multi-hop relay
channels are studied in [13] and [14]. Under long-term power
constraint, upper and lower bounds on the outage capacity of
the fading relay channel are found in [15]. Outage probability
for the relay channel under long-term power constraint is
also studied in [16]. In [16], opportunistic protocols, in which
the relay is not utilized if cooperation consumes more power
with respect to direct transmission are proposed and proved to
perform close to the cut-set bound. For fading relay channels,
power allocation methods that maximize achievable rates are
obtained in [17].

In this paper we investigate relaying strategies and related
power allocation methods that minimize outage probability for
the BRC. Assuming long-term power constraint and constant-
rate transmission, we study the common outage probability
for both of the destinations. The common outage probability
is introduced in [13] as a relevant performance measure for
broadcast channels. In a broadcast channel, depending on the
channel state, the broadcast channel can either not be used
at all, or transmission to both of the receivers take place at
the same time. Such an operation mode, which is different
from declaring outage for each of the receivers individually, is
necessary if coordination among receivers is to be established.

In the BRC setting, we study the minimum common outage
probability for a fixed rate pair and the e-outage rate region for
a fixed common outage probability for four different protocols:
direct transmission (DT), multihop (MH), path selection (PS)
and link combination with path selection (LCPS). In all of
these protocols, the source uses superposition coding for the
two independent messages it has for each of the destinations.
The DT protocol serves as a benchmark to show the benefits of
relaying. In MH, the relay has to decode both messages to help
both destinations and the destinations only listen to the relay.
However, in PS, we exploit the superposition of messages,
allow for the relay to help only one of the destinations and let
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Fig. 1. The broadcast relay channel, (BRC) with one source (S), one relay
(R), and two destinations (D1, D2). For the numerical simulations in Section
IV, all four nodes are located on a plane with S-R, Dy -point P and D2-point
P distances are respectively equal to d, di and da.

the other destination directly listen to the source. In this case,
the destination that listens to the relay does not listen to the
source. In LCPS, we explore the gains introduced when the
destinations can combine the signals both from the source and
the relay. Finally, we compare all these four protocols with the
cut-set bound (CSB). Our results indicate that path selection
is the dominant factor in the gains obtained and the gains due
to link combination are insignificant, when the relay is close
to the source. However, the gains due to link combination are
emphasized when the relay is far from the source.

The organization of the rest of the paper is as follows. In
Section II, the system model is introduced. In Section III, the
transmission protocols are described in detail. In Section IV,
the common outage probability results are presented. Finally
in Section V, the paper is concluded.

II. SYSTEM MODEL

The BRC consists of one source (S), one relay (R), and two
destinations (D1, D2) as shown in Fig. 1. The instantaneous
amplitude squares of complex channel gains among S-D;, S-
Ds, S-R, R-D; and R-Ds are respectively denoted by ai, as,
b, c; and co. It is assumed that the channel gain amplitudes
are known globally at all nodes, whereas channel gain phases
are known only at corresponding receivers. The channel coef-
ficients have quasi-static fading [11] and are independent from
one block to the other. Complex Gaussian noise at the receivers
are independent, and have zero mean and unit variance.

For the numerical results we present in Section IV, we
assume ai, as, b, ¢y, and cy are independent exponential
random variables and we assume all terminals are located
on a plane. The relay is located on the line joining the
source and point P, where S-R distance is d and the distance
between the source and point P is normalized to 1. D;-
P and Ds-P distances are respectively denoted as d; and
do. As a result, the random variables aq, az, b, c1, and co
respectively have the mean values (14 d2)~%, (14 d2)~ 2,
A=, [A—d)?+d} %, [(1-d)?+d3]" 2, where a is the
path loss exponent.

We assume the relay is half-duplex and there is time division
among the source and the relay. The source transmits for ¢

fraction of the block, 0 < ¢ < 1, and the relay transmits in
the rest 1 — ¢.

The source node has two independent messages W; and
Ws at target rates Ry and R, for each of the destinations.
The source node encodes W7 and W into X; and X using
superposition coding [18]. It allocates power Pb(fl) (s,t) to send
X, Pég)(s,t) to send X5, and transmits X = X; + X5 to
reach both destinations simultaneously at channel state s =
(a1,a2,b,c1,c2), for a fixed ¢, for protocol 4, ¢ =DT, MH, PS,
LCPS. Upon receiving the source signal X, the relay decodes
X1, X2 or both depending on the transmission protocol. The
relay allocates power Pgl)(&t) to forward W; to D;, and
PI({Q) (s,t) to forward W5 to Dy. We assume the source and the
relay have a long-term average total power constraint P, g4:

/ [E(PS) (s,8) + P& (s,8)) + (1 —1)
X(PRl(S,t) +PR2(S,t)>]f(S) ds < Pavg (D)

where f(s) denotes the probability density function of the
channel state s. _ A ‘

Let (P$)(s,t), PY) (s, 1), PS)(s,t), PY)(s, 1)) denote the
minimum amount of power levels that satisfy the condition
O\ > R;,i = DT, MH, PS, LCPS, j = 1,2, for a fixed ¢,
where C’J@ denotes the achievable rate at jth destination with
protocol <. Then the minimum total amount of power required
for reliable communication for protocol i, at state s is given
as !

Pi(s) = mint(P (s,t) + PG (5.1)
H(A-) (PG (s,1) + PR(s.8)), ()
= (DY) (s, ) + PG (5,17))

(1) (P (s,%) + Pl (s,t%), ()

where t* is the best ¢,0 < t < 1 that minimizes (2). Note that
the fraction of the time the relay listens, ¢, is a function of the
channel state vector s.

Given REQI(S) for the ith protocol at state s, the optimal
resource allocation function that attains the minimum common
outage probability is of the threshold type [11], [13], [16]. As
a result Pél)(s,t )s PéQ)( t*), Pl(ﬂ)(s,t*) and P}(%z)(s,t*) are
determined according to

; if PY(s)>P
oy = { S © T2

) ° 4
PO (s,t7) it Pley(s) < P, @

for k =S, R, j =1, 2, where Py, is determined such that (1)
is satisfied.

This threshold type behavior can be explained as follows:
For very poor channel conditions, the total power level re-
quired to send the target rates R; and Ry respectively to D;

'For MH, PS and LCPS protocols, different operation modes, DF, RH1 and
RH2, will be defined in the next section. This definition also applies to ¢ =
DF, RH1, RH2.

ZFrom this point on, we will denote 15,5;) (s,t) and P,g? (s, t) respectively

with 15,5? and P,i;) for a simpler notation.



and D5 is very high. If transmission is sustained during such
poor channel conditions, power is wasted to invert the channel
and the total average power constraint in (1) is violated.
However, if transmission is discontinued until the channel
conditions become favorable, then power can be saved and (1)
is satisfied. For those channel states during which transmission
is off, or when Pf%(s) > P, the system is in outage. Subject
to the total average power constraint P4, one can determine
Py, such that the common outage probability for protocol ¢
p

out

= P(Py(s) > Pon) )
is minimized. Then for a given target rate pair (R;, R2), the
minimum common outage probability is given as

= min P

out

P

out—min

subject to (1). (6)

In this paper our objective is to find the minimum common
outage probability defined in (6). We investigate four protocols
DT, MH, PS, and LCPS in comparison to the cut-set bound
(CSB). In each of these cases, D; and Dy are turned on or
off simultaneously. In addition to minimum common outage
probability for a given rate pair (R, R2), we also analyze the
e-outage rate region. The e-outage rate region is the collection
of all achievable rate pairs, for which the common outage
probability (5) is at most ¢ and the total average power
constraint (1) is satisfied. Note that the minimum common
outage probability problem of (6) and the e-outage rate region
problem are inherently the same. We refer the reader to [13]
for the proof and omit the details here.

III. TRANSMISSION PROTOCOLS

In this section we describe the protocols DT, MH, PS and
LCPS and CSB, in detail and find the amount of power
needed (P, PY), PY) PY)), i =DT, MH, PS, LCPS, CSB
for reliable communication for each channel state s and for a

fixed t.

A. Direct Transmission

In DT, the relay is not utilized and the system is equivalent
to a broadcast channel. The source node transmits all the time,
t = 1. The minimum common outage probability for the
broadcast channel is solved in [13]. Here, we restate PéDT)
and P(D ) as DT is a part of all other protocols under study.

When a; > ag and Pg; and Pgy are the power levels
allocated to X; and X5 at the source, the best rate pair (the

rate pair on the capacity region of the broadcast channel) is

cI" = log(1+4 a1 Psy) (7)
P

C(DT) - 1 1 _ G2f7s2 . 8

52 os (1+ 50 ®)

When a; < ag, the subscripts “1” and “2” need to be inter-

changed in (7) and (8). Solving C2™) = Ry and C5™) = R,

for Ps1 and Pga, one can calculate the minimum amount of
d (pPT) (D

power require (PS1 and Psz ) to attain a given rate Ry at

e<_ o @%@@;

DT DF

Fig. 2. Operation modes for MH: direct transmission (DT) and decode-and-
forward (DF). The destinations do not listen to the source in DF mode.

the first destination, and R, at the second destination. Defining
g as a function with three inputs and two outputs as

(y1,y2) £ g(w1, 22, 33) 9)
Ry 1
(2’”3 _1)7 if 1 > To
Y1 = Ry xll
(273 —1)(—+y2) if 21 <o
1
Ry 1
(275 —1)(*4-1/1) if 212>
_ Xro
b2 = By 1
(21'3 —1)— if 1 <zo
T2
péll)T) and P( ™) become (Pélle) P(DT)) = g(ai,az,1).

Then, Pﬁng)(s) can be calculated from (3), leading to the
minimum common outage probability calculation in (6).

B. Multihop

In MH, there are two modes of operation: direct transmis-
sion (DT) and decode-and-forward (DF). The two modes of
operation for MH are shown in Fig. 2.

Consider the three terminal relay channel with direct link
gain, a, source-relay link gain b and relay-destination gain c.
If a < cand a < b, it is shown in [16] that transmission over
the multihop route via the relay consumes less power than
sending the message directly to the destination. Motivated by
this result, we assume the source aims to reach both D; and
Dy via the relay if s € Aff;{ where

Dl ={s (a1 < c1Nay < b) N (ag < caNag < b)}.  (10)

In this case, we say the system is in DF mode. In DF mode,
in order for the relay to decode both messages reliably, the
required power levels at the source are

(PP Py = g(b,b,1). (11)

Using independent codebooks, the relay then reencodes W;
and W5, and forwards them to the destinations using super-
position coding. As the destinations only listen to relay, the
relay power needed for reliable reception at the destinations
is

(fg(DF)

7151(212)”) =g(c1,c2,1—1). (12)

If s € ADE,, where ADE, = (A5Y)¢ and ¢ denotes
the complement, we assume the relay is not utilized and the
system operates in DT mode. Then

DF
P(]VIH)( ) _ P{quT))(S)
’ P& (s)

it sc AV

13
it sc AYY, (13



Using (13), the minimum common outage probability of (6)is
then calculated.

C. Path Selection

In the PS protocol, there are four modes of operation, DT,
relay helps user 1 (RH1), relay helps user 2 (RH2) and DF,
which are shown in Fig. 3. Unlike MH, in PS the relay is not
required to decode both messages W, and W5, but can decode
only one of them depending on the channel state s. This
decreases the decoding constraint at the relay, and increases
its chance to be more useful for one of the destinations.

The system is in RH1 mode if s € A§§“ where

ARHI

pg ={s:(a1 <c1Nay <b)N(az > caUay > b)}. (14)

In RHI, the source transmits to the relay and to D, using
superposition coding. D; does not listen to the source, but only
to the relay. This is a practical assumption that enables simple
receivers. In RH1, the relay is only required to decode W;. The
relay and D5 can respectively decode W; and W5 reliably if
(pélle), ngHl)) = g(b, az, t). Upon decoding W7, the relay
independently reencodes and forwards the message to D; with

(B BE™) = (@F -0, as)
Note that Dy does not need to listen to the relay, as the relay’s
transmission carries information only about W; and is of no
use at Ds.

The RH2 mode is similar to RH1 and the relay only assists
D,. The system is in RH2 mode if s € ARH?, where ARE? =
{S S(CLl > cpUa; > b) N (LLQ < cgNag < b)} In RH2, the
required source and relay power levels are given as

(PSHD PIEHDY = g(an,b,t) (16)
. . 1
(PRH2 PRI g (275 —1)—].  (7)

C2
In PS, if s € ARE, where ARE = AL, defined in (10),
then the system is in DF mode. The relay decodes both W, and
W, and forwards these messages to D; and D,. The required
source and relay power levels are given in (11) and (12).
Finally, we assume the system is in DT mode if it is not in
anyone of the above defined operation modes. Then

P,@Hl)(s) if SEA}}EIS{1
(

(RH2) . RH?2
PESGs) = 4 Tt L S )

Preg '(s) if se€ Apg

Pr(quT)(s) if sec ABYL

Finally, (18) is used to calculate the minimum common outage
probability of (6).

D. Link Combination with Path Selection

In LCPS, the operation modes are the same as PS. However,
in LCPS the destinations listen to the signals from both the
source and the relay. Although, LCPS is sure to perform better
than PS, it requires complex receivers and its use is limited.
An illustration of LCPS is shown in Fig. 3.

®
@<@@%@@@@@:—;@@

RH1 DF

DT RH2

Fig. 3. Operation modes for PS and LCPS: direct transmission (DT), relay
helps user 1 (RH1), relay helps user 2 (RH2) and decode-and-forward (DF).
In PS, the destinations do not listen to the links shown with dashed lines,
whereas in LCPS they do.

In LCPS, in the RH1 mode, if b > as, the source super-
imposes X; on Xo, and the op;;osite is true if b < as. Then
the source sets (}ngHl), }SéI;Hl ) = g(b, as,t) as in the RH1
mode of PS. However, in the RH1 mode of LCPS, D; also
listens to the source transmission. Then the achievable rate at
D1 is

tlog(1+ alpéfﬂl))

+(1 — t) log(l + 01PR1) if ai, b > as
CERHI) _ A(RHT1)

tlog (1 + alpéng) n 1)

+(1—1t)log(1 + c1Pr1)
when Ppg; denotes the relay power allocated to convey Wj.
Solving C’fRHl) = R, for Pgr;, we obtain the required relay
power PI(%ITHI) for reliable reception at D;. As the relay does

19)

otherwise

not help Da, If’}(ng) = 0. The required power levels for the
RH2 mode are similarly obtained.

Suppose Pg; and Pgr; are respectively the source and the
relay power levels assigned to communicate W; with the jth
destination, j = 1, 2. In the DF mode, the relay has to decode
both W7 and W,. The achievable rate for W; at the relay,

Cé%?, is then given as

P tlog(1 + bPs;) if a; > a
Vo= bPs;

for j,l = 1,2,5 # [, must be as large as the target rate ;.
Upon successful decoding, the relay forwards both messages.
Then, the achievable rate at D; is given by

(DF DF) DF)
oPh = oM e, 1)
where

tlog(l + a;jPs;) if a; >a
J Jj= S5 ;

og (14455 i o

0g +(Iszz+1 it a; <aq

(1 —1t)log(1l+ ¢;Prj) if ¢ >q
J 1 -1 (1 JiRﬂ) if ¢

( ) log +CjPRl+1 it ¢ <qg

for 5,1 = 1,2,5 # [l. Solving for Pgsy, Pgo, Pry and Pgrsy in

o"" = offY) = Ry and ¢P") = 28 = Ro. we
. : 5(DF) A(SDF) 5(DF)

obtain the required power levels Py, 7, Py, ', Prp; "’ and

]5](%[2)1«“). Substituting these required power levels for all modes
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Fig. 4. The minimum common outage probability vs average total power
where R =1 Ry =1,d=02,dy =0.25,dy =025 a=4

of LCPS in (18) we then compute (6). Note that A(L% pg =
A i =RHI, RH2, DF and DT.

E. The Cut-Set Bound

In this section, we write the cut-set bound for the BRC [18].
The cut-set bound leads into two different upper bounds on
the achievable rate pairs at D; and Ds.

In the first bound, we assume the relay is given the source
messages Wi and Wy for free, or equivalently the relay can
always decode W7 and W reliably. Then the system becomes
similar to parallel broadcast channels, for which the capacity
region is given in [12]. Using the results in [12], for a fixed
t, achievable rates at D; and D5 can resyectively be upper
bounded by C; = C§DF) and Cy = C;DF defined in (21).

The multiple antenna broadcast channel with two antennas
at each destination and a single antenna at the source consti-
tutes the second upper bound on the BRC under study. Using
the capacity region results for the multiple antenna broadcast
channel [19], we can upper bound the achievable rates at D
and Do for a fixed ¢ with

~ tlog(1 + (a1 +b)Ps1) if a1 >as
C, = (a1 + b)Psy . (22)
tl 1+ —————) if
og( +(a1+b)Psg+1) it a1 < aq
(az + b)Ps2 .
~ tl 1+ — f >
Cy = Og( t @+ b)Par +1) B =92 g3
tlog(l + (ag + b)Ps2) it a; <as.

Combining the two bounds, achievable rates at D; and
D, are respectively upper bounded by min(Cl,C‘l) and
min(Cy, C’g) Solving min(C1, C‘l) = R; and min(Cy, ég) =
Ry for Pgy, Pso, Pri and Pgro, we calculate Pé?SB)(s),
PSP (s), PP (5) and PLS7P)(s) to obtain PSP (s).
Then we use PT(quS (s) to obtain the minimum common
outage probability defined in (6). This minimum common
outage probability Péﬁiﬁfm is a lower bound on all other

protocols DT, MH, PS and LCPS. Based on the upper bounds

Common Outage Probability

LCPS
— — CSB

-05 0 05 1 1.5
d

Fig. 5. The minimum common outage probability vs. relay location for Py g
=05dB, R1 =1, Ry =1,d1 =0.25,ds =025 and o = 4.

on achievable rates, min(C’l,él) and min(Cg,C’g), we also
compute an upper bound on the e-outage rate region in the
next section.

IV. NUMERICAL RESULTS

Fig. 4 illustrates the minimum common outage probability
vs. average total power for all protocols for Ry =1 Re =1, d
=0.2, dy = 0.25, dy = 0.25 and o = 4. We observe that MH
requires approximately 3 dB less total average power with
respect to DT at P,,; = 1071, yet it is far from optimal.
On the other hand, PS significantly improves upon MH and
is only 0.2 dB away from the lower bound. This shows that
enforcing the relay to help both destinations simultaneously is
quite limiting, and path selection is necessary. As PS performs
very close to LCPS, we can say that the gains obtained are
mainly due to path selection rather than link combination at the
destinations when d = 0.2. This implies that simple receivers
are sufficient when the relay is close to the source.

To see the effect of relay location on the performance, we
plot the minimum common outage probability vs. relay loca-
tion, d, in Fig. 5, for fixed average power Py, = 0.5 dB, R
=1, Ry =1,d; =0.25, dy = 0.25 and o« = 4. We observe that,
when the relay is close to the source, PS is sufficient to attain
the optimal behavior and link combination is not necessary.
However, when the relay moves away from the source, the
effect of link combination becomes emphasized. Optimum
relay location for minimum common outage probability for
the BRC is around d = 0.55 for PS and LCPS, and d = 0.6
for MH.

Fig. 6 shows the e-outage rate region for R; and Ry for a
fixed minimum common outage probability of 0.01, Py,g =1
dB,d =03, d; =0.2, dy = 0.4 and o = 4. It can be seen that
MH achieves a much larger e-outage rate region with respect
to DT and the e-outage rate regions achievable with PS and
LCPS are very close to the upper bound. We conclude that
allowing the relay to help each of the destinations individually



Fig. 6.

The e-outage rate region for fixed minimum common outage
probability of 0.01, Pgyg = 1 dB, d = 0.3, d1 = 0.2, d2 = 0.4 and o =
4.

is almost optimal without the need of link combination at the
destinations, when the relay is close to the source.
Finally, in Fig. 7, we plot the expected values of the ratios

S(LCPS) A(LCPS)
¢= = B = S (24)
~(LCPS) | 5(LCPS)’ ~(LCPS) , ~(LCPS)
Pé'l + PéQ Pry + Pry

for Poyg =05dB, Ry =1, Ry =1,d; =05, and o = 4. We
observe that, when D5 is colocated with D; (dy = -0.5), both
the source and the relay allot their power equally among the
two users, and E{¢} = E{f} = 0.5. When —0.5 < d3 < 0.5,
E{¢}, E{8} > 0.5. This is because the mean values for a, and
co are larger than the mean values for a; and c¢;. Therefore,
both the source and the relay allocate more power for D; to
decrease the common outage probability. The opposite is true
for dy > 0.5. It can be seen that E{(} and E{3} reach their
maximum values for do = 0. In addition to these, we observe
that the relay location d has limited effect on E{(} curve,
while E{3} curve is highly dependent on the relay location.

V. CONCLUSION

In this paper, we study the four-terminal broadcast relay
channel in terms of the minimum common outage probability
under long-term power constraint and constant rate transmis-
sion. We propose four different protocols, direct transmission,
multihop, path selection and link combination with path selec-
tion. We also find the e-outage rate region for all protocols, and
compare the performances of all four protocols with the cut-
set bound. Our results indicate that enforcing the relay to help
both destinations simultaneously is limiting. When the relay
is close to the source, path selection is sufficient for optimal
behavior, whereas link combination becomes necessary to
obtain additional gains, when the source-relay distance grows
larger. Future work includes investigating the amplify-and-
forward protocol, non-orthogonal relaying, and the outage
probability region when outage is declared individually for
each of the destinations.
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Fig. 7. E{(} and E{8} (defined in (24)) vs. d2 for Pyyg = 0.5 dB, R; =

1, Ro =1, dy =0.5 and @ = 4 for LCPS.
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Ozetge

Bu bildiride, yari ¢ift yonlii roleli, iki kullanicili girigim
kanali caligilmigtir. Role vericilerden birisini duymamaktadir.
Rolenin iletimi alicilardan birisi i¢in yararli olurken, digeri
icin sadece girisimdir. Alicilarda girisime ya giiriiltii gibi
davranilmis, ya da dogrudan iletimin kalitesini artirabilmek i¢in
miimkiinse once girisimin kod ¢oziimii yapilmig, girisim ali-
nan sinyalden cikarilmigtir. Kanallar soniimlii oldugundan ve
kanal kaliteleri vericilerde bilinmediginden, her bir kullanic
icin kesinti olasilif1 hesaplanmig ve karsilagtirlmistir. Role
alicilardan birisinde girisime neden olmasina ragmen, rélenin
her iki alic1 igin yararl1 oldugu gosterilmistir.

Abstract

In this paper, the two-user interference channel with a half-
duplex relay is studied. The relay does not hear one of the
sources. The relay’s transmission is beneficial for one of the
receivers, whereas it is merely interference for the other. At the
receivers the interference is either treated as noise, or if possible
decoded first and subtracted from the received signal to enhance
the direct transmission quality. Probability of outage for each
user is computed and compared as the channels are assumed to
be fading and no channel state information is available at the
transmitters. Despite the fact that the relay causes interference
to one of the users, it is shown that the relay is useful to both
the receivers.

1. Giris

Kablosuz haberlesme aglarinin tasariminda girigimin varligi
cok temel bir sorundur. Tkili girisim kanaliysa coklu alici-
verici ¢iftlerinden olusan bir kablosuz haberlesme sistemini
daha iyi anlayabilmemizi saglayan en kiigiik yapi taglarindan
birisidir [1]. Tkili girisim kanallariyla ilgili ilk Gnemli sonuclar
1975 yilina dayanmaktadir. Carleial, [2]’de cok giiclii gi-
risim kanalinin hi¢ girisim olmayan durumla esdeger oldugunu
gostermigtir. Cok giiglii girisimin varliginda alicilar 6nce gi-
rigsimi ¢ozimleyip, aldiklart igaretten girisimi ¢ikarabilirler. Bu
durumda girigim kanali, birbirinden higbir sekilde etkilenmeden
haberlesebilen iki kullanicilt bir sistemle esdeger olur. Ben-
zer sonuglar Gauss dagilimli, giiglii girisim sistemlerine de
genigletilmigtir [3]. En genel ikili girisim kanalinin kapasite
bolgesiyse hala bilinmemektedir. Bilinen en iyi ulagilabilir hiz
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bolgesi [4]’te verilmig, [S] makalesindeyse [4]’te Onerilen iist-
diisim yoOnteminin bilinen en iyi ulagilabilir hiz bolgesi tist
smirindan sadece bir bit uzakta oldugu gosterilmistir. Fakat bu
ve benzeri yontemler birden fazla kullanicinin kod ¢6ziimiiniin
birlesik yapilmasini gerektirir ve sistemin karmagikligini artirir.
Bu nedenle pratikte pek ¢ok sistemde girisim giiriiltiiyle es tu-
tulmakta ve kod ¢6ziimii yapilmamaktadir [6].

Kablosuz haberlesme aglarinin bir bagka yapi tasi da role
kanalidir. Role kanali ilk olarak [7] makalesinde incelen-
migtir. Rolenin kablosuz aglarda kesinti olasiligini diigtirdiigii
ve cesitleme kazanci sagladigi [8] ve [9] makalelerinde gos-
terilmis ve bu makalelerden sonra rolenin kablosuz aglar-
daki uygulamalar1 biiyiik hiz kazanmistir. Rolenin girisim
kanallarindaki yararlar ise yakin zamanda ¢alisilmaya baglan-
mustir. [10] makalesinde, roleli, iki kullanicili bir Gauss girisim
kanalinda ulagilabilir hiz bolgeleri incelenmis, ¢oz-ilet yonte-
mine dayali bir kanal kodlamas1 6nerilmistir. [11] makalesinde
yazarlar roleli girisim kanalinda rolenin sadece bir vericinin
sinyalini duydugu 6zel durumu incelemis, ¢oz-ilet temeline
dayali yardimlagsma yonteminin bazi 6zel durumlarda kapasite
bolgesini elde ettigini ve rolenin girisime neden olan sinyali
iletmesinin de yararli oldugunu gostermiglerdir. Rolenin her iki
kullanicinin da bilgisine sahip oldugu biligsel durumlar [12] ve
[13]’te incelenmistir. [14] makalesindeyse verici-role ve role-
alic1 kanallariin sinirh kapasiteye sahip oldugu 6zel durumlar
incelenmisgtir.

Yukarida belirtilen ¢alismalarda hep kanal kazanglarinin
bilindigi durumlar incelenmis, soniimlii kanallarda rolenin ikili
girisim kanali iizerindeki etkisi ¢calisiilmamigtir. Biz bu bildiride
sontimlii yar ¢ift yonlii roleli girigsim kanallarinda kullanicilarin
kesinti olasilifini inceliyoruz. Ayrica rdlenin etkisinin basitce
ortaya konulabilmesi i¢in r6lenin sadece bir kullaniciyr duy-
dugu durum incelenmistir. Bu durumda role iletimde bulun-
dugunda alicilardan birisi i¢in yararh olurken, alicilardan digeri
icin girigsimin miktar1 artmaktadir. Sonuglarimiz rolenin her iki
kullanici i¢in de yararli oldugunu gostermektedir.

Bolim 2’de incelenen sistem modeli agiklanmuis,
Bolim 3’te her iki kullanici icin kesinti olasilig1 ifadeleri
yazilmig, Boliim 4’te benzetim sonuglari verilmis ve Boliim 5’°te
bildirinin sonuglar1 belirtilmistir.

2. Sistem Modeli

Bu ¢alismada incelenen model, Sekil 1’de gosterilmistir. Sis-
temde birer antenli iki kaynak, S; ve Sa, iki hedef, D1 ve D ve



hsp,
Sekil 1: Roleli, iki kullanicili Gauss girisim kanalinda role bi-
rinci vericiyi duymuyor.

bir role, R, bulunmaktadir. Role ¢oz-ilet yontemini uygulamak-
tadir [7]. Olast fiziksel engellerin varlig1 gibi nedenlerle role Sy
kaynagini duymamaktadir. Bu nedenle rolenin iletimi S1-D;
ciftinde girisimi artirirken, S2-D2 ¢ifti icin haberlesmeyi ko-
laylagtirmaktadir. Pratikte role ayni1 zaman ve frekans bandinda
hem iletip hem alamadigindan rélenin yari-¢ift yonli oldugu
diigtintilmiistiir.

Iletim icin kanal N kere kullamlmaktadir. n = 1,..., Nt
anlarinda role dinlemekte, n = Nt + 1..., N’ye kadar role ile-
timde bulunmaktadir. ¢, ¢ € [0, 1], rolenin dinledigi zamanin
oranini gosterir ve genelligi kaybetmeden Nt degerinin tamsay1
oldugu varsayilabilir. Rolede, D1 ve D- alicilarindaki sinyaller
n=1,.., Nticin

YDl[n] = hs; D, X5, [n] + hs,p, Xs, [n] +ZD1[n](1)
Yp,[n] = hsip,Xs;[n] + hsyp, Xs,[n] + Zp, [0](2)
Yr[n] = hs,rXs,[n]+ Zr[n] ©)

denklemleriyle ifade edilir. Role sinyal gonderirken, n =
Nt+1..., N i¢in, Dy ve D3 hedef noktalarinda alinan sinyaller
sirastyla

YD1 [n} = h51D1X51 [n] + h52D1X52 [n}
+ hrp, Xr[n] + Zp, [n] “

Yp,[n] = hs,pyXs,[n] + hs,p, Xs,[n]
+hRD2XR[TL}+ZD2[7’L] )
olarak verilmistir. Bu denklemlerde h;;, ¢ = 51,52, R,

j = R, D1, D>, degiskenleri kanal kazanclarin1 gostermekte-
dir. Biitiin h;; ler, beklenen degeri 0, degisintisi 1 olan, bagim-
s1z es dagilimli karmagik Gauss dagilimina sahiptirler. Yavag
soniimlenme varsayildigindan N kanal kullanimi boyunca h;;
degerleri aym1 kalmaktadir. D1, D2 ve role alicilarindaki kanal
giiriiltiileri, Zp,, Zp,, Zr ile ifade edilir ve her biri bekle-
nen degeri 0, degisintisi 1 olan, bagimsiz es dagilimli karmagik
Gauss dagilimina sahiptirler. Rolenin, S1 ve S» kaynaklarinin
gii¢ kisitlart sirastyla Pr, Ps, ve Pg, dir.

Vericilerde kanal kazanglar1 bilinmediginden ve sistem
gecikme kisitli oldugundan S1 ve Sy vericileri sirasiyla RgT) ve
RgT) sabit veri hizlar1 ile ¢alismaktadir. D; alicisinin amact Sy

< ; o . NED
kaynaginin gonderdigi w1 mesajini, wi € {1, 2,..,2%" },
D> alicisinin amact da Se kaynaginin gonderdigi wa, wa €

(T) .
{1, 2,..,2NEs } mesajint anlamaktir.

3. Kesinti Olasihig1 Hesaplari

Bu boliimde birinci ve ikinci kullanici giftleri icin kesinti
olasiliklarin1 hesaplayacagiz. Bu olasiliklari rélenin bilgiyi

giivenilir bir sekilde ¢ozlip cozememesine ve girisimin ¢ikarilip
cikarilamamasina bagl olarak inceleyecegiz.
Rolenin S» kaynagindan aldig1 anlik karsilikli bilgi miktar:

Is,,r = tlog (1 + |hs,r|*Ps,) (6)

kadardir. Roéle ¢oz-ilet yontemini kullandifindan, Is, r >
RgT) sabit veri hizindan biiyiikse, role gonderilen bilgiyi giive-
nilir bir sekilde alabilir. Eger bu durum gergeklesmezse, role
kesintiye ugrar ve iletimde bulunmaz. Rolenin bilgiyi giivenilir
bir sekilde almasi olayini g ile gosterirsek, bu olayin olasiligi

P(r) = P(IS2,R>RgT>) %)

seklindedir.

Girigim kanallariyla ilgili sonuglara gore, girisim ¢ok giiclii
oldugunda girisimin kod ¢6ziimii miimkiin olur [2]. Girigim
cikarildiktan sonra istenen esas bilginin kod ¢oztimii yapilabilir.
Ornegin, D1 alicis1 once w2 mesajim ¢ozerek, X, sinyalini
Yp, sinyalinden cikarabilir. Bu asamadan sonra w; mesajinin
kod ¢oziimiinii yapar. Girigim ¢ok giiclii degilse bu miimkiin
olmaz. Biz bu calismada girisim cikarilamadiginda, girigime
giiriiltii gibi davranildigini varsayiyoruz.

D; alicisinda girisimin ¢ikarilabilmesi olayim G ile
gosterelim. Role iletirken girigimin ¢ikarilabilmesi olasiligt

P(Gi|Er) = P (Ig,1 > R§T>) 7 ®)
M)
1+ |h51D1 |2P51

|h52D1 |2P5'2 + ‘hRDl ‘2PR> ©)
1+|h51D1|2P51 .

fG,l = tlog (1 +

+(17t)log(1+

olarak verilmistir. Role iletimde bulunmuyorsa girisimin giive-
nilir bir sekilde ¢ikarilabilmesi olasilig ise

P@leR) = P(lea>RD), 10)
|h52D1|2P52 )

1 =1 1+ ————————— 11

o 8 ( L+ |hs,p,[*Ps, (v

denklemiyle ifade edilir. Role iletimde bulunuyorsa ve girisim
cikarilabiliyorsa D alicisindaki karsilikli bilgi miktar:

Iis,Dl = log (1 + ‘h51D1|2P51) (12)

denklemiyle, role iletirken girisim ¢ikarilamiyorsa

2
(G,R) __ |hs D ‘ Ps
1) _ 1o (1 + el e

|hSID1|2PSI ) (13)
1+ |hsyD,|?Ps, + |hrD, |*Pr

+(17t)log(1+

denklemiyle ifade edilir. Role yoksa ve girisim ¢ikarilabiliyorsa
Dy ’deki karsilikli bilgi miktar1 role varken girisimin cikarila-
bildigi duruma estir ve (12) ile ifade edilir. Son olarak role
yokken, girisim ¢ikarilamiyorsa D deki karsilikli bilgi miktar

|h51D1 |2P51 )

—_—r =1 14
1+|h52D1|2PS2 9

ISS?’)Dl = log (1 +

olur. D; alicisinda kesinti olmasin1 O ile gosterirsek D+ deki
kosullu kesinti olasiliklar

P(0:G1,Er) = P(Isinp <R) (15



P(Oig.er) = P(IE <) a6

P(O1|G1,E5) = P(Jis,D1<R§T>) (17
P &) = P15, <RT) a8

denklemleri ile ifade edilir.

Role birinci alicida sadece girisimdir. Ikinci alic1 iginse
yararl bilgi tagimaktadir. Bu nedenle ikinci alicidaki kargilikli
bilgi miktar1 denklemleri farklilik gostermektedir. Go ikinci
kullanicida girigsimin ¢ikarilabilmesi olaymi gosterdiginde role
iletimde bulundugunda girisimin ¢ikarilmasi olasilig1

P(Gol€r) = P (I’G,z > RgT)) (19)
ile ifade edilir. Bu denklemde

|hsyps | Psy )
1+ |h52D2|2P52
2
T — ) - (20)
1+ |hS2D2| PS2 + |hRD2| Pr

fgyg =tlog (1 +

+(1—t)log(1+

Role iletimde bulunamadiginda Ds’de girisimin giivenilir bir
bi¢imde ¢ikarilabilmesi olasilig1

P(G:6R) = P (10,2 > R§T’) @1

|h51D2|2P51 )
log(1l+ ——M——— 22
& ( 1+ |hS2D2|2P52 @2

Ig,2

ile ifade edilir. D> alicisindaki karsilikli bilgi miktar ise,
r6lenin iletimde bulundugu durumda girisim ¢ikarilabiliyorsa

Is,r,p, =tlog (]— + |h52D2|2P~92)
+(1 = t)log (1 + |hsypy|* Psy + |hep, [*Pr) . (23)
girisim ¢ikarilamiyorsa
|h52D2|2PS2 >
1+ |h51D2|2P51

|h52D2|2P52 + |ZRD2|2PR> (24)
1+ |h51D2| PSl

Iéf})?qD2 =tlog (1 +

+(1—t¢)log (1 +

kadardir. Ds’deki kargilikli bilgi miktar role iletimde bulun-
muyorsa ve Do’ deki girigsim ¢ikarilabiliyorsa

Is,,p, = log (1 + |h52D2|2P52) ) (25)

girisim ¢ikarilamiyorsa

(26)

h ’p
Ié‘f,)D2 = log (1 + | S2D2| So )

1+ |h51D2 |2P51

degerini almaktadir. Bu durumda D, alicisindaki kesinti olay1
O2’nin kosullu olasiliklart

P(0s|Gs,Er) = P (ISQR,DZ < R§T>) 7)
P(0:|G5,6r) = P (Ié%,pz < RéT)) .
P(O:G:E7) = P(Isup, <BD)  29)
P(0:l65,67) = P(1h, <E") GO

10°
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Sekil 2: hg,p, = 0 durumunda S:-D; cifti i¢cin kesinti
olasilig1.

olarak yazilir. Sonugta ¢ = 1, 2 alicisindaki kesinti olasilig1
P(0:) = P(Er)[P(GilEr) P (0ilGi, ER)

+ P(Gi|€r) (0ilG7, Er)]

+ P (Er) [P (Gil€R) (OilGi, ER)

+ P (G|ER) (OilG], ER)] BD

denklemiyle ifade edilir.

4. Benzetim Sonuclari

Bu boliimde yukarida hesapladigimiz  kesinti  olasiligi
ifadelerinin benzetim sonuglarin1 gosterecegiz. Biitiin grafik-
lerde Ps, = Ps, = Psp = SNR oldugu varsayilmistir.
Rolenin ne kadar dinleyip ne kadar iletecegi D1’deki kesinti
olasilifimi en aza indirecek sekilde secildiginde ¢t = 7,
D5 deki kesinti olasiligin1 en aza indirecek sekilde secildiginde
t = t3 degerini almaktadir .

Sekil 2 ve Sekil 3’te oncelikle hs, p, = 0 6zel durumu igin
kullanici basina diigen SNR’a karsilik sirasiyla birinci ve ikinci
kullanicr i¢in kesinti olasilig1 grafikleri verilmigtir. Sekil 2’de
birinci kullanicinin kesinti olasilifi rolenin varliginda azal-
maktadir. Role Dj’de girisimi arttirmaktadir.  Fakat bu
arti toplam girisimin ¢ikarilabilmesi olasiligini arttirdigindan
yararli olmaktadir. Sekil 2°de ayrica birinci kullanicinin kesinti
olasiliginin SNR yiikseldik¢e bir taban degerine yakinsadigini
gorityoruz. Bunun nedeni P (Er) P (Gf|Er) P (01|61, ER)
carpimindaki her bir terimin sabit bir sayiya yakinsamasi ve
SNR arttik¢a azalmamasidir.  Sekil 3’teyse, hem ¢, hem
t5 degerleri i¢in Dy’deki kesinti olasihigm yiiksek SNR’da
1/SNR? gibi azaldigini gozlemliyoruz. Sekil 2 ve Sekil 3’e
bakarak sistemin ¢t degerinde caligmasimin ¢5 degerinde ¢alig-
masindan yararli oldugunu sdyleyebiliriz. Ciinkii bu durumda
Dy ’deki kesinti olasiliginin taban degeri azalirken, D>, rolenin
sundugu tiim ¢esitlilik kazancini elde edebilmekte ve Do’deki
kesinti olasilig1 hala 1/SNR? gibi azalmaya devam etmektedir.

Sekil 4’teyse hs, p, diger biitiin kanal kazanglari gibi rast-
gele degismektedir. Rolenin olmadigi varsayildiginda her iki

't’l‘ ve t5 degerleri SNR’a bagl olarak degismektedir.
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kullanicinin kesinti olasiliklar1 aynidir. Roleli durumda her
iki kullanic1 i¢in de kesinti olasilifi azalmistir. Role bekle-
nildigi iizere ikinci kullanici ¢ifti icin, birinci kullamicr cifti
icin oldugundan daha yararhidir. Bu fark 6zellikle diisiik SNR
degerlerinde daha belirgindir. Bu sekilde ikinci kullanicinin
kesinti olasilig1 da SNR yiikseldik¢e bir taban degerine yakin-
samaktadir. Bunun nedeni P (Er) P (G5|ER) P (02|G5, ER)
carpimindaki her bir terimin, hs, p, = 0 oldugu durumun ak-
sine, artik sabit bir olasilik degerine yakinsamasidir. Bunlara
ek olarak, her iki kullanici igin ¢ degerinin ¢ veya t5 degeri-
ne esit secilmesinin elde edilen kesinti olasiliginda 6nemli bir
degisiklige neden olmadig1 gozlemlenmektedir.

5. Sonug¢

Bu bildiride yari ¢ift yonlii roleli, iki kullanicili bir giri-
sim kanalinda kullanicilarin kesinti olasiliklar1 caligiimistir.
Rolenin birinci vericiyi duymadigi varsayildigindan, rélenin
iletimi sadece ikinci kullanici i¢in yararlidir ve birinci kullanici
i¢cin tamamen girisim olusturur. Fakat rolenin iletimi birinci
kullanicida girisimin ¢ikarilabilmesi olasiligini arttirmakta ve
D1’deki kesinti olasilifini azaltmaktadir. Bu nedenle rolenin
her iki kullanici i¢in de yararli oldugu gosterilmistir.

Bu caligmada girisim kanallar1 i¢in ¢ok temel bir haber-
lesme yontemi incelenmistir. Ilerideki galismalar vericilerin
istdiisiim yontemini kullanarak iletim yapmasini, dogrudan ge-
len bilgi ile girisimin kod ¢oziimiiniin birlesik olarak yapil-
masini icerir. Bu yontemlerle kullanicilardaki kesinti olasilik-
larinin iyilestirilecegi 6ngoriilmektedir.
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Cooperative Strategies and Achievable Rates
for Two User OFDMA Channels

Sezi Bakim and Onur Kaydember, IEEE

Abstract—We propose three encoding strategies for a two (AF) scheme based on time-division duplex transmissions
user cooperative Orthogonal Frequency Division Multiple Ac-  was employed in [9] with the aim of maximizing system

cess (OFDMA) system, based on block Markov superposition ; ; ; ;
encoding (BMSE). We obtain the expressions for the resultip Lhr:ﬁ:lgzsgtte?r:]d enhancing faimess in a cooperative OFDMA

achievable rate regions for all three encoding strategiesWe : ) ]
show that, by allowing for re-partitioning and re-encoding of The works in the literature related to cooperative OFDM,

the cooperative messages across subchannels, it is possibtdb some examples of which are listed above, either consider
better explo_lt the diversity created by OFDMA, and hlgher rat(.i‘s a one sided Cooperation strategy, or a mutua”y Cooperative
can be achieved. We demonstrate potential rate gains attatl gy o100y hased on two parallel dedicated relay channels, or
by cooperative OFDMA, through simulations. . . L .
mutual cooperation based on a time division protocol. I8 thi
paper, without imposing any prior constraints on which siser
. INTRODUCTION will use which subchannels, we first propose two full-duplex

OFDMA is a multiple accessing technique which proVidegooperative encoding strategies: intra-subchannel atet-in

a relatively simple way of assigning available bandwidth tgubchannel cooperative encoding. These strategies usdalec
users, while avoiding interference. Furthermore, it corsva 2nd forward (DF) approach and are based on BMSE. Intra-
frequency selective fading channel, into parallel flat fiadi subchannel C(_)operatlve e_ncodmg is an extension of the two
subchannels, hence reducing the effects of intersymbet-intUSer cooperative strategy in [3] and [4] to OFDMA, and inter-
ference. However, like all orthogonal multiple accessieght SuPchannel cooperative encoding is a novel method which
niques, OFDMA incurs a loss in achievable rates. Moreower, #!lows for re-partitioning and re-encoding of the coopigeat
wireless channels, what is considered as interferencefactn Messages across subchannels. We further propose a more
side information, and combined with the diversity creatgd gPractical encoding technique with half-duplex operation i
the orthogonal subchannels in OFDMA, this side informatigh?ch subchannel, and call it half-duplex cooperative eingod
can be exploited to increase the rates achievable by the.ustfe obtain the achievable rate regions for all three straggi
The idea of mutual cooperation in wireless channels rod§d compare them with the non-cooperative OFDMA capacity
from the abstract model, known as multiple access chanfg@ion through simulations, which demonstrate promisatg r
(MAC) with generalized feedback, introduced in [2], [3]MProvements.
In [3], an achievable rate region, which was larger than
that of [2], was obtained by utilizing BMSE and backward Il. SYSTEM MODEL
decoding. More recently, in [4], the MAC with generalized
feedback was used to model a fading cooperative additiveWe consider a fading two user cooperative OFDMA system
white Gaussian noise (AWGN) channel, and the results ther&ith N subchannels. On each subchannel, unless otherwise
made cooperative communications very attractive. stated, each user is capable of both transmitting and riegeiv
The use of cooperative protocols in OFDM systems waignals. The system is illustrated in Figure 1, and is medell
investigated extensively by many authors over the receartsye by,

In [5], the authors obtained bounds on pairwise error prithab @) @) () ) () (%)

ity for single antenna OFDM systems employing cooperative YO_ - hl_o Xl_ + hQQ Xo" 20 @

convolutional codes. In [6], per subcarrier hybrid coopiera Yl(l) = hgl)Xéz) + Zfz), (2)

strategies were proposed, with the goal of minimizing the v — O x @ | 500 3)
;. . . . . 2 T 1241 2

error probability. Methods for subcarrier selection in tihdp _

OFDM systems were developed in [7]. Resource allocation fahere, for each subchannet {1,..., N}, X,gl) is the symbol

an OFDMA system where each user is allowed to transmignsmitted by nodé, Zj(.i) is the zero-mean additive white

and receive at the same t|m_e, but necessa_nly on d'ﬁem(g&ussian noise at nodja hﬁ) is the instantaneous fading
subcarriers, was considered in [8]. An amplify-and-fordvar J

coefficient between nodés and j, known to all nodes, and
Manuscript received Dec 31, 2010; revised Jun 30, 2011 ptedeSep 23, }/j(l) is the symbol received at nodg with & < {1,2},

2011. The associate editor coordinating the review of #tiet and approving j € {0, 1, 2} andk # j. Here, the receiver is denoted py-= 0.
it for publication was Guosen Yue. . () 5 (#)2 . . .

The authors are with the Department of Electrical and Edeets En- 1N€ variance OZj IS given bij . To simplify the notation
gineering, Isik University, Istanbul, Turkey. Email: seakim@isik.edu.tr, throughout the paper, we define the normalized power-fading
onurkaya@isikun.edu.tr. o ) (h())2

This work was presented in part at the IEEE Global Commuioicat CoeffICIGHtSskj = (ij>2 )
Conference, Miami, FL, Dec 2010 [1]; and was supported by Sbientific %;

& Technological Research Council of Turkey, Grant 108E208. C(z) £ Llog(1l + ).

and the Gaussian capacity function,



o where k,j € {1,2} andj # k. In (5), X\!) carries the

(1) @
- N d 1 ’ fresh information intended for the recelveY,,g) carries the
hé/ ' information mtended for transmitter for cooperation in the
o w__ - =i 2z next block andUk is the common information sent by both
VA transmitters for the resolution of the remaining uncettain
WQ’J/: _ ~/ N ez from the previous block, all of which are transmitted oves th
N " ith subchannel and chosen from unit Gaussian distributions.
Vs The caret, as imbj(.;) [b—1], will be used to denote the estimates
- // / of messages at the cooperative partner throughout the .paper
Ve Note thatt}” = U = U, whena()[b—1] = wi[b—1].
‘_2 The drawback of the intra-subchannel cooperauve encod-
/ ing is that, it does not allow us to take full advantage of
N [z the diversity created by OFDMA across subchannels: if on
User 2 one subchannel, the inter-user link is very strong, but-user

destination links are consistently very weak, the totaladat
rate of the submessage on that link will be dictated by the
weaker link. If, however, we allow submessages received by
a user on each subchannel to be combined, re-partitioned
and re-allocated onto the subchannels, we will potentially
obtain better rates. Therefore, we propose an implementati
Igf such an approach, and calliitter-subchannel cooperative
encoding.

In inter-subchannel cooperative encoding, since g'saeal
The channel model given in (1)-(3) consistsrthogonal goal is to decode and re-encode the whole messageof

two user cooperative multiple access channels (CMAC) in parser k, in re-encoding eachu,; can be divided into new
allel, over which users 1 and 2 want to convey two independaiifbmessages,

messagesy; andw, respectively. Therefore, the encoding and ) () ) ()

decoding techniques known for the two user CMAC [4] can be W12 = {U12 100 Ul }, W21 = {021 3 eeey Uy }, (7)
easily extended to this system, by splitting the total mgssa 7 N ‘)

to be transmitted into smaller submessages, and encodihg e4ith the new respective ratds,), .. "} and{R,", ...,
submessage independently over the orthogonal cooperaﬁ%@é }. The exchange, re- partltlonlng, re-transmission and
channels. This approach, which we catitra-subchannel decoding of cooperative messages is illustrated in Figure 2
cooperative encoding, first divides the messages into twdt is assumed that a table to match the new cooperative
submessages, i.au = {wig, w12} andws = {wag, wa1}, @s submessagesu , to those received in the previous block,

in [3], [4]. Here,wy; is intended to be decoded by ugeand w,(fj), is ava|lable at the users and the receiver. Hence, the

the receiver, whilevy is intended only for the receiver, Wherereéelver can obtaim. unon decodina® for all 4.
j,k € {1,2} andj # k. These two submessages are further ki UP @k
divided into N submessages each, to be separately transmitted

over N subchannels,

Fig. 1. Gaussian cooperative OFDMA channel model.

II. CODING TECHNIQUES ANDRATE REGIONS FOR
COOPERATIVEOFDMA

A. Intra-subchannel Cooperative Encoding vs Inte
subchannel Cooperative Encoding

I SR M oM P | Block
WO = | Wy 5 -5 Wpo s Wk = wkg g e wkg s ( ) User 1
with the respective  rates {R\),...,RUY'}  and 1)”“” v User 1| VYR \\
| W, | N
(R, RV}, and are encoded separately over each ﬁn ﬁ A e VTGN
subchannelz = ,N, by using a straightforward = = RN Receiver
extension of BMSE [3] [4], to OFDMA, L N N
\\ )\712"/21
z) /(i) x@ U(i) Oy 11 0@ — 1 N K "
Pro ko wko (wi [ [ g ) - \/;v{gvg; |
0) (i i i i i VO e R 2
+/p0XG (0l 1L U@ b= 1L, Q- 1)) ] ] e |
@) (i) { (0 NO, ... ). Y E(>E(>ngz -7
+ pUk Uk (wkg [b - 1]1 wjk [b - 1]) (5) User 2 User 2 Vg’r)%g) -

with the key difference that the powers assigned to each-code
word in (5), are required to satisfy the sum power constsaint

over each subchannel, Fig. 2. Re-partitioning of cooperative messages in intdrebannel cooper-
Z (1 (i) Z (4) <5 (6) ative encoding. For the ease of demostration, the tran&miss the receiver
Dro - Dy = Pk- in block b — 1, and the transmissions among the users in blocke not

shown.

User 2



N
It is important to note that, smc%w(j)} and{v,w} ,
L

are just different partitionings of the same messagg their

total rates have to be the same, i.e.,

’ ’
2nR12 — 2nR§12)+...+nR§12V) — 2nR1(21)+...+nR1(2N)

3

1) (N) ' (1) "(N)
2"R21 = 2nR21 +...+nRy T 2"R21 +...+nRyy . (8)

The way BMSE is executed is mostly similar to the case
intra-subchannel cooperative encoding, with the key cfiee
that, in blockb, the cooperative codewordsgl) of each user

k are now assigned t(ﬁ;gﬁg [b — 1] and vgj)[b — 1], which

are re-partitionings of the cooperative messages excliainge
, B, the

the previous block. Then, in each bloék= 1,---
codewords transmitted by userwherej, k € {1,2}, k # j,
Vi e {1,---,N} are formed using

X0 =\ (0. 0O 6 - 1,001 - 1)

(i
Wio
XD (w6, UO @ 11,0~ 1))

+ /26U (vfl 1o - 11,5 [b—u) (©)

Ry < Zmln{

R1+R2<Zmln{ 19 +02(11) Cél,cl)}a

+cfy. e, (21)

(22)

are achievable, where the convex hull is taken over all power
allocation policies that satisfy (6).
(b) Using inter-subchannel cooperative encoding, theuctos

?i the convex hull of all rate pairR;, R2) satisfying (10)-

4), (16), or equalently
Ry < Z C

Ry <ZC;1 +026,

(23)

107

(24)

are achievable, where the convex hull is taken over all power
allocation policies that satisfy (6).

Proof: Here, we provide an outline of the achievability
proof; a more complete version including the probability of
error analysis can be found in [10]. The proof for part (a)

where the powers still satisfy (6). Having described botif!lows from a suitable extension of the proofs in [3], [4],
encoding strategies, we are now ready to state our mairtrest@ IV _parallel subchannels; only the transition from (10)-(15)

Theorem 1:For a two user cooperative OFDMA channelw12

define the rate constraints,

_ _ r @), (3)
RY<c2E|C (%) : (10)

L $ispig +1

s Séﬁ) péﬁ)

L S51Dsg + 1
< cid = Blo ()] (12)
20 < Oéz) £E _C (ngopglo))} (13)
R+ B <o 2 Blo (060 +s0s0)] .
RY + RY + RY + RY) < ¢, (15)
RS + R+ R{) + RY) < C, (16)

where
co 2 [0 (042 S0 )] an

and
Ry _ZR” ZR%—FRH—ZR +RY,

=1
S WS o
i=1 i=1

(18)

RYY —ZR )L RD. (19)

(a) Using intra-subchannel cooperative encoding, theuctos
of the convex hull of all rate pairsR;, R2) satisfying (10)-

(15), or equivalently

Ry < me{ +c oo } , (20)

to 820) (2 2 requires some attention: the rates of subngessa

andw are subject to two constraints, one for the inter-
user link and one for the user-receiver links. Thereforey#te
R,C for userk on each subchannelis separately restricted
by the minimum ofC’(ZJ + C’(Z andC”, hence the need for
the extra minimum operations on single user rates.

The proof of part (b), whose steps are summarized in
Table I, proceeds as follows: in each blotkand on each
subchannel, each usey uses joint typicality check to decode

(Z)(b), using Xk , and treatlngX,io) as noise, leading to
the constraints (26) (27) in Table I. The receiver on the
other hand uses backwards decoding [3] to determine the
transmitted messages. That is, in blaBk using all received
codewords, the receiver decodeg [B — 1] and v;l)[ —1]
over each subchannel using joint typicality check, and
therefore also knowsiiz[B — 1] and wq1[B — 1]. Then,
in block B — 1, it uses this information to jointly decode
(39[B - 2], [B - 1],55)[B — 2], @) [B — 1]}, based on
which it may also deducé;»[B — 2] andw»; [B — 2], and this
process continues until the first block. The estimates ofehe
partitioned cooperative messag?g(é) [b — 1] are converted to

estimates of the cooperative messa@éﬁ [b — 1] using the
match-up table available at the users and the receivergUsin
this decoding strategy, and well known properties of jgintl
typical sequences [3], [11], it can be shown that (28)-(31)
are sufficient to guarantee asymptotically error free deapd
at the receiver. Finally, evaluating (26)-(31) for the gaxhed
Gaussian codewords, we obtain (10)-(14), (16).

The equivalence of constraints (23)-(25) to (10)-(14),)(16
can be proved as follows: (23)-(24) follow trivially from@}-
(13) and (18)-(19). The constraint (25) foIIows from (1Q}},
(14), (16) and the fact thaR,i) and R,C ") are constrained
separately, and need not be equal on a given subchanasl



TABLE |
THE SKETCH OF ACHIEVABILITY PROOF

MO O D . . . . o
« Generate" P12 +1217) |lengthn sequences” with i.i.d. unit Gaussian entries, and assign them to distinessage

. ) i n " (i) n ’,(i) i i i
pairs {v{3), v3} € {1+, 2"} x {1,272}, to formu® (v vg?).
i) () (i @) i nR() i :
« For everyu(z)(1;§2),1;§1)),generat@"R12 lengthn sequencesgg,andQ R0 lengthn sequences&)) from independent
. . L . . () i R
unit Gaussian distributions, and assign them to dlstm@) e {1,---,2"2} and wio) e {1,---,2"0}

respectively; to forme'3) (wy), u@ (012, v{)) and 2y (wly, u® (1), v5))).

« For everyu® (v{2) v{)), generat@™"21 lengthn sequences’’) and2"?2 lengthn sequences’) from independent
unit Gaussian distributions, and assign them to distin§) € {1,--- ,Q”Réil)} and wgﬁ)) e {1, - 72”""516)}
respectively; to forme$? (w, u® (v'2, v$7)) and 28 (wl), u® (8, v{D)).

« Encode messages using (9) over each subchannel, and send.

Codebook Generation & Encoding

Decoding Rule Resulting Rate Constraints for Reliable Decoding

. . ~(7)
S || Findw,;[b] s.t.
3 (i) @) (5@ _ O . . . . .
; {gj [Z)(]i7)u (’ik)] [Ab(z) 1]7vjk [b(z) 1)), RYQ) < I(Xf;);Y2(Z)|X2(’L)7U(Z))7 (26)
2 || @y (g 0] " (010 = 1], [b = 1D), R < 1(x{); vV |x® v, @7)
"g mJ;c (wj; [0, u(l)_(ﬁkzj [b— 1]_7 Uj;c [b— 1]_ )
8 | =@l w1 w6~ 1) b - 10)}

are jointly typical.
g | Find o206 — 11,557 [b — 1], wig (8], w5 [b] s.t.
2 O1pl. (50 = (i) _ . L
g {y [b], w™ (015 [b — 1], 57’ [b — 1)), () (. ) x () x ) @
Q X ) ) ) ) Rig <I(X;";Y'VW|X57, X445, UY), (28)
@ ) (D1 2y (5D = (i) _ . I
= Tqig (Wiq [0], u' (04 [b — 1], 057 [b — 1])), i i i i i i
5 || Z{Tialthe (@l = o) R < X5y O X, XD, U0), (29)
o || Ty @albhu 0 10 = 110270 = 11), M) | R 0 x(. v x® xO g®
£ |« @bl a0 bl w33 — 11,55 b~ 1)), Fag Ry < I(X,7, X5V X, Xog, U, (30)
S || @ (0 (8], @) bl u (013 b — 1), 5 b — 1) | RS+ Ry + Ry + Ry) < 1(X(Y, %37 v0). (@)
Q || are jointly typical.

long as their sum over all subchannels remains the same. the receiver listens. The encoding is done across subclsanne
Remark: Comparing the achievable rate region (23)-(25llowing the messages received in the previous block to be re

with (20)-(22), we see that the minimum operations requirgghrtitioned in the next block. The achievable rate region fo

for the individual rate constraints for each subchannel atige half-duplex cooperative encoding strategy is desdribe

removed, and the minimum operation required for the sum rate following theorem.

constraint (22) is taken outside the summation over the sub-

channels. This eliminates the bottleneck on achievabkesrat

caused by the per-subchannel constraints, and the ratnregi Thegrem 2:For a two user cooperative OFDMA channel
obtained by inter-subchannel cooperative encoding alwayich employs half-duplex cooperative encoding, an achiev
contains that obtained by intra-subchannel cooperatitve. Taple rate region is given by the closure of the convex hull of

rate regions achievable by both strategies will be compargdl rate pairs(R,, R,), with R, = Ry + R, satisfying
for some sample fading scenarios, in Section IV.

OMOERN

$13P12 [ ( (4) (i))]
B. Half-duplex Cooperative Encoding < ; B\C <s§i2>p§i0)+1> fe{;z f “{sr0) |

T 1 L 4 1 s
The two cooperative OFDMA models proposed so far o (32)

assumed full-duplex operation in each subchannel. However - M @)\
in practice, due to the vast difference between the tratsthit z, < N~ £ | (‘3)21(73)21 + Y E {C (S%)pgzg)] 7
and received signal strengths, it is not possible to transmi €Ty 531020 +1) | ieiTozs)
and receive simultaneously on the same band. Hence, in this (33)
section, we define a more practical orthogonal cooperative
encoding strategy, with half-duplex operation in each subg, < min{ S B {C (sgio) Y +p§i2>))}
channel. The available subchannels are first divided imgeth ety

sets, i.e.Z £ {1,...,N} = {71,7,,73}. On subchannels N i
i € 1y, user {1 transm}its, vflhile user} 2 and the receiver + ZE {C (sgo)(péo) +p§f))}

listen, on subchannels € Z,, user 2 transmits while user i€l

1 and the receiver listen, and @ne 73, both users transmit + Z E {C (Sgio)pgi) n Sé%)péi) +9 s%’sé?p?}fp%}iﬂ 7
simultaneously, to obtain coherent combining gain, whilg/o ieTs



> E

siopis (),
? T Achievable Rate Regions for Cooperative and Non-cooperative OFDMA
c +C (510p10) 0.4 :

i S0 +1 — [ e
s ) ) L |
521 P21 (@), (4) 1 ;
+ Z E|C <7(i) ) 1>+ C (SQOpQO)l [ ,
i€, $21P20 + 0sk s ]
Lo o E
- X0 (i + 0ot | N |
1€Z3
|
Proof: The proof relies on the key observation that «  » o2l 1
proposed half-duplex scheme may be viewed as a specia N
of inter-subchannel cooperative encoding, V\pgg = pg? = oas ol a0 00 ]
B0 =l = 0for i < T g = p3 = plD = gl 0 | W
3 3 . . @) 1=g1h@ 1=
for i € T, andpl) = p{) = 0 for i € Z5. Substituting thes: o1y ol Elaof=0e ]
|

@ 1@ 1=
E[h®) J=EN{) 109,

power levels in (23)-(25), we obtain the desired result. m

005} @ 1@ 1=
ELn) =G, 1=0.8,

IV. SIMULATION RESULTS | En®j=em® j=0s.

(12) (21
)

L L

In this section we evaluate the achievable rate reg 0 005 01 015 g? 0zs 03 035 04
(23)-(25) for inter-subchannel cooperative encoding &@j-( '
(22) for intra-subchannel cooperative encoding, and CoEPig 3. Achievable rate regions for fading scenario 1. Therinser links are
them with the capacity region of a non-cooperative OFDMAtronger on subchannels 1 and 2, and direct links are strargsubchannel
system, as well as the achievable rate region of our halfedup3- Subchannel allocation for half-duplex setting is set® optimal strategy.
cooperative encoding strategy (32)-(34). We assume that, f
all four protocols, the users are able to allocate theirlt

Achievable Rate Regions for Cooperative and Non-cooperative OFDMA

power across subchannels and codewords, and the achit 035 w w w e
rate regions are generated by taking the convex hull ove inra-subchannel coop
valid power allocation policies. Note however that adap 03 = = = o cooperation

power allocation in terms of instantaneous fading state
not considered, the power assigned to each subchanne
codeword remains the same throughout the transmission
total power of each user and the noise variances are bot

to unity (except for Figure 5 where SNR is varied). Th e R SO |
subchannels were used in the simulations. < e

In Figure 3 the achievable rate/capacity regions are ge 018 e s, ! 1
ated for fading scenario 1, where we choose channel ¢ | |
from independent Rayleigh distributions, the means of i ol a0 | |
are shown in the figure. While, for half-duplex cooperat Elriol-Eliaolos, |
with an arbitrary number of subchannels and arbitrary aye ousl I ElG, =09, E |
channel qualities, it is not easy to find the optimal fi | EnEm)os, [
subchannel allocation policy to the half-duplex operati EN) J=EIE, 0.4 E
of the users, in our particular example we can simply % 005 o1 015 02 025 0s 035
T, = {1}, T, = {2} andZ; = {3}, which is in fact optimal o

among all fixed subchannel allocations. We see that thes'”wg 4. Achievable rate regions for fading scenario 2. Diledk gains on

user achievable rates for both cooperative strategiesrail@s  subchannels 1 and 2 are asymmetrical, and on the av.erage thars inter-

but the gap between the achievable rates of the two policigsr-link gains. On subchannel 3, direct links are strottuan inter-user links.
increase near the sum rate point. This can be exp|ainedSagchannel allocation for half-duplex setting is set to dpémal strategy.
follows: the cooperative links on the first two subchannels

are better on average, while the direct link is better on the

third. Therefore, although the ter@{" is not very restrictive higher than that of the intra-subchannel cooperative egjyat

on the single user rates (20)-(21), it is restrictive for th&ince the direct links are stronger over the first and second
sum rate (22). Since inter-subchannel cooperative codamg ¢ubchannels and the cooperative link is stronger over e th
assign powers to cooperative codewords so that it mostly usébchannel, and with our selection @f, 7, and Zs, the

the third subchannel to send the cooperative codewiord half-duplex cooperative encoding uses subchannels 1 and 2
and the first two for cooperation among users, its advanta§ecreate common information, and subchannel 3 for direct
near the sum rate point is more pronounced. Under thd&gnsmission to obtain coherent combining gain.

channel conditions, we see that sum rates for both cooperati In Figure 4, we switch to the Rayleigh fading scenario 2,
strategies are always higher than non-cooperative OFDM#hd the gap among the two cooperative policies becomes more
while the sum rate of half-duplex cooperative encoding epparent. Note that the direct link gain of user 1 is worse



than user 2 on subchannel 1, and vice versa on subchanne *
Therefore, the rate gains achievable in those subchanresls
hindered by the per-subchannel constraints of intra-sanol
cooperation, and in fact around the sum rate point it ackiev
rates only slightly better than non-cooperative OFDMA, levhi
inter-subchannel cooperation still gives large gains. S
rate of half-duplex cooperation, which uses the same optim
channel assignment as above, is less than both full-dupl ;-
cooperative strategies due to the fact that the achievailbée r
of the half-duplex cooperative encoding relies heavily ba t
direct link gains on subchannel 3, that is relatively weak fo*
this fading scenario.

In Figure 5, we provide further simulation results compar
ing the sum rates achievable by intra and inter-subchanr
cooperation, as a function of the average transmit sign

10°
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Comparison of sum rates achievable by intra and-subchannel

varying SNR to depend highly on the fading statistics, b'@!t)o.perative encoding, as a function of SNR. The performategends on
especially when the fading is asymmetric, the gain is moreative average strengths of fading coefficients on sulietla, rather than

pronounced for low and moderate SNR values.

SNR: in scenarios 4 and 5, there is nearly 2dB gain at low andenate
SNR values respectively, in the symmetric scenario 3 whersubchannel

provides a relative advantage to either policy, inter-taboel cooperation

V. CONCLUSION

only slightly outperforms intra-subchannel cooperatisi@roalmost all SNR

values.

In this paper we introduced a two user cooperative OFDMA
system, and we proposed two full-duplex encoding strasegie
intra-subchannel cooperative encoding and inter-subradan
cooperative encoding, based on BMSE. We derived rate regio
expressions for both encoding strategies and showed that
re-partitioning and re-encoding of the cooperative messag
across subchannels, i.e., inter-subchannel cooperativede
ing, is always superior to intra-subchannel cooperatieodn
ing, and provides significant rate gains. We further prodose
a half-duplex implementation of cooperation based on 4inter
subchannel cooperative encoding, and showed that detpite i
orthogonal structure, it too may outperform the full-duple
intra-subchannel cooperation under some cases. Achivabl
rates for all three proposed scenarios show that it is very[7]
advantageous to make use of overheard information, edigecia
taking into account the added diversity created by the OFDMA[S]
subchannels.
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OZET

Anahtar Kelimeler: TT-FBC, DFBC, C@a Gonderim, Kaynak Tahsisi.

Dik frekans bdlmeli goklama (DFBC) genis bant sistemlesdmboller arasi girisimi
engellemek icin kullaniimaktadir. Bu sistemle kanal al&iéara bélanar. Her altkanal
farkli kullaniciya tahsis edilebilir. Cizelgeleyici heukanici alt kanal ikilisinin kanal
kazanci hakkinda bilgi sahibi ise, bu bilgi kullanilarakilek algoritmalarla bant
verimliligi artirilabilir ve sistem basarim hedefine ulagilabilir

DFBC yonteminin bir dezavantaji yuksek tepe ortalama ganoa (T/OGO) sahip
olmasidir. Bu ylzden yukari gonderim ,enerjisi kisith elatli terminalden baz
istasyonuna dgru iletim icin ayni performansi ggayan tek tasiyicili frekans boélimeli
coklama (TT-FBC) tercih edilebilir. TT-FBC kendine has khrtahsis kisitlari

nedeniyle kanal tahsis problemini ilging kilar. Calismam ilk boliminde TT-FBC

tabanli bir sistemde altkanal ve gu¢ tahsisi problemi imricalisiimis ve algoritmalar
onerilmigtir.

Coga gonderim sistemlerinde bir baz istasyonu ve cesitliakuti gruplari vardir.
Bir gruptaki tim kullanicilara ayni bilgi iletilir. Buradgoda gonderim veri hizi
genelde en kotl kullaniciya §mkabul edilir. Oysa ki, Reed-Solomon tirl kodlamalar
ile, kullanicilar butiin kanallardaki sinyalleri cozmekriyee belirli bir sayida kanali
cOzerek gerekli bilgiye ulagir. Bu durumda Reed-Solomodl&masinin sgadg!
avantaj ile DFBC'nin kanala ligh cizelgeleme avantaji sayesinde ¢oklu yayin veri
hizi artirilabilir. Calismanin ikinci béliminde isegaogénderim gruplarindan olusan
bir sistem icin altkanal ve bit tahsis algoritmasi dnergtini
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Resource Allocation in Multichannel Broadband Wireless Sgtems

ABSTRACT

Keywords: OFDM, SC-FDMA, Multicast, Resource Allocation.

Orthogonal Frequency Division Multiplexing (OFDM) has begsed to combat inter
symbol interference in broadband wireless systems. Thi&abl@abroadband channel
has been divided into many narrow subbands. Channel ansoaree allocation can
be used to allocated each subchannel to the appropriateandeimprove spectral
efficiency and quality of service.

OFDM provides multi user diversity but has one disadvantadech is high Peak to
Average Power Ratio (PAPR), which decreases energy eftigiehmobile terminals.
One solution is a method which has the same overall compglexth OFDM, and
is called Single Carrier Frequency Division MultiplexingG-FDM). SC-FDMA has
unique resource allocation constraints, which makes tlammo#l allocation problem
interesting. In the first part of the thesis we propose chiaalieeation algorithms for
QoS in SC-FDMA based access systems.

In multicast systems there is a base station and multicastgreups, where users in
a group receive the same information. Traditionally malkicrate is defined as the
minimum user rate in a group, which seriously limits the tlgloput. Using Reed-
Solomon the multicast data can be recovered from only a sabd@ts/subchannels
etc. So with channel dependent scheduling and OFDM it isiplest increase the
multicast data of a system with the benefit of Reed-Solomodir@o In the second
part of the thesis we propose subchannel and bit allocalgmrithms for multi group
multicast systems.
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BOLUM 1

1. GIRIS

Haberlesme sistemleri her gecen yil daha cok gelismetkiep sayisi daha cok
artmaktadir. Kablolu haberlesme ile tanisan kullaaraamanla kablosuz haberlesme
sistemlerini talep ettiler. Gelisen teknoloji evdeki kalb telefonlarin yaninda cep
telefonlar kullaniimasi gibi olanaklar §&di. Bdylelikle kullanicilar istedikleri
yerden haberlesme §ayabildiler.

Internet uygulamalari, diz Ustu bilgisayarlar ve kisiseb bilgisayarlarin gelisimi
kablosuz Internet talebini artirdi. Kullanicilar evlaedeki kablolu bilgisayarla elde
ettikleri servis kalitesinde kablosuz erisim istiyodar Kullanicilarin hareketjini
sajlamakla beraber yiksek veri hizi talebini de getirdi. Dglilesek veri hizlari i¢in
farkli iletim sistemleri, daha genis bant, gelismis kak tahsisi, gic verimli§i gibi
kavramlar birer problem olarak ortaya gikti.

Gelisen haberlesme teknolojisiyle bant gegistie artti. Clnki daha yuksek bant
kullanarak daha yuksek veri hizi elde ediliyordu. Artan lantbgenisiyi ile farkl
kipleme tekniklerinden fayda §tandi. Bunlardan bir tanesi Dik Frekans Bolmeli
Coklama (DFBC, OFDM) tekgidir. Bu sistem sayesinde kanal alt kanallara bolunar
ve semboller alt kanallar Gzerinden gonderilmektedir. 1Agandi kullanan farkli
kullanicilarin banttan faydalanama sekilleri farkli @détir. Bunun bir nedeni farkli
alanlara yerlestirilmig kullanicilarin, farkli kanahkakterine sahip olmasidir. Farkli
kanal karakterlerini olusturan faktorler Bolum 1.3.'d@atiimistir. Bunlardan kisaca
bahsedersek kullanicinin etrafindaki binalardan , gélgel ve cok yollu iletimden
dolayi kanalin karakteri idealden uzaklasir. Her kukkane altkanal igin farkli kanal
tepkisi olacaktir (farkli ortam, farkl binalar vs. nedgie). Kaynak tahsisi akilli bir
sekilde yapilirsa bu dezavantaj avantaja dénusturifebi

DFBC yonteminde kanal alt kanallara boltndr ve kullanrddendi aralarinda kanali
paylasir. lyi bir tahsis algoritmasiyla hangi kullaniclya hangi kanadaha verimli
olacaini bilmek sistem verimini artirabilir. Buna kanala lifi ¢izelgeleme denir
ve bolim 2.4.'de ayrintili bicimde anlatiimistir. DFBCntémi genisbant kanallarda
gorulen semboller arasi girisim gibi sorulara ¢6zim bWn@n ideal bir sistem
olarak tanimlanir. Ayni kanalda gonderilen ardisik selleb@enisbant sistemlerde
birbirlerine girisimde bulunmaktadir. Kanal boltp sestieri dar-bant alt kanallarda



gondermek bu girisimi dnleyecektir.

DFBC sistemlerinde en buylk problemlerden birtanesi tegialaona gic¢ oranidir
(T/OGO). DFBC’de kanalin alt kanallara bélurglinden bahsedilmisti. Altkanal
sayisinin ¢ok oldgu durumda bunlarin maksimum toplam iletim gicleri, ortzda
toplam glice gore cok daha fazladir. \Vericideki guc yuksiédti ortalamaya
gore ayarlandyinda, tepe gucle iletim yapilmasi gereken durumlardéciletdeki
glc yulkselticiler dgrusal olmayan boélgede calismak durumda kalir ve sinyalde
bozulmalar olur. Bu problemi ¢ézmek igin gu¢ yukseltidilelaha az verimli
kullanmak gerekir. Bu verimsiz ¢Ozum yerine farkli bir itat yontemlerinden
olan tek tagiyicili frekans bolmeli coklama sistemi (TB¢; SC-FDMA) kullanir.
Burada modulasyon sembolleri ayni and@itseri olarak gonderilir. Aslinda DFBC
yonteminin ayrik fourier donastmnun yayilimi olarak atlailir.

Performans olarak DFBC ydntemiyle benzer olan TT-FBC y@mteinyal isleme
bakimindan ve seri iletim ile tek tagiyicili bir sistem @lsn bakimindan ayrilir.
Bu farklilik ile bu sistemde T/OGO’dgerinin daha distk olmasi@anir ama tek
tastyicili yapisindan dolayi alici sistemlerde daha legikn ve blyuk egitleyiciler
kullanihir. Bu esitleyicileri genelde daha kugtk yapidarohareketli terminallerde
kullanmak maliyeti ¢cok artirir. Bunlari daha biyuk yapi@adaha sayida az olan baz
istasyonlarina yerlestirmek ¢ok sorun yaratmayacaRtiytizden TT-FBC yontemleri
yukari gonderim (uplink, terminalden baz istasyonuna) tercih sebebi olabilir. Alt
kanallarin kullanicilara olan tahsisi bakimindan iki anabg ayrilan TT-FBC yontemi
Bolum 2.2.'de ayrintili sekilde anlatiimistir.

Bu calismada TT-FBC yontemleri icin kanalagbacizelgelemeyi esas alarak alt
kanal, guc tahsisi Uzerinde durulacaktir. Farkli probknml ¢ozimi icin gerek

eniyilenmis gerekse en iyiye yakin tahsis algoritmalanimlanmistir. Bu tanimlanan
algoritmalarin basarimlari derlendirilmis ve benzetim sonuglari gésterilmistir.

Bu calisma genel olarak cok kanalli kipleme sistemlenmd@ynak tahsisi ile
alakalidir. Calismada TT-FBC tabanh sistemlerin yaai@dFBC sistemleri icin
de kaynak tahsisi problemleri Uzerinde durulmustur. HBardaek kaynaktan ¢ok
kullaniciya ayni verinin gonderildi timegonderim sistemleri Uzerinde durulmus ve
time gonderim gruplari arasinda altkanal tahsisi ve héwaiadtla bit tahsisi gibi
problemler Gzerinde ¢cahisiimistir. Klasik time gondesistemlerinde kanal kapasitesi
hesap edilirken ortamdaki en kotl kullanici dikkate aligtimni Oysa ki Reed Solomon
kodlari gibi kodlar kullanildjinda herkes her altkanali c6zmek zorundgildé ve bu



sayede altkanal kapasiteleri daha da artirilabilir. Bu@abteratirdeki bir algoritma
ele alinmis ve ayni isi daha kisa surede ve daha yuksekib@a yapilan bir algoritma
bulunmustur.

1.1. Tezinigerigi

Toplam 7 bolimden olusan tezde. Bolum 2'de TT-FBC ve DFBQtgthleri ve

kanala bgl cizelgeleme anlatiimistir. Bolim 3'te TT-FBC yontamhin kanala

bagh cizelgeleme kullanarak literatlirde yapiimis bazigralarin ayritilar verilerek
kullanilan yontemlerin agiklamasi yapilmigtir. Boluntedise literatiirde ¢oklu yayin
gruplu time gonderim ile ilgili yapiimig ¢alismalarinrayisi verilmistir. Bolim

5'te ise TT-FBC yontemi kullanarak olusan kaynak tahsrsigleminin ¢ézimleri ve
benzetimleriyle ilgili yapiimis ¢calismalar bulunmaéta Bolum 6’da DFBC yontemi
kullanarak kaynak tahsisi problemlerinden bahsediligigiim yollari gésterilmis ve
benzetimleri Gzerinde durulmustur. Blum 7°de ise soauklsmi yer almaktadir.

1.2. Yeni Nesil Genis Bant Sistemler

Birinci nesil haberlesme sistemleri 1980’lerde kullamalya basladi. Bunlar analog ses
iletimi olrarak kullaniliyordu. ikinci nesil haberlesme sistemleri 1990'larin basinda
meydana ¢ikti ve dijital ses iletimine gecildi. Gelisrgigvenlik ve teknolojisi bu nesil
haberlesme sistemlerinde sunuldu. Kullanicilar dinydankli yerlerinden telefonla
iletisim gerceklestirebiliyordu.ikinci nesil GSM sistemlerinde kanal tahsisi olarak
frekans/zaman bdlmeli coklama (FDMA/TDMA) kullanilirkéamerika’daki CDMA
sistemlerinde kullanicilar ayhni zaman ve frekanstanigtapmakta ve kullandiklar
birbirine dik kodlar sayesinde mesajlar karismamaktadir

Ucuincti nesil haberlesme sistemleriyle daha yiiksek bitnajzdaha iyi spektral
verimlilikle erisilmektedir. Ses, veri ve goruntu ilegbbilmektedir. 3 nesil Otesi
sistemlerde daha yluksek bant gejgie ihtiyac duyulacaktir. Birinci nesil haberlesme
sistemlerinde bant genigli 25-30 KHz civariyken, GSM ve CDMA olarak gecen
ikinci nesil sistemler igin sirasiyla 200 Khz ve 1.25 MHz lamiimaktadir. WCDMA
tabanli 3. nesil sistemlerde ise 5 MHz bant kullaniimaktagfier yeni nesilde bant
genislgi daha da artarken, bant sikintisini hafifletmek amaciytg warimliligini
artirici kaynak tahsis yontemlerinin 6nemi artmaktadir.



1.3. Kablosuz Haberlesmede Bozulmanin Sebepleri

Kablosuz haberlesmede ulagsiimak istenen hedefler yiggsakral verimlilik, yuksek
veri hizi,az gecikme ve daha uzun suren batarya émrudurlaBulde etmek icin
jenerasyonlar boyunca bir¢cok calisma yapilmistir. Bunélde etmenin en 6nemli
yolu kanal karakterisgjini bilmektir.

1.3.1. Yol Kaybi

Radyo dalgalari vericiden aliciya gia iletilirken fiziksel bir ortamdan gecer. Bu
fizksel ortam enerjinin kaybina sebep olur. Es yonliu anteltakiminda enerji bir
kireyi doldurur ve alici antendeki enerjinin miktari alvei verici arasindaki uzalda
bagli olarak(1/d*)’yla orantil azalir.d'nin Uzerindekio degeri uzay boslgunda2'dir
fakat cevresel faktorlere G olarak daha yiksek derler alir ¢ < o < 4).

Yonliu antenler tarafindan alinip verilen sinyaller ardsirbenzer bglantilar olsa
da, anten kazancinin etkisi de vardir. Uydu sistemlerindeallik reflektorler
kullanilarak anten kazanci artirilir ve yol kaybinin etkedafi edilir. Karasal mobil
sistemlerde ve ufak el cihazlarinda bu tir ¢ozimler mumiegildir.

1.3.2. Golgeleme

Eger yol kaybi ile zayiflama sinyali etkileyen tek faktor oldaesit uzakliktaki alici
vericilerde enerji ayni olurdu. Oysaki farkliliklar mevtwr. bunun sebebi hat Gzerinde
farkli engellerin olmasidir.

Deneysel ¢calismalarin sonucu olarak, gdlgelemeden kigman kaybin dB cinsinden
degeri bir Gauss rastgele @iskeni olarak ifade edilir. Bu dpskenin beklenen
degeri sifirdir ve standart sapmagtgi o ise hiicresel servis bolgesiningigkenlgine
baghdir. Genellikle6dB < o < 10dB dejerleri arasinda dgsir. Sehirsel bolgelerde
yiuksek standart sapma yasanirken kirsal boélgelerde bo deda dusuktir.Yer
degisimine b@li olarak séniimleme de gisir. S6nimleme dgsimi onlarca metre yol
katettikten sonra olugur, bu nedenle bu sénimlenme tivésyadnimlenme olarak
adlandirilir.

1.3.3. Doppler etkisi

Illetimde siniis dalgasi génderiliyor ve alici hareket hagiise alinan sinyalin frekansi
gonderilenden farkli olarak alinir. Bu farka Doppler frekasapmasi denir.



1.3.4. Semboller arasi girisim

Cevresel faktorlerden dolayi gonderilen sinyaller abcbirka¢ yansimayla beraber
ulasir. Buna ¢ok yollu iletim denir. Boylelikle kanalin dii cevabi farkli zamanlarda
alinan durtilerden olugsur. Buna kanalin gecikme yayildenir ve sembollerin

birbirine karismasina sebep olabilir. Bu duruma sembd@si girisim denir ve

bozulmaya sebep olur.

1.3.5. Duz s6numleme, frekans secici sonimleme

Sinyal sacilmasi ve c¢ok yollu iletim kullanici servis alaigerisinde hareket
ettikce radyo dalgalanmalarina sebep olur. Buigienin sebebi dalga boyu
seviyesinde tagslyici frekansin, goénderilen sinyalin.n&genelde hizli sénimleme
denir ve golgeleme sonimlemesinden ayirt edilir.  gdlgelesdnimlemesinde
sinyaller metreler seviyesindegigiklik gosterirken, hizli sonimlemede santimetreler
seviyesinde dgisiklik gosterir.

1.3.6. Darusal Olmayan Bozulma

Frekans bolmeli coklama tekniklerinde zarari en fazla dé&or gondericideki glc
yukselticilerinin d@rusal olmamasidir. Yukarida anlatddgibi cok frekans kanalli
sistemlerde T/OGO yuksek ise gug¢ yikselticilergdasal olmayan golgede caligabilir.
Buna engel olmak i¢in yukselticiler verimsiz bdlgede salglidir.

Biz bu calismada yol kaybi, golgeleme ve hizli Rayleighisblenmesini dikkate
alaca@yiz. Rayleigh sonimlenmesi engellerden sagilan pek cofalsinileseninin
alicida toplanmasiyla Gaussgilamli bir rasgele dgisken etkisi gdstermesiile olusur.
Sinyallerin reel ve sanal bilesenleri Gausgydianli oldugunda bunlarin bilesimi
Rayleigh d@ilimli ve bunun karesi (yani gi¢) ise Gssefidanli bir rasgele dgisken
olur. Cok kanalli sistemlerde kanal bant gemjgliyeteri kadar fazlaysa her kanalda
birbirinden b&imsiz Rayleigh sénimlenmesi offlu varsayilabilir.  Kanallarin
icerisinde ise diiz sbnimlenme offluvarsayilabilir.



BOLUM 2

2. DFBC, TT-FBC ve Kanala Bagli Kaynak Planlamasi

DFBC ve TT-FBC yontemleri frekans bdlmeli coklama yontendie. Tum frekans
bolmeli gcoklama sistemlerinde, sistem kanali bolunerekkanallar olusturur. Bu
yontemlerin avantajlarindan biri birden fazla sinyali agnda gonderebilmesidir.

Frekans bolmeli ¢coklama yonteminin yararlarindan bedi ise ¢cok kullanicili bir
sisteme avantaj ggayabilmesidir. Ortamda farkli yerlere yerlestirisnkullanicilar
farkli sonimleme dgerlerine sahipti.  Bu her kullanicinin frekans cevabinin
farkli olmasina sebep olur. Genig bant bir kanalda kutlakanalin sadece bazi
boélumlerinden iyi kazang elde ediyor olabilir. Kullaneminin iyi durumda olduklari
frekans araliklarini bilen ve frekans bolmeli iletim yagansistem, her kullaniciya iyi
oldugu alt kanali tahsis ederek avantajksyabilir.

TT-FBC ve DFBC yoOntemleriyle genisbant bir kanal alt kdaa bolundr ve
kullanicilara tahsis edilir. Bu iki yontem sinyal islemsopeddrleri agisindan sadece
ufak farkliliklar gostermektedir. Alt kanal tahsisindee i®FBC yontemiyle her
kullanici her alt kanali alabiliyorken, TT-FBC yontemiykellanicilara tahsis edilen
alt kanallar ya frekans tabaninda bitisik yada esit kiadia ayrik olmalidir.

Dik frekans bdlmeli coklama Wimax sisteminde hem yukari @gnm hem de
asd@ gonderimde kullanilirken, LTE sistemlerinde sade@geagonderim icin tercih
edilmistir.  Yukari gonderim icin ise TT-FBC sistemi tdncedilmisti. DFBC
yonteminin en biyidk dezavantaji yiksek Tepe/Ortalama Gign@a (T/OGO)
degerine sahip olmasidir. Bu fiyati artirir ve gic veringfitii azaltir. Daha dusuk
T/OGO ile hareketli terminallerde daha basit ekipmanldidkulir ve glic bakimindan
verimli olabilir. Ote yandan frekans tabanlh esitleyégilsinyalleme hizindan dolay:
daha karmasik bir yapiya sahiptir. Bu esitleyiciler idecida yani sadece baz
istasyonunda ihtiya¢ duyulur (hareketli olmayan termary TT-FBC yonetemi
DFBC’e gore daha digsik T/OGO @erine sahip olarak harketli terminaller igin bir
avantaj sglar ve bu yluzden de LTE sisteminin yukari génderimindeitesdilen
yontem olmustur.



2.1. Dik Frekans Bolmeli Coklama (DFBC)

Sekil 2.1.’de bir DFBC sisteminin alici ve vericideki tehsenyal isleme prosedurint
sematik olarak gosterilmistir. Sayisal kipleyici geoérak dordin genlik kiplemesi
(M-QAM) uygulayarak gelen ikili sinyali sembollere ¢evirM-QAM ile M bit veriile
bir kompleks kipleme sembol olugsturur. Daha sonrasindseoubollerden N tanesine
ters fourier dontsimu uygulanir. Dénusturilen her N seiibalt kanalinda yer alir.
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Sekil 2.1. Dik Frekans Bolmeli Coklama (DFBC) sistemisgmasi

Bu N alt kanaldan olusan sinyal daha sonrasinda bir sonkatialdan gecilerek
alicida Fourier donusim uygulanir. Boylece frekans aldaki N kipleme semboli
zaman alaina geri gevirilmis olur. Frekans tabaninda eltilen sinyalleri alt kanal
SNR dgerine gore uygun yerlestirme yaptdnda (kanala i cizelgeleme) yiiksek
kapasitelere c¢ikilabilir. Bu DFBC yonteminin en blyuk ategiarindan bir tanesidir.
Bu yontemin dezavantaji ise iletilen sinyalin tim modut@swgembollerinin toplami
olacd! icin ayni fazda olan sinyaller yiksek gejei sebep olacaklardir. Bu yuksek
tepe ortalama gug orani yaratir. Glg yukselticisine bu niedeaman zaman ¢ok
yuksek sinyaller girer, bu da yukselticinin glusal olmadji bolgeye karsilik gelir ve
sinyalde bozulmalar olur. Buna ¢6ziim olarak yukselticid@na verimsiz ¢alismasi
Ozerilebilir. Bu gug¢ verimsizgini énlemek icin Tek Tasiyicili Frekans Bélmeli
Coklama Onerilmistir.



2.2. Tek Tasiyicili Frekans Bolmeli Coklama

Sekil 2.2.de bir TT-FBC yontemi igin sinyal iletim basaktari gosterilmistir. Alicinin
girisinde, vericinin ¢ikiginda kompleks kipleme seméolbulunmaktadir. Daha sonra
bu M sembole ayrik Fourier donisumi uygulayarak frekaasiatla M sembol elde
edilir. Bu M frekans tabanli sembol daha sonra N alt kanadidegtirilir. Her bir alt
kanal aralyi f, Hz olarak tanimlandnnda bant genigi asajidaki gibi olacaktir;

Whianat = fON[HZ] (21)

Bu durumda her terminalin M kadar semboll didiu diistintrsek, bu 6rnekte sistem
toplamda/N/M kadar terminalin sinyal iletimini gerceklestirebilir. uBdurumda Q
kadar terminalin iletimini sglayan bir sistem icin bu dger su sekilde olacaktir.

Q= (22)

- - b=
M Altkanal N- » 5 =
BE;$E“ yetlestimme MNolktzh 5 0
> IDFT = el
\_ A a8
+
KAMAL
£ E M 2 e < .
= 5 Nokta = & & = 53 Auzlog
=0 E thg a [ 2 -Sayisal
= = IDFT = E ™ = + = g z Cevirict
2.8 =) 5 = =
2 & = e~ o=
== = = =
=g = 2 =]

h.

Sekil 2.2. Tek Tagiyicili Frekans Bolmeli Coklama (TT-EBsisteminin semasi

Alt kanallara yerlestirilmis olan semboller gonderilden 6nce ¢ok yollu iletimden
kaynaklanan i¢c sonimlemeyi engellemek amaciyla sinyleinig yontemlerinden
doénglisel 6n taki ekleme uygulaniideal kanallarda kanalin bir tek diirtii cevabi
vardir. Oysa ¢ok yolu iletimden dolay! kanalin durtt cewaiyaninda birde farkl
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zamanlarda yan durtt cevaplari gelmektedir. Dongusel kndli ile kanalin bu
gecikmesine kargl bir koruma @anir. Bu ydntemle gonderilen sinyallerin son
bolimuntn bir kopyasi ilk bélume eklenir. Godnderici aynmeanda sinyalleri bir
dogrusal filtreden gecirerek bant disi radyasyonu yok etrmedclar. Bunun icin dirtd
olusturma (pulse shaping) filtresi kullanir.En sik kullan dartt olusturma filtresi
yukselen kosintsdur. Bu filtrenin zaman ve frekans alarkindaifi asayidaki gibidir.
Buradal’ sembol katsayisiy ise roll of faktoridir. Bu faktor O ve 1 arasindadir ve bant
disi radyasyonu kontrol eder.= 0 icin bu filtre bant geciren filtredir ve tim bant disi
radyasyonu yok edes arttikca bant disi radyasyon artarazaldikca ise filtrenin dirtt
cevabinin yan fonksiyonlari artar ve gonderilen sinyalimtd sekillendirme sonrasi
iletim glicu artar [13].

T |
P(f)=9 F{t+cos (CE(fI =5} 5 <5 (2.3)
>

=)
=

_sin(nt/T) cos(mat/T)
P = =T T dae T2

(2.4)

TT-FBC sisteminde alt kanal tahsisi igin iki tarli yontemrda. Bunlardan bir
tanesi dginik frekans bélmeli coklama (D-FBC) yontemi iken bigdii ise lokal
frekans bolmeli coklama (L-FBC) yontemidir. Lokal tahsisngeminde (bu 6rnekte)
her kullaniciya verilen M adet alt kanal frekans alanindagistir. Daginik tahsis
yonteminde ise alt kanallar banda esit araliklarlgitiBnis sekilde tahsis edilir. Her
iki durumda daN — M kadar bog kalan alt kanallafavolt verilir. D-FBC’nin en
buylk avantaji DFT kullanmadan sinyalleri zaman alaninitzdgrebilir.

Kaynak tahsisi agisindan alt kanal tahsisi kanalgibatama veya sabit atama gibi
yontemler olarak ayrilabilir. Kanala Ga atamada kullainicin frekans cevabi kullanilir.
Bu agidan L-FBC'de coklu kullanici farklindan yararlanilirken, D-FBC yonteminde
frekansa b@li farkliliktan yararlanilir.

DFBC yontemi AFD ve TAFD’nin vericideki birlestirmesiyleasit bir sinyal isleme
operasyonuna donusmesiile elde edilir. Bu dénusumdsdrmbol komplex bir sayi ile
carpilir ve her giris Q faz rotasyonu ile ¢arpilir. Buradd&ht genisletme faktoradar
. Bu c¢arpim her komplex modilasyon sembolinin rotasyon@alolagiklanir. Bu
dogrulugu anlamak icin AFD ve tersi iki 6zeflinden bahsedilir. Bunlardan bir tanesi
esit aralilarla alinan sifir olmayan 6rneklerden bir disii tanimi periyodik bir yapidir.
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Bir digeri ise frekans alanindaki her r kadar kayma zaman alarfaddejisimine
sebep olur. Faz rotasyonu her égnée carpma ile elde edilir. Burada N ters fourier
nokta sayisl, r frekans kaymasinin miktari ve n zaman allakirornek sayisidir.

2.3. TT-FBC ve DFBC Kargilastiriimasi

Her iki yontemde de benzer sinyal isleme ydntemi kullaniliVeri bloklarinin
kiplenmesi ve iletimesinde M modiilasyon sembolleri bulurur. iletim bandi alt
kanallara bolunur ve ayrik alt kanallarda gonderilir. Hler yontem igin frekans
tabaninda egitleme kullanilir. Bunlaragraen énemli farkliliklar vardir. Bunlarin
en 6nemlisi DFBC c¢oklu tagiyici kullanirken TT-FBC teksmaci kullanir.  Bu
TT-FBC yonteminin daha disik T/TGO sahip olmasi@laa DFBC kullanildginda
kiplenmis sembollerin zaman deri artirilir ve her blok bagi M sembol ve N alt kanal
bulund@unda hem TT-FBC ve DFBC Q=M/N ayni anda iletim yapabilir.

Kiplenmis sembol zamani T ise, DFBC i¢in bu sembol zamanT Mix. Bu semboller
aras| girisimi engeller ve DFBC’dan yarargdanir. Bunun tersi olarak TT-FBC'de
kiplenmis sembol zaman alaninda sikistirillir.  TT-FB€’dembol zamani zaman
bélmeli coklamada oldyu gibi 7'/Q'dur. TT-FBC baz istasyonunda frekans tabanli
esitleme yontemi kullanrak semboller arasi girisimi eliey.

DFBC her alt kanal igin ayri ayri esitleme ve veri tanimlageceklestirir. Buna
karsi DFBC esitlemeyi tum banda uygular ve daha sonrasifAFD kullanarak
bir terminalden aldj sinyali zaman alanina gevirerek kiplenmis sinyalleagmrlikli
toplamini alir. Bu durum DFBGC icin gecerli gidir ¢clinki gonderilen sinyal bir
bloktaki sinyallerin girlikli toplamidir. TT-FBC her sinyali etkin bicimde baad
yaydg! icin frekans secici sonimlemeye DFBC’ye gore daha hassd3FBC’nin
TT-FBC’e gore bir avantaji ise kanala uyumlu bit ve glc tahgapabilmesidir. Farkli
alt kanallarda farkl kipleme ve gug tahsisi yapilabilir. uBin sonucunda DFBC
yonteminde kanal kapasitesinin tst sinirlarina erisilir

2.4. Kanala Bgl Cizelgeleme

Frekans bdlmeli iletim tek@inin en blyik avantaj kanala §ia planlama yapilarak
alt kanal atamasi ve ¢oklu kullanici farkfjindan dolay! performans gelistilmesidir.
Farkli alanlarda yer alan kullanicilarin farkli kanal kagkari vardir. Terminal hareket
ettikge kanal kazanci da @isir. Bu durumda sistem peryodik olarak bugdemi takip
etmeli ve anlik kanal kazanclarina gore kanal planlamgsiryalidir.
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Cizelgelemenin en 6nemli olgularindan biri kanallari teratiere iyi olduklarn alt
kanallara tahsis etmektir. Pratik olarak bu baz istasyanuterminallerin kanal
durumunu ve iletim taleplerini bilmeyi gerektirir. Plaglal daha sonra optimizasyon
algoritmalari uygulayarak her terminal icin alt kanal tahsajlar. Son olarak baz
istasyonu terminallere tahsis edildikleri kanallarirgisini gonderir.

Kanala bgli atamanin faydalarini gérmek icin kanalin kanal kazatian yararlanarak
optimal veya alt optimal algoritmalar kullanilir. DFBC yi@minde direk bir alt
kanal tahsisi kisiti yokken TT-FBC yonteminde alt kanalstahkisitlari mevcuttur.
Kullanilan yéntemin LFBC veya DFBC olmasina gore uyarlamdgoritma farkh
olacaktir. Buna yonelik yapiimis calismalaringomda baz istasyonunun tim zaman
boyunca mikemmel kanal bilgisine sahip didwarsayilr.

Veri hizi [Mbps]
N
o
m
Il
(&)
—] \
—_)
[

SGO [dB)

Sekil 2.3. Veri hizinin SNR’a tigi degisimi

Kisaca atama yontemi farkli terminallere optimal olarakdahiz ve gl kaynaklarini
terminal sistem kalitesi taleplerini kargsilayarak atageaektirir. Sinyal kalitesi bit
hata orani veya paket hata orani olarak tanimlanabilir veeerler iletisim hattinin
veri hizini etkiler.  Sekil 2.3. de sinyal/guriltiye omaaibdl olarak veri hizinin
grafigi verilmektedir. Burada BPSK kullaniiginda sembol basing = 1 bit, QPSK
kullanildiginda sembol basing = 2 bit, QAM kullanildiginda iseB = 3,4..., 8 bit
dismektedir. Her@i SNR ile artis gosterip bir en yukge ulasir. Bu dger hatasiz
iletimi temsil eder. Dusuk SGO’da ise veri hizi B ile teraonli olarak dgisir. Cunku
sembol bagi bit sayisi yuksek olan modulasyon teknikiepaket hata oranlari daha
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yuksektir. Sonug olarak her SGO i¢in daha yuksek veri higlas@an bir tek kipleme
teknigi vardir.

2.4.1. TT-FBC Performans Olgtimleri

Mobil terminallerde en 6nemli kaynak guc¢ ve bant gegiglir. Yukari gonderim
kanallarinda atama algoritmalarinin kalitesi iletiletgbimiktari, harcanan enerji ve
kanalin isgal etfii zaman ve bantla iliskilendirilebilir. Kanala i atama semalarinda
alt kanal ve enerjinin iki tarlt kullanimi vardir. Bunlanmddoiri terminalin verisinin
iletimi iken digeri sesleme (sounding) referans sinyallerinin gondesiictir. Kanala
bajh atamada baz istasyonu hangi kullaniciya hangi alt kaaetcgini hesaplar.
Bu hesaplamayi yapmak icinse her kullanici ve alt kanaisiki¢in kanal kazancini
bilmelidir. Pratikte bdyle bir uygulama bant gengglive terminal enerjisi bakimindan
fazla maaliyet icerir. Bu uygulamanin daha pratik olabimigin sistem sesleme
sinyallerini ne siklikta ve kac tane alt kanal ayirgea bilmelidir. LTE sistemleri
kanal karakterisgini 6grenmek icin iki farkl referans sinyali kullanir. Demodglon
ve sesleme referans olarak ayrilan sinyallerden demoghitaler paylagsilan kanal
ve kontrol kanalleri icin kullanilirken, sesleme resfeyainyalleri sadece o iletim
icin kullanilan bant hakkinda bilgi verir. Kanal durum bggsesleme sinyallerinin
sikhigina ve bu sesleme islemiicin kullanilan alt kanal say$@ylidir. Daha 6nceden
belirtigimiz gibi glic ve bant genigli kullanilan hareketli terminaller icin énemli
iki kisasdir. Farkli terminaller igin veri hizi hesabi yiaien iki yontem kullanilir
bunlardan bir tanesi Shannon kapasitesi bjedii de saniye basi hatasiz alinan bitlerin
sayisidir. Shannon kapasitesi bir kanalin saniye babileta)i hatasiz bitlerin st
siniridir.

C = Wlog,(1 + SGO) (2.5)

Burada V' bant genislji, SGO beyaz gauss kanalinin sinyal gurdlti oranidit.
modulasyon ve kodlamadan dpansizdir. Bu sebepten dolayi kanalaghaatama
yontemlerinin direkt olarak analizi igin kullanilabilit. T-FBC de kanallar sénimleme
kanallaridir ve beyaz gauss gurultisu icin uygulanan Stranfadesi direk olarak
uygulanamaz. Bu durumdaerminali igin kanal kapasitesi; hesaplanirken alt kanal
bagik’ye diisen sinyal gurdlti orans ,, kullaniimalidir. Bu hesaplanan kullanici SGO
dejeri as@idaki (frekans alani egitlemesi igin) gibidir.

—1
1
Vi = i —1 (26)
<ﬁ D ieN 1: +1 )
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Bu durumda terminalinin kapasitesi su sekle donusur
C; = (B/N)logy(1 + ) (2.7)

Belirli modulasyon, kodlama ve yeniden iletim gibi konulgerceve hata oran FER
dikkate alindginda devreye girer. Burada veri hizi

T, = R; x PSR x Rib/s (2.8)

Yukaridaki denklemdé; bilgi iletim hizi (ham veri, kanal kodlama bitleri ve ovedde
hari¢) vePSR = 1—F ER; terminaligin paket basari hizidir. Bir atama algoritmasi
basarisi toplam kapasite veya veri hizinin ortalamasidapasite veya veri hizinin
hesaplamanin bir yolu toplamlarini almaktir . Ayni arfd&ullanicinin iletim yapitj!
toplam kapasite ve througput &gdaki bigi tanimlanir;

K
C1toplam - Z Ci (29)
i=1
ve
K
T‘toplam - ZT‘z (210)
i=1

Bu kisiti esas alarak,qm veyaTli.., maksimize etmeye calisan yontemler bandin
yuksek bir bolimini baz istasyonuna daha yakin olup yukisgfalsgurilti oranina
sehip kanallara daha ¢ok alt kanal atarlar. Esitliglamak icinse kapasitenin veya
throughput'un ¢arpiminin en yiksek @i elde edilmeye calisilabilir. Carpimi en
yiuksek yapmak logartimalarin toplamini kullanmaktir.

K
Cesit = Y _log C; (2.11)
=1
veya
K
Tesit - Z IOg E (212)
i=1

Kapasite ve veri hizinin bagarisini iliskilendiren biger kavram ise Outage'dir.
Outage (kesinti) hesaplarinda hedef bir kapasite veyawerkavrami vardir. Outage
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taniminda bu hedeften daha dugstk veri hizina veya kanaskagine dusulmesidir.
Su ana kadar bahsedil€n,,,, C,; ve outage kavramlari problem hedefleri olsada
hicbiri giic meselesini hesaba katmamistir. Bunun iciklfdoir konsept olan utility
ortaya ¢cikmistir. Bu kavram ile belirlenen problem hede&flde hem bant hemde
guc verimliligi esas alinmistir. En ¢ok kullanilan utility hesabi kaigasn glice veya
throughputun gtice olan oranidir.

C;
A 2.1
Ui= 7 (2.13)
ve
T;
——— 2.14
vi=3 (2.14)

Diger bir problem hedefi ise belli veri hizi kisitlarina minimuwgiicle ulasmaktir.
Genellikle www veya FTP kullanicilari icin amag toplam veydalama veri hizini
maksimum yapmaktir. Bu uygulama trafik tiplerine elastilafit denir, zira
bunlara ne kadar kaynak ayrilsa kullanacak potansiyelimir. Buna karsin ses
veya gorunti aktarimi gibi gercek zamanl uygulamalar ige belli minimum
kriterleri saglayabilmek 6nemlidir, aksi halde bu uygulamalar bagarur. i§te bu
calismamizdas bu iki trafik tipini de talep eden kullarman oldwfu bir sistem ele
alinacaktir.

15



BOLUM 3

3. Tek Tasltyicili Dik Frekans Bolmeleli Coklama Ydnteminege Kaynak Tahsisi
Yontemleri

Bolum 2.2.’de TT-FBC yonteminin alt kanal tahsisinde g#@if kisitlardan
bahsetmistik. Bu kisitlamalardan bir tanesi alt kanailaek tek d@il guruplar
halinde kullanicilara veriliyor olmasiydi. Bir gieri ise alt kanallarin segilen tahsis
yontemine bgli olarak frekans alaninda bitisik (L-FBC) veya esitlddarla(D-FBC)
tahsis edilmesiydi. Bu calismada L-FBC yontemleri icirykak tahsisi tzerinde
durulacaktir. Bu sistem icin literatirde yapiimis calagar bu bolumun takip eden
bagliklarinda belirtilecektir. Bu ¢alismalarda LFBQngéminin frekans seciciiinden
faydalaniimis ve kanala B cizelgeleme kullaniimistir.

3.1. Yukari Gonderim TT-FBC Sistemlerinde Kanala Bagli Cizelgeleme
[Myung,Goodman [11]]

Bu ¢alismada L-FBC ve D-FBC sistemleri igin literatirde&ri hizi maksimizasyonu
calismalari anlatiimaktadir. B Hz'lik sistem bant gdigjstoplam L alt kanala boltndir,
L alt kanal ise kendi arasinda N tane alt kanal grubu se&ligduplanir.2.4.'de
anlatildg gibi alt kanallari gruplar halinde tahsis etmek, sistéwlaylik sajlamaktir.
Kume bagi dugsen alt kanal sayidi = L/N'dir. Bu durumda bir kullanici kendisine
tahsis edilen her alt kanal gurubu basiiaveri semboli génderebilir.

Baz istasyonu, her kullanici-alt kanal gurubu igin kanadgecini bilmelidir. Sistemde
en kiuguk ortalama karekdk hata esitleyicisi kullanitimigs Bu durumda, alt kanal
kullanict SGO’suwy; ;. olarak tanimlandyinda, alt kanal gurubunun SGO’su 2.6'deki
gibi hesaplanir. Bu durumda kanal kapasitesinin Ust stlair2.7’deki gibi olacaktir.

Kullanicilara verilen her alt kanalda esit bit ve gucldiite yapildgi varsayilmistir.
Bir kullanici, frekans alaninda bitisik olmasi kaydiyladen fazla alt kanal grubu
alabilir. Bu durumda kullaniciya atanan tim alt kanal ganpidaki alt kanallarin
toplam kiimesI ,;; . olarak tanimlanirk kullanicisinin tiim alt kanallarina tahsis edilen
gl P = Py /|L.:.x| olacaktir. Burada?, k kullanicisinin toplam iletim gticti iken
|1 x|, kullanicinin aldy: alt kanallarin toplam sayisidik’ya tahsis edilen alt kanal
kiimelerinden bir tanesing,, ;, olursa bu alt kanal grubunukiya atanmasi sonucu
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elde ett@i veri hizi asgidaki SGO dgerine bgli olarak hesaplanacaktir.

—1
1
Y( P, Lok i) = ( T 1) (3.1)

1
Tait, k] Ziejak,k Vi, e t1

Buraday; x, i alt kanalinink kullanicisindaki SGO olarak tanimlanir ve ggtaki gibi
hesaplanir,

PaltHi
S 32)

0;

BuradaH, , i alt kanalinink kullanicisindaki kanal kazaniciaf, ise gurilti gliciini
belirtmektedir. Bu durumdd,, alt kanal grubu atanak kullanicisi i¢in kanal
kapasitesi agadaki gibidir.

B,
CulPer L) = 2] 101 1Py, 1,0, 33)

Bu ¢alismada hem L-FBC hemde E-FBC yontemleri igin kayraddsisi yapiimistir.
Biz sadece L-FBC yontemi igin yapilani incelemekteyiz. e formulasyonu
asdidaki gibidir. Amagc toplam veri hizini en fazlalastirntiak

K
maxz Ck(Pk, ]ak,k) (34)
k=1
Bu problemdeki kisitlar, daha 6nceden bahsegildibi bir kullanicinin yanhzca
birbirine bitisik alt kanallari alabilmesi ve bir alt kama yanlizca bir kullaniciya
verilmesidir. Bir dger kisitise gug¢ kisitidir ve belirtildi gibi

Py = Praw — P = P/ | Ll (3.5)

olacaktir. Bu ¢alismada Onerilen algoritma daha az kaayla,en iyilenmigs ¢6zime
yaklasmayi hedeflemektedir. Bu algoritmada kullanilaarmohkiimelerden bir tanesi
mevcut alt kanallar kimesdiy; 4 ve mevcut kullanicilar kimediy, i 'dir. Bu kiimeler
dizgun guncellestirmelerle yeniden tahsis gibi probégnd@ngellemek icin kullanilir.

1. Baslangi¢: Tum kullanicilar ve alt kanal kiimelerinigas edilebilir mevcut
kullanicilar ve alt kanallar kimesine dahit ét;, = {1,2.... K}, [yyqa =
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1,2..,N}

2. Alt kanal sec¢imi: Tum kullanicilar ve alt kanallar aradan kanal kazanci en
yuksek olan alt kanali bul. Her mevcut alt kamabe kullanicij icin, asa@idaki

ikiliyi bul [n*, ] = arg,c; . jer,s e maX Cj(Prge, )

3. Ac¢go0zIl alt kanal tahsisi: Asama 2 de secilen alt karalanjinal kapasiteyi en
fazla artiran(k*) kullanicisini bul ve agadaki gibi tahsis et = I U{n*}
for Vk € ]MK k* = argmaXger, [Ck(Pmaxa Iak,k) - Ck(Pmaxa ]ak,k)] ]ak,k* -

Top j» UN®

4. Mevcut alt kanallar kimesinden tahsis edilen alt kanbli/g; 4 = Iy 4 — n*).
Tum alt kanallar tahsis edilene kadar 2. adimdan itibarenadimlari uygula.

3.2. Tek Tasiyicili Frekans Bolmeli Coklama Yontemlering Eniyilenmig
Kaynak Tahsisi Y6ntemi[Oteri,Wong [12]]

Bu calismada TT-FBC sistemi icingalikli toplam veri hizi en yiksek dgrine
getirilmesi amaclanmistir. M sayidaki kullanici kimesi M = 1,.., M olarak
ifade edilir. B kanall toplamdak™ alt kanala bélunerelC = 1, .., K alt kanallar
kiimesini olusturur. Bu calismada TT-FBC yontemiyle kalyrtahsisi yapiimasi
amaclanmistir, ve dolayisiyla bu yontemin getiggdasitlar vardir. Bu kisitlar hem
alt kanal tahsisi hemde gug tahsisini kapsamaktadir. Alek&ahsisinde gdz onuinde
bulundurulan kisitlar(1) teklik: bir alt kanal en fazla bir kullaniciya verilebilir.
(2) bitigiklik: bir kullanici birden fazla alt kanal tahsis edgéide bu alt kanallar
frekans alaninda bitisik olmalidir. Gugc tahsisi kisitlse (1)toplam gug kisiti:bir
kullanicinin toplam iletebildi gu¢ P,, dejerinden daha kucik olmalidiz) tepe
noktasi kisiti: kullanicilarin alt kanallarina tahsis éftigu¢ bir P, , dejerinden
daha kucuk olmalidir.(3) sabit guc kisiti: bir kullaniclyiaden fazla alt kanal tahsis
edildiginde tahsis edilen gui¢ miktaﬁn,k degerinden daha ki¢cuk olmahdir. Kullanici
agirligi olarak belirlenen kavram ise daha Ust haberlesme kd@émada 6nem kazanan
ve kullanicinin 6ncelik belirtisini ifade eden kavram alartanimlanabilir. m
kullanicisinin k alt kanalindaki kanal kazane, ;,'dir ve baz istasyonunda bilingfi
varsayllmaktadir.

Kullanici m’ye tahsis edilen tim alt kanallari bir kimede toplanir veadiC,, adi
verilir. Bu durumda kaynak tahsisi problemi hedef fonksiyore kisitlariyla beraber
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su sekilde tanimlanabilir,

max E me Rk
{’C1 IC]\J}E’C

""" meM kek
Kon (VKo = 0,m # ml;m,m’ € M (36)

BuradaR,, ., m kullanicising: alt kanalinin yiklenmesiyle elde edilen veri hizidir ve
su sekilde ifade edilebilir

Pm r m
R, = log, (1 + min(——, P, k)u) (3.7)

|ICm|7 m, 0_2

Bu calismada en iyilenmis sonucu elde etmek igin ayrik &iégme yontemlerinden
biri olan ikili tam say! programlama kullanilir. Bunun igomoblem su sekilde yeniden
diizenlenmelidir.

max CTx
Ax = 1,
X; €{0,1}Vy (3.8)

BuradaA, r > ¢ sartiylarxc'lik, birlerden ve sifirlardan olugan kisit matrisidirjse
odul vektorudar. 1, = [1,...1]7, birlerden olusan r-boyutlu bir vektordar. Burada r
kisit sayisina ayni zamandac’lik A kisit matrisinin satir saysina esittir. Son olarak
x 0 veya 1 d@erlerini alabilen, optimizasyon geskenlerinin oldgu ¢ boyutlu bir
vektordir (c dgerinin hesabi bir 6rnek ile gosterilecektir).

Karar vektoriz'teki herhangi bir eleman belirli bir alt kanal érintiste&abul eder.
¢ vektorl isex’te tanimlanan oruntlye karsilik gele@idikli toplam kapasitedir.
Ax = 1, islemiyle, kisit vektoru A ilex ¢arpilir. Bu matris vektor carpminin sonucu
her zaman 1 olmalidir. Bu hem alt kanal bitisiklik hemdelitekisitlarini sajlamis
olur. Bu calismayi daha iyi anlayabilmek icin = 2 ve kK = 4 olan bir sistem igin
orneklenmistir. Asgida verilenA,, matrisi her kullanici icin ayni olan tahsis matrisini
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vermektedir.

,Ym e M

s
3
I

o O o O
o O O =
S O = O
O = O O
_ o O O
O O = =
O = = O
_— = O O
O = =
—_ = = O
e e e

Burada her kolon bir alt kanal tahsisi ortuntistni ifade .ed&fir ve birlerden
olusan bir kolonda birlere karsilik gelen alt kanallar, (kitisiktirler) bir orinti
olustururlar ve beraber tahsis edilir. Buradg'nin kolon sayisi bitisik altkanallardan
olusturulabilecek 6riintti sayisidir ¢¢= L K2 + 1K + 1 olarak hesaplanir. Yukarida
tanimlanan, her kullanici icin hangi oriintiinin secifgoegosteren karar vektori
T € {0,1},7 = 1,...,C olarak tanimlanir. Odul vektori olar, ; ise bu ¢alismada
agirlikl toplam veri hizi esas alinageigin as@idaki gibi tanimlanmistir.

= w,, Z log, (1 - P(J) ’ymk) (3.9
k€KX ; o?
Buradapﬁfgk = min (= " b ) guc¢ tahsisini belirkenC,, ;, j oriintlisundn secilmesi

durumunda tahsis edilen alt kanal kiimesini ifade eder= lc11,cnc)t, xile
ayni boyutta olan 6dul vektoradar. Bu durumda maksimizéneek istenen hedef
fonksiyonuf = ¢’ 2’dur ve z’e bajh kisitlara gére sinirlanmaktadir.

Kalan son islem kisit matrislerini belirlemekti. alt kanalinin sadece bir kullaniciya
verilmesi sartini sglamak icin, >3, >, @,; = 1,Vk € K belirlenir. Burada
Jm.k; degerik alt kanalinin 1 oldgu orintilerin kolon yeri dgerinin kiimesidir. Buk
degerleri asgidaki gibi yazilabilir,

[Al,...,AM]I‘I 1K (310)
Bu denklem sglandginda her altkanal sadece bir kullaniciya tahsis edilruis o

Bu K ayrik tahsis kisitini destekledikten sonrd,’'de sadece bir orintinin
secilebilmesinin de gganmasi gereklidiEjC:1 Tm; = 1,YVm € M. Eger bu kisitlari
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bir matris haline getirirsek agedaki ifadeyi elde edilir,

1L oL ... 1% T
0L 1L . T
¢ e o =1 (3.11)
C
0L ... 0L 1% Tm

3.10 ve 3.11 birlestirildjinde problemdeki kisit matrisi su hali alir

A, ... Ay
1L ... of

A — _C. ¢ (3.12)
ol ... 1%

Bu matrisinK + M siraMxC kolon say1 vardir. Bu matrisin tanimlanmasiyla problem
ayrik kimeleme problemi olarak tanimlanmis olur. Bununigiu igin MATLAB’IN

bi nt pr og fonksiyonu kullanilmigtir. Eniylenmis ¢dzimun karraasdan dolayi
calismada daha basit bir algoritmada tanimlamiglardir.

Tanimlanan daha basit algoritmaya gecmeden Once bazi miarrabelirtmek
gereklidir. BunlardanC tahsis edilebilir durumdaki alt kanallari ifade edekC,,,
m kullanicisina atanmis alt kanallrin kimesidirC/, ise m kullanicisina tahsis
edilebilen alt kanallari belirtir (kisitlardan dolay! halt kanali alamaz). Bu ifadeleri
tanimladiktan sonra Algoritmay agaa basamaklarla tanitabiliriz.

1. Timm kullanicilan igink = {1, ..., K},K,, = () ve M/ = K olacak sekilde
ayarla.

2. Tumm kullanicilari vek € K (N K/ sartini sglayank alt kanali igin,m’nin su
anki veri hiziylak’nin IC,,,’ye eklenmesiyle olusan veri hizi farkini ifade eden
Acp, . degerini hesapla.

3. Ac,, i'lar arasinda en biyuk dere sahipr*,k*) kullanici-alt kanal ikilisini bul
4. k1, m*'In alt kanal kimesine ekleC/ | = {min(K,,.)—1, max(K,,.)+1} K

5. k*1 tahsis edilebilir alt kanallar kimesinden ¢ikar. Tum k#tnallar tahsis
edildiginde algoritmayi sonlandir.
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Bu tez calismamizda bu algoritmadan daha iyi sonug veresidpritma 6neriyoruz.

3.3. SC-FDMA Sistemleri icin Dongusel En fazla Yayilim
Algoritmalari[Ruiz [17]]

Bu calismada: kullanicin alt kanal vardir. Her kullanici ve alt kanal arasinda bir
fayda faktoru vardir ve Sekil 3.1.’daki gibi gosteriliruBabloda)/,, ,, dejerleri fayda
faktorinl ifade etmektedir. Amag uygun alt kanal kaynalsiaihyaparak agadaki
fonksiyonun en blyuk dgerini elde etmektir.

Mtoplam - Z Z wn,an,k (313)
n k

Buradaw,, ; alt kanal tahsisi durumunda 1 glerini alir. Bu d@eri s@layan uygun
tahsisi yapmak icin agpdaki algoritma tanimlanmigtir. Bu algoritmanin adi anld
yayilim algoritmasidir (RME).

ki k2 kN

m | M, ML (M,
n2 Mz_] Mz_: M:___\'

niN
M_\'._I M‘\:_g """ M,\'..\

Sekil 3.1. Kullanici-alt kanal fayda matrisi [17]

1. M degerinin en yuksgine sahip kullanici alt kanal ikilisini but,k.
2. Bun kaynani, k kullanicisina ata.

3. Tahsis edilem kaynainin s@inda ve solunda yer kaynaklari daha iyi
degerine sahip kullanici ¢ikana kadar ata.

4. Tekrardan tahsisi dnlemek igirkullanicisinin ve: alt kanalinin bulunbgu satir
ve sutunlarn sil.

ol

. 1. basam@ kalan tim elemanlar igin tekrar et.
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6. Eger tum elemanlar tahsis edilmis fakat alt kanallardama bahsis edilmemis
olanlar varsa en yiiksek/ degerini s@layan kullaniciya bitigiklik kisitini ihlal
etmeyecek sekilde ata.

7. 6. basam@ tim alt kanallar tahsis edilinceye kadar devam ettir.

Bu algoritma Round Robin gibi statik algoritmalara kargahd basarili olsada
genel olarak en iyi sonuca ulasamamaktadir. Bu en iyil sekekil 3.2.’deki bir
ornek fayda fonksiyon tablosuyla acgiklanabilir. Bu faydaksiyonu tablosna RME
algoritmasi uyguland@inda (n3-k1,k2),(n2-k5,k6),(n1-k3,k4) kullanici altie tahsisi
elde edilmistir. Bu tahsis sonucu elde edilen toplam fagdgeri 127 dir. Oysa
(n3-k1,k2), (n2,k3-k4-k5-k6) gibi bir tahsis yapiimisaldi toplam fayda dgeri 128
olacakti. Bu soruna iyilestirme 3.4.’de yapiimistir.

K1 k2 k3 kd ks k6

10 ) 20 30\(40\ 351 45

| 20 | 10 | 33 | 38

(30 ) 35\ 15110] 20| 25

al 30
N A/

Sekil 3.2. RME 6rnek alt kanal tahsisi [17]

3.4. SC-FDMA Sistemleriicin Geligtiriimis D6ngusel En fizla Yayilim
Algoritmalari,[Liu, Otsuka [16]]

Bu calismada 3.3.te tanimlanan RME algoritmasinin ggeinesi Uzerinde
calismaktadir. Burada komsular Uzerinde geniglemaliyiegn en iyi bagska bir
kullanicida durmak yerinde, belirlenéf) esik dgjerine gbre sonlandirilir. Bunun
anlami @er kullanici atanan alt kanalin komsulari tGzerindeki gn kullanici
siralamasindd;’inci siradan daha 6nde ise algoritma devam eder. Bu algariin
isleyisi as@idaki gibidir.

1. M de&jerinin en yuksgine sahip kullanici alt kanal ikilisini bul, k.

2. Bun kaynani, k kullanicisina ata.
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3. esik dgerini hesaba kataraknin komgulari arasinda genigleme yap.

4. Tekrardan tahsisi 6nlemek igirkullanicisinin ve: alt kanalinin bulunbgu satir
ve sutunlari sil.

5. 1. basam@ kalan tim elemanlar icin tekrar et.

6. Eger tim elemanlar tahsis edilmis fakat alt kanallardam bahsis edilmemis
olanlar varsa en yuksek/ degerini s@layan kullaniciya bitisiklik kisitini ihlal
etmeyecek sekilde ata.

7. 6. basam@ tum alt kanllar tahsis edilinceye kadar devam ettir.

8. satir 1.den 7'ye kadar olan tim isleml&'nin 1'den belirlenen esik dgerine
kadar olan dgerleri icin toplam fayda dgerini hesapla.

9. Iclerinden en yiiksek fayda gerine sahip olani sec.

k1 k2 k3 k4 ks kb

nl| 10| 20 | 30 [ 40 | 35 | 45

nZ| 20 | 10 | 33 | 38 | 42 | 50

RME IRME
10 | 20 ('30-\(45\ 35|45 10 | 20 | 30 | 40 | 35| 45
A A 7 N T T
2011033 )38 [42] 50 201 10[33]38]42] 50
N f"‘\/"\\j\J\ij
J0]35)] 15102025 30135 15|10 ]20]) 25
()\/ A A

Sekil 3.3. IRME’nin RME Uzerinde ggadgi avantaj [16]

Bu Algoritmanin sgladigi fayda sekil Sekil 3.2."i deki orrig kullanarak aciklanabilir.
Bu drnége 3.3.'deki ve algoritma ve IRME algoritmasi sonucu ofugaklilik sekil
Sekil 3.3. ile aciklanabilir. Goruldiil gibi fayda fonksiyonu artis gamistir.

Bu tez calismasinda yukaridaki algoritmalardan dahaagabim gosteren algoritmalar
one surdimustir. Bunun yanisira , sadegelkli toplam veri hizini enblyuklemekten
ziyade , belli veri hizi kisitlarina sahip kullanicilarinsklarini s@layip dger
kullanicillarin - @irhkli toplam veri hizlarinin enbiylklenmesi problemlede
incelenmistir. Bu ¢aligmalari bir sonraki bélimde galieiniz.
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BOLUM 4

4. Yukari Gonderim Tek Tagiyicili Frekans Bolmeli CoklamaSistemlerinde
Kaynak Tahsisi

4.1. TT-FBCE Yonteminde Kaynak Tahsisi Problemi

Bu calismamizda tek tasiyicili frakans bdolmeli coklanka yukari génderimde
kaynak tahsisi problemlerini inceleyagie. Daha 6nceden beligimiz gibi tek
tasiyicili frekans bolmeli goklama sistemlerinde kaytadisisi yaparken bazi kisitlara
rastliyorduk. Bunlardan birtanesi alt kanal tahsisindendbitisiklik kisitidir. Dger
kisitlar ise guc kisitlariydi. Bu kisitlara gére bir kullemin harcadj toplam glc
P, degerinden, bir alt kanal iletiminde harca@diglc iseP, dejerinden daha kuguk
olmalidir. [12]'de bahsedilen calismada ,bu Ui kisitkdile alarak @irlikli toplam-veri
hizi maksimizasyonu problemi ¢ozulmisti. Eniyelenndsigni elde etmek icin ikili
tamsay! programlama yontemi kullaniimig daha az karkh@si sahip algoritmalar da
tanimlanmisti. Bu calismada ise [12]'deldidikli toplam-veri hizi maksimisyonu
icin tanimlanan kaynak tahsisi algoritmasini gelistikbegiz. Bunun yaninda kendi
tanimladgimiz veri hizi kisitiyla toplam giic minimizasyonu ve en ayida alt kanal

ile gdnderim problemnlerinin ¢6zUmuni amaglamaktayiz.

Tek hicreli bir @da, baz istasyonunun kaynak tahsisi kararini gaparsayilir. Birden
fazla kullanci oldgu varsayilir, sistem parametreleri ise Cizelge 4.1. geghde yer
almaktadir. Kullanicim altkanalk igin kanal kazanch,,  olarak tanimlanir. Alt
kanal guraltistN,W, olarak tanimlanir.K,,,, m kullanicisina verilen alt kanallarin
kimesidir. Bu alt kanallar frekans alaninda bitisik olrdal p,, ise m kullanicisina
tahsis edilen guctir, v&,,,’deki her alt kanala esit olarak dailr. Veri hizi ile sinyal
gurdltd orani arasindaki Gé&anti Shannon kapasitesi ile belirlenmigtir.

4.1.1. Agirlikh Toplam Veri Hizi Maksimizasyonu

Bu calismadaki problem [12]'de tanimlanan ile aynidir,agn8C-FDMA Kkisitlarini
g6z onidnde tutarakgarlikli toplam veri hizini en fazlaya cikarmaktir. Kullan
agirhklarr w,, ile gosterilir ve kullanicilar arasinda ondglibelirtir. Burada alt
kanal gucu P° ve kullanici gug kisitiP, veri hizini en fazla artiracak sekilde
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degerlendiriimelidir. Burada problem formilasyonlari [ tanimlandyi gibidir

max E Wiy, g R kxcon

kEXm
oylekiK,, N K, = (Z),Vm #m' M e M 4.1)

[12]'de tanimlandyi gibi 6rintl matrisid,,, ve ve ikili tamsayi ¢ozUmu icim kaynak
tahsisi vekroruy 6dul vektori veA kisit matrisi tanimlanir. Bu eniylenmis ¢ozmu elde
etmek icin MATLAB'In bitnprog fonksiyonu kullaniimaktadi[12]'de tanimlanan bu
eniyilenmis ¢6zim bélim 3.2.'de ayrintili sekilde anfaistir.

[12]'de de belirtildgi gibi eniylenmis ¢dzime ulasmak icin hesaplama kaasas
oldukca yuUksektir bu yizden yazarlar daha basit algoram#inimlamaktadirlar.
Calismamizin bu bélimunde [12]'dgiaikl veri hizi maksimizasyonu igin sunulan ag
g0zlu algoritma Uzerinde ufak bir gesiklik yaparak yiizdg — 8 civarinda performans
artisi sg@lanmistir. Algoritma agpdaki gibi tanimlanabilir.

1. Her kullaniciya tahsis edilebilir alt kanaller kimégj 'yi alt kanallar kiimesi
KC'ye, kullanicilara tahsis edilmis alt kanallar kim&sj,'yi ise bos kiime olarak
ayarla. Kullanicilarin veri hizlarini sifira esittg, = 0.

2. Tum alt kanal- kulanici ikilileri i¢inAr,, ;. olarak tanimlanam kullanicisinak
nin tahsisi durumundaki veri hizi artisigileri hesaplanir.Bu der bulunurken
ayni zamanda komsulari da hesaba katilacaktir. Cunku Ibikamal bir
kullaniciya tahsis edildinde komsulari ile sinirlandiriimaktadirAr,, , =

(P UTh=1} 7 Trfon Uk} + T Uk41}) — T, Y € Mk € K

3. Ary,i'lar hesaplandiktan sonra bunlarin en fazlagere sahip olanm*
kullanicisi vek* alt kanali belirlenir. Ker bu dger sifirdan blyikse alt
kanal kullaniciya tahsis edilir, alt kanallar kiimesindekectilir. Eger dejilse
algoritma tahsisi sonlandirikC,,,- = KC,,,« |J k*, K = K\ k*

4. Yenilenenk,,. kiimesine gore.,- dejeri ve ! . yeniden hesaplanir,,. =
K. = {min(Kp) — 1, max(K,-) + 1} N K

Tm*JC m*

5. Arp e = 0 yapllir VAT - 1o = T i UGy — Tons K € IC{;*

6. Alt kanallar kimesk’'nin bos olup olmadjina bakilir, §er bos deilse algoritma
3. basamaktan itibaren devam eder.
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Toplam 6 basamaktan olusan MUI, MUI-2 algoritmasi kendkrar eden bir
algoritmadir. Her dongude tahsis kaynak tahsisi gersgiklee 6nemli bir takim
kisitilarin takibini sglamasi gereklidir. Bunun igiiC,,, K/ gibi tahsis matrisleri
belirlenmelidir. IC,,, matrisi kullanicilara tahsis edilmigs alt kanallar tukregisindan
gereklidir. Kullanicilarin veri hizi bu matrisin iceialt kanallara gore hesap edilir.
K/ matrisi ise kullaniciarin bitisiklik kistini §gamak icin gerekli olan matristir.
Baslangicta higbir alt kanal hicbir kullaniciya verilmi@idcin tim kullanicilar iginkC/,
matrisi tim alt kanallari kapsar. Herhangi bir kullanichexrhangi bir alt kanal tahsis
edildigindeC/, matrisi o kullanici igin yanlizca tahsis edifiialt kanallarin komsusu
olan alt kanallari icerebilir (tabi o alt kanallar baskall&nicilara verilmediyse).
Tahsis edilen alt kanal ise@r kullanicilarinkC/ matrisinden ¢ikariimalidir. Gunk
zaten tahsis edilen bir alt kanal o zaman dilimi iginde ikibg kullaniciya tahsis
edilemez. Bu 6nemli iki tahsis matrisini belirledikten sanalgoritma basamak
basamak anlatilabilir.

Satir 1'de baglangi¢ durumu 6n atamalar gergeklastifiurada kullanici veri hizlar
., Sifira esitlenir/C,, bos kiime veC/, tim alt kanallari icerelC kimesine esitlenir.
Satir 2'dejr,, ;’lar hesaplanir. Bu dgerler MUI-1 iginm kullanicisinin o anki veri
hizinink alt kanal eklendji durumdaki veri hizina olan farkidir. MUI-2 icingeve
komsularinin sgladigi veri hizinin ortalamasinin,’ye olan farkidir. Tim kullanicilar
ve alt kanallar icin hesaplama yapildiktan sonra Satin®itlearen algoritma dongusel
davranig gosterir. Satir 3'te hesaplanap ;'lar arasindan en yiiksek geri s@layan
m* kullanicisi vek* alt kanal bulunurér,,- .- degerine bakilir §er bu dger sifirdan
blylkse yani alt kanal eklerginde veri hizi o anki veri hizindan daha biylkse
bu alt kanal Satir 4'te belirtildji gibi m* kullanicisininiC,,,- kiimesine eklenir ve
alt kanal kiimesiC’'dan cikartilir (yeniden tahsis edilmesini dnlmek i¢inyz,,« ;-
sifirdan buyuk dgilse algoritma sonlandirilir. Satir 5'ten itibaren altnleh tahsisi
durumunun getirdji kisitlamalarla ilgili giincellemeler uygulanir. Satiiteb r,,-
yeniden hesaplanir. Satir 6'da kullanicisininC/ . kiimesi, tahsis edildi alt kanalin
komgularina gore guincelleniC(kimesinde bulunmalar sartiylay:,, -, £* alt kanal
tahsis edilmig oldgu icin diger tim kullanicilar icin sifirlanir,,- , dejerleri isem*
kuIIammsmalen* kimesindeki alt kanallardan baska tahsis yapilamayaca b
kiime digindaki alt kanallar icin sifirlaniér,,- ;. ise yeni g[]ncellenerf(j,fﬁ ve K,
kiimelerine gore yeniden guncellenir. Tum alt kanallrirstshdurumunda algoritma
sonlanir.

MUI-2 olarak adlandirlan bu alogitmamiz, [12]'dakindeszkli olarak asama2 de
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farklihk gosterir. [12]'daki calismada alt kanal ekngufide olusan farka bakilir,
komsulari hesaba katiimaz.

4.1.2. En Az Sayida Alt Kanal ile Kaynak Tahsisi

Bu bolimde kullanici basin&®, veri hizi esik dgerini s@lamak sartiyla en az sayida
alt kanal kaynak tahsisi tizerinde durulmustur. Problermfdasyonu 4.2, 4.3 ve 4.4
denklemlerinde belirlenmistir. Bu problemin dnemli biatkisi olabilir. Bu da veri
hizi kisiti olan gergek zamanl ses, video uygulamalatakutilarina en az sayida alt
kanal ile iletimlerini s@layarak daha esnek trafik talebi olan kullanicilara dakkfa
alt kanal birakmay ggamaktir.

icl,.].(.r,liical/,eK Z [foom| (4.2)
nem
oyle ki,
P hn k
log (1 + min( , PP — ) > RY Vm € M (4.3)
]CEZ]C ’ |Icm| N(]Ws
Ko () K = ¥m #m' € M (4.4)

Hedefimiz toplam alt kanal sayisini en azgdeyle atama iken( 4.2), kisitlarimiz
alt kanal bitisiklik kisiti ( 4.4) ve kullanicilarin veritbdaridir( 4.3). Bu problemi
ikili tamsay1 programaya 6zgu sekilde formulize edileegkylenmis ¢cozimi gganir.
Bunun icin M x C’lik bir fiyat matrisi belirlenmelidir. Fiyamatrisi belirlerken bélim
3.2.de gosterilen4,, matrisi olusturmak gerekir. B6lum 3.2.'dé,, matrisi 4 alt
kanal olmasi durumundaki olasi kaynak tahsisi icin olugainttleri bir 6rnekle
gosterilmistir. Ayni 6rnek matris hatirlatma amaciyleree gosterilmistir. Bu matrisin
kolonlari kaynak tahsisi érunttlerini gostermektedir.

,Vm € M

s
3
I

o O o O
o O o =
o O = O
o = O O
_ o O O
S O = =
o = = O
_ = O O
O = =
— = = O
e e e

Bu matrisin kolon sayisi C ile ifade edilir, ve 4.5'de godesr fiyat dejerlerini
hesaplarken olarak ifade edilerd,,, matrisinin kolonuna tekabul etmektedir.
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Sm,j

v,
oodiger

Buradas,, ; daha énceden bahsedidigibi m kullanicisining érintisi icin verdji
fiyattir. Eger bu orlntl kullanici veri hizini §amiyorsa dgeri sonsuza egitlenir.
Veri hizini sg@liyorsa d@eri orintideki alt kanallarin sayisinin toplami olaradé
edilir. Bu matrise fiyat matirisi denilmesinin sebebigéei ne kadar buyik olursa o
kadar istenmeyen bir durumu ifade etmesidir (fiyat yukselthki hedef en az sayida
alt kanal tahsis etmektirs,, ;'lerdens; = [s;1,...,s1.¢c|”, bu déerlerden ises =
[s1, ..., sp]T vektorleri elde edilir. Bu durumda problem su sekildenfigitize edilir,

mxin{s%} (4.6)

oyle ki,
(A, ..., Ayle < 1k (4.7)
(4.8)

daki kisit esitsizgi sebebi illa bir alt kanal tahsis edilmek zorund@iidir, fakat
tum kullanicilar icin bir oriintl secilmelidir. Bu eniyilems ¢6zim yine Bintprog
fonksiyonu ile elde edilebilir.  Alternatif olarak daha aarknasaya algoritma
tanimlanmistir. Bu algoritma kendi icinde ufak birgigklikten dolayi iki guruba
ayrilmaktadir.

1. 4.5’a gore timmn kullanicilari igins,, ; fiyat degerlerini hesapla.
2. IK,, kimesini bos kiime olarak ayarlg, kiimesini tim kullanicilar igin sifirla.

3. fiyat matrisleri en blyukten en kigé ddyru sirala,siralanmis fiyatlard
matrisine ata

4. I, = 0 sartini sglayanm kullanicilariigin[s*, m*] = max{s'(m, 2)—s'(m, 1)}
(BMNS1), [s*, m*] = max{s'(m, 1)} (BMNS2) d&erlerini s@layans* ve m*
degerlerini bul.
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. BEger s(m*, 1) dejeri sonsuzdan kuguk di#se algoritmay! sonlandir. [@@se
Satir 6.'dan itibaren devam et.

6. j* = minjcc (s~ ;) esitligini seflayan;* oruntusini bul.

7. Vk € K j» 1GIN ICppe = K J k uygula.

8. I,,~ = 1 olarak ayarla.

9. Kyj» N Kn,; # 0 sartini sglayan tumy dejerleri igins,, ; = oo egitle.

10. Tadm kullanicilar veya tim alt kanallar tahsis edilreisggoritmayi durdur.
Edilmemisse satir 3'ten kalan alt kanal ve kullanicilan @evam et.

11. Bger >, Wiloga(1 + I,CZ}T;’\;;)"WS) > RY, ise basarim 1'e esittir, dése
basarimi O’a esitle.

Satir 1 v2 Satir 2 baglangi¢ 6n @b atamalari icin gerekli islemlerin yapidi
v,basamaklardir. Satir 1'de her kullanici igirdriintisinidn fiyati hesaplanir. Satir
2'de baslangicta hicbir tahsis yapiilmamis @dugin her kullanicinin alt kanal tahsis
kiimesiC bos kiime olarak ayarlanif,, dejerleri sifirlarinir. Bul,, degeri herm
kullanicisi igin bir belirte¢ fonksiyonudur. @eri 1 old@gunda kullanicinin yeniden
tahsisini engeller. Tum bu baslangicgaéelerinin ayarlanmasindan sonra algoritma
dongusel davranis gosterir. Satir 3'te fiyafjdderini en kiiclikten en blge siralar
ve bu siralanmis fiyat derleri birs’ matrisinde tutar. Satir 4'te algoritmanin iki farkli
yaklasimi s6z konusudur. Bunlardan BMNS-1 en kii¢uk ve efidiin bir bly@u olan
fiyat deggeleri arasindaki farki en ¢oklayan fiyatiyla m* kullanicisini bulur. Burada
amag kacirlimis olan bir tahsisin ne kadar etkili olabifgoedlgmektir. BMNS-2'de ise
fiyatlardan en kugctkleri arasinda en yiksegete sahip kullaniciyr bulur. Buradaki
amag ise en ihtiyaci fazla olan kullaniciyi belirlemektifahsis edilecek kullanici
ve Orintl belirlendikten sonra fiyata bakilger sonsuzsa algoritma dongtden cikar.
Degilse bu 6runtl o kullaniciya tahsis edilir. Orutudeki tiih kanallar kullanic
alt kanal kiimesine dahil edilir. Kullanicinin yeniden tshsdilmesini 6nlemek
amaciylal,,- dejeri 1 yapilir. Son olarak ortintiideki alt kanallari icereged tim
oruntuler icin fiyat dgerleri sonsuza esitlenir boylece bu alt kanalarin yenidésisi
engelenmig olur. Tum bu asamalar altkanallarin timu \eyianicilarin tumu tahsis
edilene kadar dongusel olrak devam eder. Algoritma dongigdetiginda tahsisler
tamamlanmis demektir. Geriye yapilmasi gereken ise skgngi basarimini kontrol
etmektir. Kullanicim’nin aldigi her alt kanal icin kanal kapasitesi hesaplanifife
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degerinden buyuk olup olmagh kontrol edilir. Blyuk olmasi durumunda basarim
degeri 1 dir, dgilse O dir.

4.1.3. Toplam Gug En Azaltimi

Bu calismadaki amag veri hizi kisitlarinagheolarak toplam guct azaltmaktir. Bu
problemin motivasyonu mobil araclarin enerji harcamasmraza indirmektir. Problem
formulizasyonu su sekilde yapilir

icl,.].(.r,liical/,eK Z P lm (4.9)
meM
oyle ki,
(4.10)
K| K = 0,Ym #m' € M (4.11)

Pm.x,, dederim kullanicisinalC,, kimesi verildginden elde edilen gug tahsisidir. Bu
degerin tim alt kanallar arasinda esitplap R, dejerini s@ladigi varsayilimistir.

3 ; phm k 0
Dm.K.,, = minoylekt E Wilogy(1 + ——) < R, 4.12
K » Y = g2( ‘/Cm‘]\/b”rs) ( )

Bu problemin eniylenmis ¢6zimunu elde etmek icin 4.1.14vk2. de kullanilan
ikili tam sayi programlama yontemi uygulanirl,, 4 alt kanal icin olasi 6runtuleri
veren bir matristi. Ayni matrisin calisma prensibini bdaiada kullancgiz. Bunum
kullanicisinin olasi bir alt kanal driintlist tahsis ediidéle harcady enerjiyie,, ; fiyat
degeri olarak hesaplayage. Bu dger su sekilde tanimlanir.

Kl (4.13)
oodiger

{ Posrn P, < Ploetitmi o ps
em,j ’ ’

4.13'de LfBC yontemlerinde daha 6énceden bah§ettiz kullanici gic kisitiP* ve
alt kanal gu¢ kisitiP® hesaba katilamaktadir. Her orinti igin, o érintgetetahsis
edildiginde en azRr?, veri hizi elde etmek igin harcanan giic miktari belirleneg gu
kisitlarindan daha biyik olmasi durumunda fiyatl sonsuablkssitlenir.

31



Hesaplanare,, ; dejerleri daha sonrae vektoriinde toplanir ve problem hedefi
min{e’z} olacaktir. Bu problemin kisitlari 4.1.2."dekilerle ayriacak sekilde 4.7
ve 4.8 olacaktir. Boylelikle en az gug ile iletim problemilikam say! programlama
problemi icin uygun formulize edilmistir.

Diger iki problemde oldgu gibi ikili tam say! programlamanin yaninda karmasasi
daha az algoritmalar gelistiriimelidir. Bu amacla iki a@zdji algoritma tanimlnmigtir.
Bunlardan ilki en az gig¢ azaltimi algoritmasidir (MPD) vewdibariyle 4.1.1.'de
tanimlanan MUI algoritmasina benzemektedir.

1. Tumm’'lerigin p,, = oo, K,, = ) ve K/, = K olarak ayarla.
2. Tumkvem igin AP, ;. = pp — Pm.k., Ugk} hESapla.

3. Tumm kullaniciar veK/ kiimesinde yer ala# alt kanallari igin[m*, k*] =
max AP, , dejerine sgsayannx ve kx’yi bul.

4. 6p,+ i~ degeri sifirdan blydk dgilse algoritmay! sonlandir.@ése 5. satirdan
devam et.

5. k*'I m*'nin alt kanallar kimesinéC/ ekle. Tum alt kanallar kimesinden cikar
K= K\E*.

6. K. = {min(K,») — 1, max(K,) + 1} (K olarak ayarla.

7. Tumm'lerigin 6p,, ;- = 0 ve timk&’lar i¢in dp,,~ , = 0 yap.

8. APk = Pk — P ko Uth) € KL deGerlerini yeniden hesapla.

9. Tum alt kanallar tahsis edilmisse algoritmay1 sonlartediimemigse satir 3'ten
diger kalan alt kanallar ve kullanicilar igin algoritmayi uya.

10. Algoritma dongiden c¢ikmissa sartlarini kontrol efjligarsa basarima 1,
sajlamiyorsa basarima 0 ata.

Daha 6nceden bahsediiigibi bu algoritma isleyisi aciksindan 4.1.1.’de batikmn
MUI-2 algoritmasina benzemektedir. Satir 1'de kullanidc glgerleri yuksek bir
saylya esitlenir. Kullanici icin tahsis edilebilir althalar kiimesik/ , baslangicta
tim alt kanallar tahsis edilebilegeicin her kullanici igin/C olarak tanimlanir. Heniiz
bir tahsis gerceklesmagliicin kullanici alt kanal kiimeskC,, tim kullanicilar icin
bos kimedir. Satir 2'de tum alt kanalkullancim ikilileri i¢in, £’nin m’ye tahsisi
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durumunda gugcte ne kadar fark yaratica belirtenAp,, ,, dejeleri hesaplanir. Satir
4'te kI kimesinde olmasi sartiyla biyp,, ;. deeri en buyuk olann* kullanicisi ve
k* alt kanali secilir. Burada en yUksekdkrin secilmesinin anlami eklenen alt kanalin
farki en fazla yapan yani en dusuk guc gerektiren tahsiasindan kaynaklanir.ger

bu secilen alt kanal kullanici\p,,- .- degeri sifirdan blyuk dgilse uygun olmayan
bir durum s6z konusudur ve algoritma dongiden ¢ikargiBe m* kullanicisinak*

alt kanalini tahsis eder (satir 9),,- yeniden hesaplanir (satir 6) vw déngiye devam
edilir. Bu tahsis sonucu bazi giincellemeler yapiimaliddincelikle yeniden tahsis
edilemesini 6nlemek amaciykd alt kanal alt kanallar kimegi'’dan ¢ikartilir. Satir
7'de m*'nin tahsis edilebilir alt kanalarini gésterdg.., tahsis edilmis alt kanallarin
sadece komsularini kapsayacak sekilde yeniden dizegddii komsu alt kanallar
tahsis eidimemisse). Satir 8 'de satir 3ie,,, ,, dejerinin en yuksgini bulurken tahsis
eilmis £* alt kanalinin se¢lme durumunu 6nelemek amaciyla tum kuali@n icin
dpm i+ degeri sifirlanir.dp,,- , dejerleri ise sadecle:j;* 'deki alt kanllar i¢in bir dgere
sahiptir, onun disindaki alt kanallar i¢in sifir olaraktalanir. Clnkd bu kullanicr igin
gelecekteki olasi bir tahsi§,’;* matrisinde yer alan alt kanallar igin gecerli olacaktir.
Bu durumdan* kullanicisi iginAp,,,- . degeri satir 8'de tim alt kanallar icin sifirlanip
satir 9’dalen* 'ye gore yeniden hesaplanirger tim alt kanallar tahsis edilmisse tahsis
islemi tamamlanmistir ve algoritma déngiden cikip laggtama kontroll yapar. Satir
10’da kisitlarin sglanmasi durumunda basarim 1’egdee 0’a esitlenir. Alt kanallarin
tumu tahsis edilmemigse algotirma donguden ¢cikmaz ve3&an itibaren kalan alt
kanal ve kullanicilar i¢in kaynak tahsisi islemine devatere

Ikinci tanimlanan algoritmada guc kisitlari daha iygksabilmeyi hedeflenmistir.
Minimum enerji problemi kullanicilar arasinda celliskiyer agmaktadir. Gicl daha
fazla azaltmak icin bir kullaniciya daha fazla alt kanal hgitkneliri. Fakat bu djer
kullanicilara daha az alt kanal birakir. Bu geligkiyi elhgraek icin BMPT algorimasi
kullanicilara tahsis edilecek altkanallara bir Gst sioyde. BMPT da tanimlanag,, ;
fiyat mnatrisini kullanmaktadir. Algoritmanin detayl atrhi asgidaki gibidir

1. Tum kullanilar iginp,,, = inf, K, = 0, K/ = k,olarak tanimla.
2. 4.12 ve 4.13 kullanarak het kullanicisi vej érantusu icire,, ; hesapla.

3. Here,,; < oo dejerini s@lamayan kullanici, 6runtd ikilisi varsa algoritma
sonlandirilir.Yoksa satir 4'ten itibaren devam edilir

4. Herm kullanicisi igin alt sinir hesabi yapilir,, = min{|/C,, ;| }
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10.

11.

12.

13.

14.

15.

16.

17.

. Eger toplam L,, degeri, > L, toplam alt kanal sayisi'dan buyikse

algoritma sonlandirilir. Dglse satir 6 ve 7 hesaplanir.

. Herm kullanicistigin st sinit,, = K — > Ly,
. timy orantaleri vem kullanicilart igin|/C,,, ;| > U,,, durumu igine,, ; = oo

. Eger satirlari arasinda algoritmayi sonlandirian bir duyoksac’ matrisini tim

m kullanicilari igine’nin sirlanmisi olarak ayarla.

. I, = 0 olan kullanicilar arasindafe*,m*] = max{e'(m,2) — €/(m,1)}

salayanm* kullanicisi bulunur.

Egere’(mx, 1) dejeri sonsuzdan kuguikse ggdaki satirlar uygulanir. Oplse
algoritma sonlandirilir,

Tam oruntiler arasindanin{e,,~ ; }'yi saglayan;* érunttst bulunur.

J* éruntisinin tim alt kanallaki,,'ya eklenir veXC kimesinden cikartilir.
I~ = 1yapihr.

Ko N K,; # 0 olan timy orintlleri igins,, ; = oo yap.

Tum kullanicilar tahsis edilmis veya tim alt kanalkgrgis edilmisse aloritmay!
sonlandir.

Her kullanici icin tahsis edilebililik matrist/'yi bul ve kalan alt kanallarla
MPD algoritmasi uygula.

Tum tahsisler bitfji zaman sartlarini kontrol et. §ama durumunda bagsarimi
1’e s@lamama durumunda bagarimi O’a esitle.

Satir 1'de her zamanki baglangi¢ ayarlari yapilir. tumakutilar icin guc dgeri
yiuksek bir sayiya, kullanci alt kanal kimesi bogs kimeyglesgr. Satir 2'de
em,; degerleri hesaplanir. @er kullanicilar igindee,, ; < oo higbir drinti igin
sglanmiyorsa algoritma tanimsizdir ve sonlandirhgeEher kullanici igin bu sarti

salayan bire,, ; 6rinttusi varsa bu orintilerin toplam alt kanallardan erigiig.,,
alt kanal 6ritn0 tahsisinin alt sinirini belriler. g& tim kullanicilarin topland.,,
degerleri toplam alt kanal sayisindan buytiikse algoritma tansizdir ve sonlandirilir.
Degilse her kullanici icin Ust sinir hesabi yapmak gerekir.nBsap her kullanici igin
kendisi disindaki kullanicilarin alt sinirlarinin toplanin toplam alt kanal sayisindan
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cikartiimasidir.  BuU,, Ust sinirinin Ustinde alt kanal iceren oruntuler igjp;
degeri sifir yapilir. Eer algoritma tanimsiz @ése alt kanal tahsisine devam edilir.
Burada fiyat dgerlerini siralamakla baglar. En dusiuk iki fiyatinin farknin tim
kullanicilar arasinda en yuksek olart kullanicisi segilir. Bu kullanicinin en kiguk
e dejeri sonsuzdan kicik olmasi sartiyla algoritma devam eeldau sarti sglayan

j* orantisund bulur. 7% 6rintistnian tim alt kanallarimex’ye tahsis eder ve alt
kanal kimesiC'dan ¢ikartir. 7,,,. degeri kullanicinin tekrar tahsis edilmesini 6nlemek
amaciyla 1'e esitlenirjx 6érintistnin icerdi tim alt kanallardan herhangi birtanesini
iceren bir dgeer oruntilerin tumUmun fiyati sonsuza esitlenir. Tunakutilar veya
alt kanallar tahsis edilmisse algoritma sonlandirliah@ sonra kalan alt kanal varsa
K/ kumeleri belirlenip MPD algoritmasi uygulanir. Veri hizigéic kisitlarinin
salanip s@lanmadgina kontrol edip sglanmasi durumunda basarimi 1’e esitlenir,
aksi halde Odur.

4.1.4. Benzetim Sonuclari

10 Kullanicili bir sistem icin farkli uzakhk ve sonimlemegerleri olusturarak
performanslari kaydettik ve kiimulatif ggum fonksiyonunu olusturduk.

4.1.4.1. Ayirlikli Toplam Veri Hizi:

Sekil 4.1.de en iyilenmis ¢6zim, a¢ gozlu algoritmalaML ve MUI-2 icin agilikli
toplam veri hizi kimulatif dgulimlari verilmistir. Her optimizasyon icim,,, dejeri

0 ve 1 arasinda esit gdim gostermekterecek sekilde @b almaktadir. Sonuclara
bakildginda 6nerdimiz a¢ gozIu algoritma ayni karmasigé sahip olmasinagaen
performansi artirarak eniylenmis ¢cozime yaklasmaktesiayisal sonuclara gore bu
performans artisi (MUI-1 ve MUI-2 arasind®)7 — 8 civarindadir.Her asamada a¢
g0zlu algoritma igin olusturdyjumuz MATLAB kodu sadece gerekli olan kullanici alt
kanal ikililerinin 6dul dgerlerini glincellestirir. Bu ikili tam sayi programlanegore
500 kat daha az hesap suresini azaltir.

4.1.4.2. En az Sayida Alt Kanal:

Sekil 4.2.'de en iyilenmig ¢bziim ve BMNS a¢ gozlu algoasmin 2 versiyonunun
en az sayidaki alt kanala gore kimulatifgdek fonksiyonunu vermigtir. Kullanici
basina disen veri hizi kisiti kullanici basna 16kbpsThplamda 1000 farkli durum
icin basarisiz ve tanimsiz tahsislere yiukseletde fiyat verilerek ayirt edilmeleri
salanmistir. Benzetim sonuclarina gore eniylenmis sopaeuag gozIlu algoritmalar
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KDF : M=10. K=2b igin elde edilen toplam agthkh ver iz

0.9}f
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s Optimmial
= = = MU| - Wong et.al.
e MUL -2
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F(x)

041
03l . S
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01}

0 05 1 1.5 2 2.5 3
x (bps cinsinden toplam bit hizi) % 107

Sekil 4.1.:M = 10 ve K = 25icin farkl semalarin @rlikl toplam veri hizi kimulatif
dagilimlarini vermektedir. [12]'daki a¢ g6zl algoritmayérg performansta ufak bir
artis sglanmistir (yaklasik yuzde 7)

nerdeyse ayni performansigéamaktadir. Bu 6nemli bir sonugtur ¢lnki ag¢ gozlu
algoritmalar nerdeyse 30-35 kat daha hizli ¢calismakt&thriyilenmis ¢6zimdé&os1
kadar basaril tahsise rastlanirken baeteac gozli algoritmalar icitv49 (sadecé/2
fark var). BMNS-1, BMNS-2'ye gore az bir farkla daha iyi laagn gostermektedir.
Sonuclara gore en iyilnmis ¢6zim bife49 oraninda tanimsiz durumdadir. Bunun
sebebi golgeleme ve sonimlemedderinin herhangi bir dger alabilmesidir.

4.1.4.3. En Az Toplam Gug:

Sekil 4.3."te Eniyilenmis ¢6zim ve iki a¢ gozli algoritroéan MPD ve BMTP’'nin
toplam gu¢ harcamalarinin kimdulatif fonksiyonlarini vektedir. Bintprog
fonksiyonunun hafiza sorunundan dolay! benzetinler= 20 igin gergeklenmistir.
BMPT algoritmasi sasirtici bir sekilde ikili tam sayiogramlamaya yakindir. Bunun
en 6nemli sebeplerinden bir tanesi kullanicilara tahsieesk olan alt kanal sayisina
br tst sinir koyulmasidir. Bu bazi kullanicilarin tekrardahsisini 6nleyerek veri hizi
kisitlarinin sglanabilirligini artirmaktir. MPD algoritmasi hi¢ gug kisit yokmugpgi
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KDF: M=10, K=25 ve R= 16 kbps igin kullanilan alt kanal sayisi

o S R RO ‘ S A R S . f—

0.451 e

{110, 1] N T - -
Optimal

o - = = BMNS-1
0.35F - i = et [ ]| [— BMNS-2|

F(x)

0.3F

0.25¢

0.2f

015

10 158 20 25
x(Alt kanal sayisi)

Sekil 4.2.: M = 10 ve K = 25 i¢in farkh semalarin en az sayidaki alt kanal sayisina
gore kimulatif dgihmlarini vermektedir. Kullanici basina disen veriliksiti 16kbps
dir. Ag gozIli algoritmalar en iyilenmis ¢oztimle nerdeygaissonug vermektedir.

davranir ve sadec#15 basarim sglar. Eniyilenmis ¢6zim ve BMPT algoritmalari
%49 civarinda basarim géamaktadir. BMPT hizli olmasindan dolay! bir avantaj
salar(10 kat daha hizli). MPD ise eniyilenmis ¢ozime gore B& daha hizhdir.

4.2. Hetarojen Kullanicilar icin SC-FDMA Tabanli Kaynak Ta hsisi

Bu calismada SC-FDMA sistemi i¢in kaynak tahsisi probleroelenecektir. Problemi
karmasik hale getiren iki tip kullanici ¢esitinin olmas! Bu iki gurup esnek tradie
ve esnek olmayan tr@® saihip kullanicilar diye ikiye ayrilir. Hedefimiz esnek
trafigi olmayan video, ses gibi uygulamalar olan kullaniciaveri hizi kisitlarini
salayarak geri kalan kaynaklarla esnek kullanicilarin Yeezini mimkin oldgunca
yuksaje cikarmaktir. [12]'daki eniylenmis ¢6zim yontemi icimllanilan ikili tam
say! programlama ayni amagla bu problem i¢in de uygulammigk hiicrede bir baz
istasyonu olan sistemde kullanicilar baz istasyonunemlgapmaktadir. Her birinin
alt kanal geniglii W, olan K alt kanal vardir.C = {1, ..., K'} alt kanallar kimesini
olusturur, M = {1,.., M} kullanicilar kiimesini olusturur. Bu kiime esnek trafikli
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KDF: M=10. K= 25, R=16 kbps igin kullamlan alt kanal sayisi
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Sekil 4.3.: M = 10 ve K = 20 icin farkli uygulamalarin toplam harcanan gice
gore kumlatif dgihm fonksiyonlarini vermektedir. Kullanici basinasain, veri hizi

performansi elde etmektedir.

kullanicilar kiimesiM ¢ ve esnek trafikli olmayan kullanicila¥t y z olmak Uzere iki
kesisimi olmayan kiimeye boltnukA y ; kiimesindeki tim kullanicilak®, veri hizini
talep etmektedir.

m kullanicisinink alt kanalindaki kanal kazanay,, ;. olarak tanimlanir ve bu derin
baz istasyonunda bilingi varsayilir. Baz istasyonu tahsislerin gerckigstrerdir.
kE'min ise alicidaki gurdltt guctiVoW, w dir. Gug kisitlar 2.2'deki ¢alismada
tanimlanan gug kisitlarnyla aynidir ( [12])/C,, m kullanicisina tahsis edilen alt
kanallirin toplandji kiimedir. |KC,,| ise bu kiimenin kardinalidir ve bu kiimede yer
alan alt kanallrin toplam sayisini ifade eder. Bu durumdiaullanicisinak alt kanali
tahsis edildjinde elde edilen veri hizi agelaki gibidir

p P ke
=1 1 i P? : 4.14
Rm,k,Hm OgQ ( + mln( |ICm| ) )NOWS) ( )
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Parametre | Benzetim D&eri | Birimi
Teell 1000 m

yol kaybi 31.5+ 37.6d dB

Guralta -161 dBm/Hz

Golgeleme 8 dB
W 180 kHz
Ps 10 mwW
P, 200 mwW

Cizelge 4.1. SC-FDMA kaynak tahsisi sistem parametreleri

Problem su sekilde ifade edilebilir

max Z W Z R 4.15
Kiyeery KmeK m m,k, KCm ( )
meMEg kEKm

oyle ki,
Z RmJg,]Cm > R&Vm € Myk (416)
kem
Ko () K = 0,¥m #m', € M (4.17)

Bu problemin en iyilenmis ¢6zUmunu elde etmek icin ikilimsay! programlamaya
uygun sekilde tekrardan formilize edilmesi gereklidin @irumda 2.2'de oldyu gibi
kaynak tahsisi karar vektord, odal vektorir ve kisit matrisi belilenmelidir. Kisit
matrisleri 4.16 ve 4.17 2.2'de oldu gibi linear bir matris denklmi olarak yazilabilir.
Bu durumda hedef fonksiyonumuzax, r* 2’e dontsur. Hedefimiz dirultusunda bu
r 6dul vektorind su sekilde tanimlayabiliriz

Tm,j = W Z Rmk,lcm’j,Vm e M (418)

kekm,;

,m e Mpyg (4.19)

T'm,j

0
_ 0 Zkelcmd- Rm,kJCm,j > Rm
: 0

Buaradaj 2.2’de tanimlanan kullanicilarin érintt matrisj,’nin kolonlarini temsil
eder (6runtuleri). K, ; ise j oruntisinde yer alan alt kanallar kiimesidir.ge
M g'de yer alan bir kullanici igiry 6rtntust ger veri hizi kisitik?,'1 saglamiyorsa
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degeri —inf’e egitlenir.  CUnkl toplam 6duli en fazla yapmak icin verzih
sartini sglama zorunlu olmahdir.  Eniyilenmis ¢6zim MATLAB’In Hjorog
fonksiyonu ile ¢ozulebilir fakat ¢ozium karmagsasindamgiodaha basit algoritmalar
da tanimlanmalidir. Eniyilenmig ¢ozUmu analiz ettiktenrs: su hususlar gikmigtir 1)
esnek olmayan kullanicilar bandin kenar kisimlarindasisaédilmigtir. Bu ortada
bitisik bir alt kanal kiimesi birakir ki bu da bir veya iki eyi iesnek kullanicilara
verilmistir. 2) esnek kullanicilar arasinda alt kanalggmelde tek bir kullaniciya
verilmistir.obunlari g6z 6niinde bulundurarar algoritmagamali bir kaynak tahsisi
gerceklestirir. Ik asamada esnek olmayan kullanicilar icin kaynak tahsilir
Burada herMyg kimesinde yer alan kullanici vee 6rantu igip ; fiyat matrisi
belirlenir.

Sm,j:{ | 7J| Fms ,m € Mpyg,VjeC (420)

inf 7, ,; = —inf

Burada @er bir oruntl veri hizi kisitini ghiyorsa fiyatt 0 orintideki tim alt
kanallarin toplam sayisidir. §amiyosa dgeri sonsuzdur. Algoritma agadaki gibi
tanimlanabilir.

1. Vm € My, Vj € Cigin s, ; degerlerini hesapla.
2. 2.2'de belirlenenle ayni olaf,,, I,, = 0 Vm, ||/ = K olarak ayarla.

3. tahsis edilmemig v kullanicilar arasindan en kiigisk, ; degerini verenmsx
kullanicisini bul.

4. Sy = fiyatm™™ dejerini veren tumy Orlntdlerini bul ve kenara yakin olan

mx

tahsise sahipx ortntuyu seg.

5. sms j« degeri sonsuzdan kicukgedruntusunin alt kanallarine«'ye tahsil et.
K7 kiimesini bu tahsise gore giincellg,. dejerini birdaha tahsis olmamasi igin
sifira egitle.jx orintlisunde yer alan alt kanallar iceregeti rintdler icins,, ;
degerini sonsuz olarak esitlenmelidir.

6. 3. asamadan itbiaren algoritmay tkararla.geEM yr kiimesindeki yim
kullanicilar tahsis edilmigse bu basamaktan itibareradeet.
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7. Tum esnek trafii olmayan kullanicilarin tahsisi bittikten sonia/ # ()
olmasi durumunda esnek kullanicilar ve tahsis edilebigsikanallar arasindan
en ylksekr,, ; dejerine sahip(mx, j*) ikilisini bul. msx kullanicisinag=
oruntlsunu tahsis et/ ., K,.. ve I,,.'yi bu tahsise gor guncelle X = ()

oluncaya kadar devam et.

8. My kiimesindeki tunm kullanicigsar igin/,, = 1 olmasi durumunda agadaki
basamaklari uygula.

9. ky = min{K, } ve ky = max{K,,} yap

10. BJerk, < kyiseAy,,: ki'i n’den alipm'’ye verilmesi durumunda elde edilen
agirlkhi veri hizi artist. Ay, ko'i n’den alipm’ye verilmesi durumunda elde
edilen a@irlkh veri hizi artisiA™**:  kq,ko ve tum kullanicilar arasionda en
yuksek kullanici alt kanal ikilisidirA™**"in sifirdan buyik olmasi durumunda
bu alt kanali bu kullaniciya ver ve tim giincelemeleri yafpdan blyik dgilse
algoritmay1 sonlandir.

Kargilastirmak amaciyla MUI ve IRME algoritmalari hegfan kullanicilar igin adapte
edilir. MUI-H ve IRME-H olarak adlandirilan bu algoritmatia kullanici girliklar
1'e esitlenir. Bu algoritmalarin asillarindan farkh lanicilar veri hizi kisitlarini
sagladiklarinda daha fazla kaynak tahsil etmezler.

4.2.0.4. Benzetim Sonugclari

10 kullanicinin oldgu bir sistem igin benzetim sonugclari verilmistir¢ Kullan
agirhklari, uzakliklari ve sonimleme gderleri icin 2000 farkli durum olusturulur ve
kaynak tahsisi gergeklestirilir. Sonuglar bir dizide lprg En iyilenmigs sonuglara
gore elde edilmis dizi ile a¢ gozlu algoritmalar ile eldeled diziler eleman eleman
birbirine bélundr. Bu durumda lgd performansi gosteren bir dizi elde edilir. Bu
dizilerin kiimulatif dayilimlar cizdirilebilir. Esnek olamyan kullanicilar igiveri hizi
kisitt 90 kbps dir. Ny esnek olmayn kullanici sayisini vegdii varsayarsak Sekil
4.4'daNygp = 0,1ve3 igin benzetimler gdsterilmistir. Burada IRME-H icin &si
dejeri tum denemeler icinde en iyi sonucu vefEn= 4 olarak alinmistir. Her g
durum icin sundgumuz algoritma eniylenmis ¢6zime en yakindir. Esnek géma
kullanici sayisi arttikca algoritma daha iyi performangla@aktadir. Bazi koti
kanal durumlarinda tanimsiz kaynak tahsisleri olabiliayiSal sonuglara bakilirsak
2000 denemede 932, tanimlanan algoritmada ise 928 bagéstariimektedir. Bu
deger MUI-H ve IRME-H icin sirasiyla 744 ve 748 dir. Tanmimlanafgorimta
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performans bakimindang@grrlerinden bir fark yaratmistir. Tanimlgdniz algoritma
bir kac saniye icinde sonuca ulasabilir bu da gercek uygalar icin uygulanabiligini
gOstermektedir.

KDF: N=10 . K=15b igin performans deferleri

= OPTiproposed
= = = OPT/IRME(Tr=4}|
------ OPT/MUI
! s
2 25
e e e i e
o of successes:
OPT-1584/2000
— OPTiproposed
= = = OPTIRME-H(Tr=4
+« OPTIMUI-H
2.5 3 3.5 4 45 5
NNE=3
T PR T P i i
he o no. of successa
OPT:932/2000 — OPT/proposed
Rue-ri7izos | = = = OPTIRME-H(Tr=4)
MUI-HT442000 | oo OPT/MUI-H
| . . L 5 )
25 3 35 4 4.5 5

x (Bagil Performans)

Sekil 4.4.: Esnek olmayan kullanici sayisinin 0,1 ve 3 glddurumlar icin bgil
performanslarin kimdalatif dalimlari gésterilmektedir. Esnek olmayan kullanici
sayisi artikga sunulan algoritma daha iyi basarim go<tietedlir.
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Parametre | Benzetim D&eri | Birimi
Teell 1000 m

yol kaybi 31.5+ 37.6d dB

Guardlta -161 dBm/Hz

Golgeleme 8 dB
W 180 kHz
Pg 8.0403 mwW
P, 125.89 mwW
K 25

Cizelge 4.2. Heterojen kullanicili bir sistemde kullanifastem paremetreleri

43



BOLUM 5

5. Kablosuz Ca@ya Gonderim Sistemlerinde Dik Frekans Bolmeli Coklama ile
Kaynak Tahsisi Yontemleri

Yeni nesil genisbant kablosuz sistemlerde en dnemli wymgalardan biri yayin ve
¢coga gonderim uygulamalaridir. IP Radyo Yayini ve Mobil TV bygulamalardan
bazilaridir [1]. Bu tir sistemlerde genellikle birden faataja génderim grubu
vardir ve bir gruptaki her kullanicinin ayni veriyi almagrekir. Yayin sistemlerinde
her kullanici tarafindan geri bildirim gerektigdi icin ARQ/HARQ teknikleri
kullanilamaz. Bu durumda siradan kipleme ve kodlama té&nikullanildiginda
erisilebilir kapasite ortamdaki en kotl durumdaki kulantarafindan belirlenir [6].
[6] calismasinda birden fazla ga gonderim grubu oldu durumda toplam veri
hizi maksimize edilmigtir. Ayrica bazi dusuk karmaskklalgoritmalar 6nerilmigtir.
[2] calismasinda ise toplam veri hizinin artirimasi igioklu tanimli kodlamat
tekniklerinden faydalaniimistir [3]. Daha iyi kanal damlu kullanicilar yine ayni
yayini, ama daha iyi kaliteyle almaktadirlar. Ancak, bugraklar sonucu kullanicilar
arasindaki adaletsizlikte bir gisiklik gorilmemektedir. Kullanici sayisi arttikga en
kot kullanicinin aldii hizmet kayde dger bir bicimde dismektedir.

[4] calismasinda tek veya coklu grupluggogdnderimde, en kot kullanicinin veri
hizini oldukga artiran bir yontem bulunmustur. Bu teknée-Solomon gibi silinti
kodlarina dayanmaktadir. Tez calismamizin ikinci boladgi[4] calismasini tememl
aldik ve dongulif bir kaynak tahsis algoritmasi énderdik. Algoritmamizimheéaha
iyi basarimi vardir , hem de daha hizli ¢calismaktadir. eEttgimiz iyilestirmeler
grup ve kullanici sayisi arttikca artmaktadir. Kendi sralmizi gelecek bolimde
anlatmadan 6nce [4] calismasini biraz daha detayl aszta

5.1. Dik Frekans Bdlmeli Caa Gonderim Sistemlerinde Uyarlanabilir Kaynak
Tahsisi[Bakanaglu, [4]]

Bu calismada DFBC yonteminin faydalarindan yararlanacaklu-gruplu c@a
gonderim sistemi veri hizi iyilestirmesi Uzerinde durulstur. Burada hedef tek bir
¢oklu yayin grubunun c¢oklu yayin veri hizini en fazlalaptikullanicilar arasinda

Multiple description coding
2iterative
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esitligi saglamaya calismakken ayni zamanda birden fazla ¢oklu ygybu sistemi
icin genel bir cerceve olusturmaktir. Bu calismada karefl bilgilerin var oldwu
varsaylilarak probleme iki asamada ¢6zim hedeflenmigiticoziimin ilk asamasi egit
giicle alt kanal tahsisiditkinci asamada ise ilk asamadaki elde edilen alt kanaisih
sonucuna gore bit tahsisi gerceklestirmektir. Daha sonda grup sayisi artirilarak
gruplar arasinda esitlik §&amak icin a¢ gozli algoritmalar 6nerilmis, bitisik i)
alt kanal-guc tahsisi gerceklenmigtir.

K kullanicili N alt kanalli bir sistemde, alt kanallara esit guc vegidiarsayilmistir.
Baz istasyonunui®; toplam gucu vardir ve bu baz istasyonu ¢oklu yayin grubuna al
kanal ve bit tahsis eder. Bunun igin,  belirteci vardir. Bu belirtece gore@yern alt
kanalik kullanicisina verildiyse dgeri 1 dir, aksi halde 0 dik:,, dejeri, n alt kanalina
tahsis edilen bit sayisini ifade eder. Bu tahsis edijedegeri,c, € C = {1,2,..., M}
ayrik kimesinden secilgi varsayilir. Bu durumda bir alt kanala tahsis edilebilece
bit sayisi en fazla\/'dir. k kullanicisinin veri hizi tahsis edilen bitlerin toplanmdi
(Re = > _,_; cawn ). GOKlu yayin grubu veri hizi ise o gruptaki kullanicilaseri
hizinin en kic¢gudir. Bu durumda bu dere R denirse,R = min ZnN:1 CnWh
olarak ifade edilir. Bu dger ayni zamanda Reed-Solomon kodlamasi kullannda
elde edilebilir coklu yayin grubu hizidir.Bu durumda hetl&aici R bit veri hizini
elde edebilir. R,,,,,, dejerini tum alt kanallarin tahsisi durumunda elde edilafgle
maksimum veri hizi olarak ifade ederseR.(,, = ZnNzl ¢n) Reuwmn = R durumunda
tim alt kanallar tim kullanicilara tahsis edilmis demektj,,, > R oldujunda ise
Reed-Solomon kodlamasi kullanigvarsayiimistir. Bu durumdg bitlik data R.,,,,
bitlik dataya kodlanmis, bu kodlanmis bitler ise ayngp farkli alt kanala tahsis
edilmistir. Herhangi bitR bitlik datayi elde edebilen bir kullanici bu kodlama yéntem
sayesinde asll ¢coklu yayin grubu verisine ulasabilir.

Bir kullanicinine,, kadar bitiB E'R bit hata oraniyla, birim kanal kazanciyla alabilmesi
icin gereken gu¢f (¢,, BER) ile tanimlanir. BuradaB E' R hedefi belirlenerek sistem
guvenilirligi saglanmaktadir. Bu durumda alt kanali hangi kullanicilara tahsis
edilmisse (yani hangi kullanicilarin bu kanali ¢6zmelsteniyorsa) bu kullanicilar
arasindan,’i c6zimlemek icin gerekli olan en biyuk g, olarak hesaplanir ve su
sekilde ifade edilir,

BE
P,(c,) = max f(en, R)wn

; e (5.1)

Kisacec,, kadar biti tahsis etmek en koti kullaniciyagbdir. Problem formulasyonu
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ise asgidaki gibidir.

max R (5.2)
Oyle ki,
N
n=1
cp €C={1,2,... M}Vn (5.4)

Burada amag?’yi maksimize eden,, ve w, ; degerlerini bulmaktir. Her kullanicinin
en az R bit data elde etmesi gereklidir. Burada eniyilenmis ¢oetmasmak icin
dogrusal olmayan tamsayi programlama 6nerilmistir, fakah@ daha basit coztimler
salayan algoritmalar bulmaktir. Bunun icin bit ve alt kanahsisinin ayri ayr
incelenmesi Onerilmistir.  Oncelikli olarak her alt kaaatsit guc tahsis edilgi
varsayilarak alt kanal tahsisi gergeklestirilir ve busiain bir sonucu olarak daha
sonradan bit tahsisine devam edilerek kaynak tahsisi samndigilir.

Alt kanal tahsisi:Her alt kanalaP, /N esit gugle iletim yapildji varsayilir bu durumda
problem su formulasyonu almaktadir:

N

max min E CpWh,
Cn,Wn, k k 1
n=

(5.5)

g(BER, P) degeri BER bit hata orani veP iletim giicu ile elde edilen bit sayisini
temsil etsin. Burada(BER, P) degerini modulasyon tipi belirleyebilh% alinan
glc old@unda,BER ile k kullanicisinim alt kanalinda elde efji bit sayisi

Prh? .
by = min ( g(BER, N’ ), M (5.6)

A,, n alt kanalinin tahsis edildi kullanicilar kimesi,A,, ise k kullanicisina tahsis
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edilen alt kanallar kiimesi olsun. Bu durumdalt kanalina tahsis edilen bit sayisi,

Cp = /?elilli by, i (5.7)

olarak ifade edilebilir. Bu durumda eniyileme problemi

N
max min Z CnWh ke (5.8)

Wy k
" n=1

ifadesine donusir. Bu durumdg, ve R degerleri sirasiyla agadaki gibi olur

N
Ry, = 21 l?elg,ll by ke W,k (5.9)
R= mkin Ry (5.10)

Bu calismada az karmasiga sahip dongusel bir algoritma tanimlanmistir. Her
dongude birR,, en duguk veri hizli kullanici belirlenir ve alt kanal tagisiapilir. Bu
algoritmanin isleyisi agadaki gibi tanimlanir$AAU-EP)

1. Tumn alt kanallari vek kullanicilari iginw,, ,, = 0, A, = () ve A, = (0 olarak
ayarla.j = 1 ve R(j) = 0 olarak ayarla.

2. Tum k kullanicilar igin S = {k|k = argmin R}yl saglayanS kullanici
kimesini bul.

3. |S| > 1ise satir 4’e geg, dplse satir 5'e atla.

4. S kimesindeki tumk kullanilar ve tahsis edilmemis tim alt kanallar igin
[n*, k*] = argmax b, ;. esitligini sajlayann* ve k* bul vew,- ,~ = 1 yap. Satir
6’'ya geg.

5. S kimesindekit* kullanicisi igin, tim alt tahsis edilmemigalt kanallaryla,

wy - = 1 varsayarakR”, ;.. = min . min(b, xw, ;) dejerinibu. Bur”

gecici gecici

dejerini en fazla yapan* alt kanalinik*’ye tahsis e{w,, , = 1).

6. n*’ye tahsis edilmis alt kullanicilari arasind&n y-« > b,- ;- degerini s@layan
E**y1 bul ve w,,- - = 1 olarak egitle.

7. Ape = Ap-U{ES K7}, A = A U{n*} ve Apr = A U{n*} olarak
guncelle.
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8. R(j) = ming (32", mingea, (bnx)w, 1) olarak esitle ve j=j+1 yap.

9. Tum alt kanallar tim kullanicilara tahsis eilmisse ddoen ¢ik. Edilmemisse
Satir 2’den devam et.

10. Dénguden cikildinda ¢oklu yayin data himax R olacaktir.

Satir 1'de gerekli olan baslangic orggei ayarlanir. Satir 2'de en kiguk veri hizina
sahip kullanicilar birS kimesinde toplanir. S kiimesinde birden fazla kullanici
oldugu zaman bu kullanicilar arasinda en yiuksgk dejerine sahip kullanici alt
kanal ikilisi secilir. Eger S kimesinde bir tane eleman varsa tahsis edilmemis alt
kanallar arasindan en yiksek veri hizinglsgan alt kalan tahsis edilir. Satir 6'da
b e > by i+ €SitsizIgini saflayank™ kullanicisi varsa belirlenir. Bunun sebebi
b, degeri daha yuksek olan kullanicinip ;, kadar biti ¢bzebiliyor olmasidir. Her
dongude en kuguk veri hizi bit dizisinde tutulmaktadir. Bunun sebebher dongide
yukselis gostermekte daha sonra distse gecmekteditedui bir dizide tutup déngu
sonrasinda en yiksek@erini segcmek ¢oklu yayin grubu veri hizini verecektir.

LSGA: Bu algoritmada karsilastirma amaciyla tanimlanmidtiim alt kanallar tum
kullanicilara verildgi kabul edilir. Bu durumda her alt kanalda ytklenen biti éigidk
kanal kazancina sahip kullanici belirler. Bu durumda ¢giayin veri hizi

N
R=> minb,, Vk € {1,.., K} (5.11)

n=1

olarak tanimlanir.

Bit Tahsisi: Burada bit tahsisi Uzerinde durulacaktir. Bu asamaddrlibalt
kanal tahsisi sonucu olusan, , dejerlerine gore bit tahsisi problemi a@gdaki gibi
tanimlanir.

N
H’:.:%X mkin Z CnWh (5.12)

n=1

oyle ki
N
BE
Z M < Pr (5.13)
n—1 hnk*
h2 .. degerimin b ., w,; = 1 oldujunda egittir. Yukaridaki problemin ¢éziimine
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ulamak amaciyla Levin-Campello algoritmasinin bir tirelan artik guc¢ tahsisi
algoritmasi tanimlanir.

Alt kanal kaynak tahsisinde her alt kanal igity /N kadar egsit miktarda gug¢ tahsis
ediliyordu. Her alt kanala bitler ise bir ayrik kimeden tahediliyordu, bu sebeple
bir miktar gl¢ gereksiz olarak tahsis ediliyordu. Tim bukagiicler hesaplanir ve bir
Pr degeri olarak bulunur, ve en disik veri hizi olan kullanidirtenip bu artik glcle
o kullaniciya bir bit daha yiklenir. Algoritm&y dejeri bir bit daha ylklemek icin
yetersiz olana kadar devam eder. Onceliklalt kanalina bir bit daha yuklemek igin
gerekli olanA P, (c) degeri tanimlanir.

AP, (c) = L +h12) — /) (5.14)

n,kx

Bu yontemRPA algoritmasi olarak tanimlanmistir ve adimlarigagaki gibi isler:

2
1. BelitlenenA,, ve A, kimeleri i¢inc, = minge4, min(g(BE Ry, PT]]:,”"“),M)

degerini timn’ler igin hesapla.
2. h? = mingea, hfl’k olarak hesapla.

n —

3. P =YL, (Pp/N — HeaspERL)

4. Tumn degerleri icin Ap,(c,,) = %{ﬂc”)

5. k* = arg min Ry, esitligini sajlayankx degerini bul.

6. n* = argmingea,. AP,(c,) degerini s@layann*’yi bul.

7. BQerAP,:(c,+) < PrVvec, # mise,Pgr = Pgr — AP, (cy+)

8. ¢y = ¢p»+1yapveAP,-(c,~) tekrar hesapla. §erc,- = M ise P, (c,«) = oo

9. Byer P, (c,+) > Pgise algoritma durdurulur. Oplse 5. satira donup dongusel
isleme devam eder.

10. algoritma dénglden ¢iunda coklu yayin veri hizR = min,g(ZnN:1 CnMAW,, ;)
olarak hesaplanir
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5.1.1. Birden Fazla Coklu Yayin Grubu i¢in Kaynak Tahsisi

Toplamdag ¢oklu yayin grubunun oldju bir sistem varsayiimistir. Her gruptg,
kullanici vardir. Bir kullanici birden fazla gruba dahilabilir. Tek gruplu c¢oklu
yayin sistem icin tanimlanan sistem modeli burda da geterliToplamda/N alt
kanal vardir.w, ; bir alt kanalin bir kullaniciyay,, , ise gruba ait oldgunu belirtir.
S9, g grubundaki kullanicilarin kiimesidir. Bu durumda bir gralgoklu yayin veri
hizi R, = mingo 25:1 cdwy, 10, Olarak hesaplanir.cf yine ayrik bir kiimeden
segilecektir.n alt kanalina tahsis edilen g[ﬂ@axk,g(f(c"’BEgiw"”“‘s”’g) < P, olarak

hesaplanir.

Her coklu yayin grubunun bir hedef ¢oklu yayin veri hi2i vardir. Coklu yayin grubu
veri hizinin, bu hedef veri hizina olan oranini gidnizda ve buna dedgimizde, su
sekilde ifade edehbiliriz.
g

o= mgin % (5.15)
Hedefimiz sistemin toplam veri hizi yliksek@dglere ¢cikarmak ve gruplar arasinda
esitligi salamaktir. Bunun icina’yl maksimize etmek hedefe goéturecektir. Bu
durumda en iyileme problemi su formu alir

max « (5.16)

g
wn,kaéf],"acn

Oyle ki

N
> P <Pr (5.17)
n=1

G
> oy, =1 (5.18)
g=1
eneC={1,2,...,M} (5.19)

Ac¢ GozIU Algoritma :GA) Her alt kanal igin esit glcte tahsis yapddvarsayilarak
(Pr/N). g grubunda yer alan alt kanalinin bit sayist/ olarak ifade edilir vey =
mingegs by i Olarak hesaplanir. Bu durumda grubun ¢oklu yayin veri suzgekilde
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hesaplanir,

N
RY =min » ¢0,, (5.20)

keS9
n=1

Ay, g grubunda: alt kanalina atanan kullanicilarin kimesi olsii.ise g grubundaki
alt kanallar ifade etsin. Gruplar arasi alt kanal tahS&AS adi verilen bir algoritma
ile gerceklestirilir. Bu algoritmaA olarak tanimlanan algoritma igin bir bagslangi¢
roli oynar. Dongusel olrak isleye®AAS algoritmasi her déngude en kUci# / RS,
grubuna alt kanal tahsisi yapar. Bunun ic¢in tahsis edilngaatiikanallar arasindat)-
degeri en yuksek olani secer. Algoritma basamaklari sucedtir:

1. Tumn vegigin §, = 0 ve DI = () olsun.

2. R9 = 0 olarak tanimla.

3. ¢* = argmin(RY/RY.) esitligini sghlayang* grubunu bul.
4. Eger birden fazlg* dejeri varsay* = argmin R7. olsun.

5. Tum tahsis edilmemis alt kanallar arasindan= arg max ¢ sgjlayan alt kanall
bul.

6. gp-g- =1, D9 = D9 | J{n*} yap veRYyi 5.20'a gore hesapla.

7. Eger gruplarin tima tahsis edilmisse algoritmayi sonlandiksi halde satir
3'den devam et.

GA algoritmasinin basamaklari su sekilde verilir:

1. SAASkullanarak tiim gruplar igiiD? kiimelerini bul.

2. BulunanD? kuimesi icinSAAU-EP ve RPA uygulayarakA? ve R? kimelerini
elde et.

3. a = min, RY/R}.

4. Tumg gruplari arasindap™** = argmax, R?/R%., ¢™" = argmin, R?/R5.
bul ven* = argmin, _ ,sma- ¢, Olarak bul.
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5. Gegici birDY, .., kimesi belirle.g™** ve g™ hari¢ tum gruplar iginD?¥,,.; =

gecici
L maks

D¢ olsun. DY, = D" {n*}, D%, = D*"*"\{n*} olarak yap.

gecici gecici

6. Elde edilenD? ., .'ve goreSAAU-EP ve RPA uygulayarak Agccici)y Ve Rj..;ci
hesapla.

7. IMP =ming RY, .../ R} — « olarak hesapla.

gecici

8. EgerIMP > 0ise DY = DY olarak

gecici?

ayarlanir ve 3. satirdan devam edilir. dese algoritma sonlandirilr.

Agz = (Agecici)gu ve RI = Rg

gecici

Bir sonraki boltimde [4] calismasinda 6nerilen algorit@a@adaha hizli galisan donguli
bir algoritma Onered@z. Bu Onerecgimiz algoritma tek ¢oklu yayin grubu igin
SAAU-EP +RPAile benzer basarimda olacaktir ancak birden fazla cokyunygrubu
olan durumda karmasgikj kadar basarimi da iyi olacaktir.
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BOLUM 6

6. Coklu Yayin Kablosuz Aglarda Kaynak Tahsisi

6.1. Problem Formulasyonu

1 Baz istasyonu vé kullanici iceren bir sistemde, kullanicilér gruba dgilmistir.
Bant genislgi ise N alt kanala bolinmus ve bu alt kanallar kullanicilar ardain
paylastirilmistir. £ kullanicisinin N alt kanalindaki kanal kazanch, , olarak
verilmistir. Bu déerin kaynak tahsisini ya varsayilan baz istasyonu tarafindan
bilindigi varsayilmistir. Bu baz istasyonunun ayni zamanda plata gl kisiti vardir
ve PT ile ifade edilirR9" ve RY sirasiylag grubunun hedef ve elde dticoklu yayin
veri hizidir. Baz istasyonunun hedefi

RQ
RoT

a= mgin{ } (6.1)
degerini en yiksge cikarmaktir. Baz istasyonunungdr hedefleri ise gruplar
aras| orantisal esifi sajlamak ve grubun coklu yayin veri hizi ve ¢oklu yayin
hedef veri hizint mimkin oldunca birbirine yaklastirmaktir.  Kaynak tahsisi
problemimiz 1) hangi alt kanalin hangi gruba verilgic2) o alt kanalin o gruptaki
hangi kullanicilar tarafindan ¢6zimlengc8) her alt kanalda ne kadar bit ile iletim
yapilac@ icermektedir. Bunun igin belirtecler olusturuldrp, g) dejerinin 1 olmasi
durumundan alt kanali g grubuna tahsis edilmis demektirSY, g grubunda yer
alan kullanicilar kimesidir. w, , dejeri n alt kanalinink kullanicisi tarafindan
¢6zUmlenmesi durumunda 1 @kxini alir. ¢, ise n alt kanalina tahsis edilen bit
saysini verir veC' = [C1,C?,...,CM] ayrk kimesinden segilit, n alt kanalina
yuklenebilecek maksimum bit sayisidir.

N
n=1

g grubundak kullanicisinin veri hiziR] = >, c,w, 10,4, k kullanicisina tahsis
edilen bitlerin toplami olarak ifade edilit,, , daki gibi ifade edilebilir. Bu durumda
0n,, degerinin 1 olmasi halinde,, , = 1(b, x < ¢,) dir. g grubunun ¢oklu yayin datasi

su sekilde ifade edilebilir

N

RY — Eélsltlz CnWh, j:0n. g (6.2)
n=1
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Herhangi bir kullanicinire,, kadar veriyi ¢ozimeyebilmesi igin gerekli olan gtc¢
miktari f(c,, BER)'dir. Bu durumda

F(ens BER)w,, 10
h2
n,k

Y < P, (6.3)

max{

P,, ¢, kadar biti cozebilecek kadar yeterli olmalidir. Optimigas problemi su sekilde
ifade edilebilir

MiNge g9 ZnNzl C"w”vkénvg }}

o % 0 = T 64
Oyle ki,

N

d P.<Pr (6.5)
n=1

G

> 89,=1n (6.6)
g=1
cn €C={C"C?%..C"} Vn,g (6.7)

6.6'daki ifade de her alt kanalin yanhzca bir ¢coklu yayiolgrna tahsis edilebilegei
gostermektedir. Bu problemi ¢cokmek icin alt kanal ve bitsiah bitisik olarak
cozulmastur. Alt kanal tahsisi 6nce ¢oklu yayin gruplaasanda),, , daha sonra bu
gurplarin icinde yer alan kullanicilar arasinda,, tahsis edilmistir. Karmagasi digik
olarak tanimlanan algoritma ti¢ asamali bir algoritmdtkiasamada alt kanallar ¢oklu
yayin gurplari arasinda ddir . lkinci asamada coklu yayin veri hizini artirmaknici
dongusel bir yontem izlenir. Son asamada ise artik glcpt@se ve alt kanallara
fazladan bit yuklenir.

Onerilen ISBM? Algoritmasi
1. Tumn ve k igin egit gu¢ tahsisi yapildini varsayarak,, , dejerlerini hesapla.
a™** degeri olustur ve sifira esitle.

2. m = l'denm = M’ye kadar tium dgerler icin 3'den 8’e kadar olan tim
basamaklari uygula.

3. Hern ve g degeri i¢in 6, , = 0 yap.Tumn,k dejerleri i¢inw,, ;, = 0 ve hern

literative Subchannel and Bit Allocation for Multigroup Michst
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icin ¢, = C"™ olarak belirle.

4. n = ldenn = N'ye kadar tim dgerler icin 5'den 7’e kadar olan tim
basamaklari uygula.

5. En kiguk veri hizina sahig' grubunu bul ¢* = arg min, (R?/R9T))

6. Bu gruban alt kanalini ata ve grup icinde yer alan kullanicilardan > C™
satini sglayan kullanicilara bu alt kanal ata.

7. 6.2 kullanarakiz?"’u giincellestir.
8. 6.1 kullanaraky’y1 hesapla §era > o™ ise Ct*st = C™
9. Tumn igin ¢, = C*! olarak ayarla ve satir 2-8 arasini tekrarla.

10. Eger bir gelisme varsa = 1'denn = N’ye kadar timn dejerleri icin asgidaki
basamaklari uygula

11. »'nin ait oldugu grubu bul ve bu grup igerisinde en digsik veri hizina s&hip
kullanicisini bul.

12. C™ < b, degerlerini s@layacak sekild€™** = maxq1__ o~ dejerini bul.

13. maxveri = RY olarak ayarla
14. TumC™ < C™** degerini s@layan kullancilar icin basamaklarini uygula
15. wy, ;, = wy, olacak sekilde ayarla

16. wy,;, = Ib, > C™ Yk € olacak sekilde ayarla

17. Eger mingegs S0, W), 1Ong > mazveri ise C*** = C™ olarak ayarla
wy'Y1 S deki timk’lere vec, = C**"’e gore glncellestir. en kigik?? / R
dejerine sahig™" grubunu bul satirlarini tekrarla.

18. artik guicti eklemek icin bélim 4.1 de kullanilan RPA aimgasi kullantlir.

6.1.1. Tek coklu yayin gruplari

Literattirde grup sayisinin sadece bir @jdibasit algoritmalar Gzerinde durulmustur.

1. SAAU-EP+RPA: Bu algoritma [4] ¢calismasinda sunuldu ve aciklamasi Kince
boélimde bulunabilir.
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2. Least Subchannel Gain AllocatiohGSA): LSGA butun altkanallar bittin
kullanicilara verir (yaniv, , = 1, ¥n, k), 0 nedenle her altkanaldaki veri hizi en
kotu kullanici tarafindan belirlenir, basit ama olduk¢adrasiz bir algoritmadir.
Bunun tzerindRPA uygulanarak artik guc kullanilabilir ve basarim artiila.

3. Minsum [2]: Bu algoritma kullanicilarin toplam veri hizini enbiigémeyi
amagclar. Bu nedenle sistemgagodnderim veri hizi agisindan basarisizdir.

4. Equal Bit Algorithm Equalc): Burada her alt kanalin es bit sayisiyla iletim
yaptgi varsayilir ¢ = ¢; = co... = cy). Bir kullanicricinb,, ,, > cisew,; =
1 olur. {C*,C? ...,CM} kuimesinin bltin elemanlarini deneriz ve en iyisini
buluruz. Bunun tzerinRPA uygulanabilir.

Esit Bit Algoritmasi:

1. R = () ve O = () olarak ayarla

2. 1’'den M’ye kadar olan tinm sayilari i¢in 3-4 basamaklari uygula

3. ¢, = C™olsunw,, , = Ib, ;, > C™

4. 6.2 kullanarak?’yi hesapla. er R > R™* ise R™%* = R ve 0%t = O™
5. ¢, = C*! olarak ayarla vev,, , = Ib, ; > C™

6. 6.2 kullanarakR?’yi hesapla.

7. RPA algorimasiyla artik gti¢ ile bit tahsisi gergeklesti

6.1.2. Benzetim Sonuglari

Tanimlanan algoritmalar igin benzetim sonucglart  $Sekil.’8e go6sterilmistir.
Kullanicillar 1 yarigcaplh daire igine rasgele gialmislardir.  Gurdltd gict 1
Widir. Yol kaybi katsayisi 4 olan frekans secici bir kanalrsayilmistir,
Bu sistemde kullanilan modiilasyon yontemi M-dizili QAM .dir Istenen bit
sayisina karsilik gelen alicidaki gi{c,, BER) = Z2[Q '(BER/4)]*(2* —

1) formulune gore bulundr Alt kanal sayisi 128, grup sayisi 1 ve gig¢ Kisiti
PT 1000 ve BER dejeri 107 alinmistir. ~ Altkanallardaki bit sayllarC' =
{00.53 0.79 1.58 3.17 4.75 6.34 9.50 12.67 14.26 15.84} kiimesinden segilir.

2Q0) = = [, e 2t
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Sekil 6.1.'de tek bir ¢ga gonderim grubu icin benzetim sonuclari gorilmektedir.
Sonuglardan, ©6nerdimiz ISBM’'nin neredeyse SAAU-EP+RPA [4] ile ayni
basarimda oldyu gorullyor. Algoritmamizin avantajl ise neredeyse 3 kaihad
az calisma suresi olmasidir(bunu dlgcebilmek icin iki aigoa da mimkin oldgu
kadar verimli kodlanmaya calisiimistirBqualc algoritmasinin da neredeyse bu iki
algoritma kadar iyi oldgu gortlmustir, ki bu algoritmanin calisma sur&BM ve
SAAU-EP+RPAye gore ¢ok daha azdiLSGA+RPA ve MinSum algoritmalari ise
cok daha kot basarima sahiptirler.

Kullanici sayisina gore goklu yayin veri hizi
T T T T -

9= LSGA+RPA
== Minsum
=== Equaic

Coklu Yayin Veri hizi (R)

a0

40}

208 1:-

. L n
4 & B 10 12 14 16 18 20
Kullanici Sayisi{K)

Sekil 6.1.: G = 1 (Tek grup)N = 128, PT = 1000 ve BER = 10~° icin farkli
algoritmalarin ¢oklu yayin veri hizina gére benzetim sdaug

Sekil 6.2. birden fazla gga génderim grubu iceren durumda basarimi géstermektedir
Grup sayisi 2den 9a kadar artmaktadir. Gruplarin veri hediefieri 50 ve 150

bit arasinda dgismektedir. Her kullanici bir grubun 1/2 ihtimalle Uyesiabilir.
ISBM (6nerilen algoritma),GA [4] ve FSAAS+SAAU+RPA [4] algoritmalarini
karsilastirdik. Son algoritma karsilastirma amache her grup kendi hede veri hizi
ile orantili sayida altkanal all%) ve bunun Gzerine her grup ictBAAU-EP

ve RPA uygulanir. Yiksek sayida grup olgundalSBM FSAAS+SAAU+RPA
algoritmasina goré50 daha iyidir. GA iseISBM'ye daha yakindir ama 3-4 kat daha
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uzun surede caligir.

a vs. number of multicast groups (N=256, PT:1000, BER:IO_G)
0.7 T

T
—— ISBM
-0~ GA[4]
-B- FSAAS+SAAU+RPA [4]

Number of groups (G)

Sekil 6.2.:a vs. ¢dja gonderim grup sayisi. Onerilen algoritma GAya [4] goeenh
daha az karmasik, hem de daha bagarilidir
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BOLUM 7

7. Sonugclar ve Yorumlar

Bu ¢alismada genisbant hiicresel erisim sistemleringigk kanalli iletimde kaynak
tahsisi problemi Uzerinde durduk. Tez iki bolime ayrilabil Ik bolimde
kullanicilardan baz istasyonuna, ikinci bélimde ise biz bstasyonundan c¢ok
sayida kullaniciya olan iletim ele alindi. Birinci kisimdar kullanicinin farkli
bir veri gonderdji, ikinci kisimda ise bir gruptaki kullanicilarin ayni war
aldiklar sistem incelendillk kisimda Tek Tastyicili Frekans Bélmeli Coklu Erisim
(TT/FBCE) sisteminde kanal tahsisi problemi icin karnkagi cok olmayan ama
literatiirdeki benzerlerine gore daha iyi basaringlamaktadir. Elastik olmayan
trafik kullanicilarinin veri hizi kisitlari ggandiktan sonra elastik olmayan trafik
kullanicilarina daha fazla kaynak ayrilabilmektedir.

Ikinci kisimda ise ¢ga gonderim gruplarindan olusan kullanicilara bir baz
iIstasyonundan veri aktarilan bir sistemi ele aldik. Buraltd&anallari gruplar arasinda
paylasmak ve her altkanala yuklenecek bit sayisini leetiek icin literattirdekilerden
daha kotu bagarimi olmayan ama daha hizl ¢alisan biriatgndne surdik.

Oniimuzdeki dénemde bu tezdeki calismalar cesitli yai@gelistirilebilir. TT/FBCE
acisindan bakarsak bu calismayi roleli sistemler icingetmek mimkuindir. Bunun
yaninda bu kipleme tek@inin daha gercekgi fiziksel katman simulasyonlarini yapip
gercekten OFDM’e gore avantajiayip s@lamadgini gérmek faydali olabilir. Zira ,

bu tekngin aslinda ¢cok buyik faydalar@amadgina yonelik iddialar vardir.

Coga gonderim ile ilgili calismamiz ise yine réleli sistemigin veya ¢cok sayida
baz istasyonundan yapilan koordineli iletim icin gertigilir. Her altkanalda kag
bit iletileceginin yanisira, hangi altkanali hangi ileticinin kullaagc veya baz ve
rolelerde glg tahsislerinin nasil yapilgcgroblemleri ilgingc ve bir o kadar da zor
problemlerdir.
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