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56 dg9@o LogmEomo Mol FwE03wgdulo®mgdol Asdmyqbgdom LogMmAbmdws
3HMO00 o399I 0 LELIMYJOIM 067530410 B0EJOIOL MoMmEIbMBSL,
d9L50500LsE  0BOMIYds  LOLEHIIOL  A9TEHIMMBIMOBMdS s LobdoGwmwo

139JdGH®ob 9539dGHMIOMBOL JoB396909w0.

SINR V5 MIMO USAGE VS BLER - 1900 MHZ y= -0.0081x" + 0,3422x* - 0.2931x - 0,.8541

—
—
—
e
—
—

Hr”'”'”“ll

65b.3. SINR — MIMO — BLER 9160009600 05803000901¢gd0l gMs53030 1900MHz
Lobdorveo Bmeols 9gdmbgggzsdo
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0m3M8s39 o0Mm 35393001 9933530l  Lb3oolbgs  sEMmGmOmMIdOL

1bJ30mboMmgds. LodmErsEool 89wIAJODY IYMHEMdOm, F9EIMJdIMWO
399065¢0Bgdmeos RR, PF s DPS 1d939d0L 9539d@HmeMo 898s0mds G9oen
©@OMmdo Imdmds39 LgMZz0L9doLM30L. om0 9i399EwIOHO Fdsmds Jgnslis mmbo
doMomso  LobEgdol  FohBz909bgerol  4sdmygbgdom —  39MAME,LOLEHIIOL
39935M656MH056Mds, 3539300l B3Il  MoboBsomds  (PLR),
M9LMOLYOOL LHTIMIWOs60 Fobsfogds s LoLEgdol Lodrmswm ogm3bgds.
d9L50530bo,  LBOMEsEool  F99gadds  ¢30B3965, DPS  sewgmGomdols
2990yg9bgds RO® 98393609, LobEgdol dodbodsgrmMo
399350996560H056Mmd0L, 8060dser MmO 3539GJO0L Bs35MYPOL M9BsRIMMBOLY
@5  LoLEBQAOL  Lodmom  OYM3bgdol  M3zselsbMobom. slggg, DPS
500l godmygbgdom dglsdwrgdguros ©939mglo 3md3MMdolols dowfggs
LobBHYIoL 9539IGHYOMBOL FoBOILS S LHTIOOIEMBIL FMOU.

506086 LodwWs30580 99990 30MHMDYd0s I390er0: LOLE ISl
LOBEOIOOL draEM 56 A59BB0Y; FMBOEMMO LOPYMOO MBIVIMO S FTog0
LoBRdom0  goispowgds — 30 30/Lov; dgobog®mo SINR Loowyg
3M6309@  PRB-%bg 59635600890mwo0s  396¢®omm6 39  gosdbo
LobdoMgby, 509053 SOLYdMBOL dobodsrm®o 256Lbg0390900
3dM935¢bbog Mo dorgz0l aodm PRB-0b 439 g9053bo bLobdoMggdls dmmol;
Lbgers  dmGobo  0bGgOHRgM9gb3os  8mdog0s;  LOBIMOL  A5dgME9gdOL
3095803096¢0 1 Gmeos; CQI 95839690900 9aHogbg0s Lodsbm Loym®l
oonmge  PRB-bg gmggewr  ©o99ad30l  0b@gemgzsdo  ©sgmgbgdol o
39300™3g00L A56M9dg; sBg3g SLLIB0TDSZ305, HMEYLSE sbowo CQI dsB39b9d9w0
90990300M 390, LHdSBM LsEAMOO 09gbgdl Yz9wsHg derml doMgdE
dmbo39990L; y39ms  499(39dMwo 353930 LHMMmg© 9GOl B00gdMo s
©93MO0MJ00 IMDOMO LoEYOOL Jogo.

506086990 LodMs300L YGHIWIMO 356539GMJd0s:
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3bM0oo. 1. Lodmeszool 356M539EHMgd0

Simulation Parameters

Values

Cellular layout

7 hexagonal cells

Radius 100 m
Bandwidth 5 MHz
Carrier frequency 2 GHz
Mode of operation FDD
Number of PRBs 25
Number of sub-carriers per PRB 12
Total number of Sub-carriers 300
Sub-carrier spacing 15 kHz
Scheduling interval (TTI) 1 ms
Number of OFDMA symbols per TTI 14 (Normal CP)
Total eNB transmit power 43.01 dBm

Path Loss

Cost 231 Hata model

Shadow Fading

Gaussian lognormal distribution

Multi-path

Rayleigh fading

Modulation and Coding Scheme

QPSK, 16QAM, and 64QAM

Data Traffic

1 Mbps Constant Rate Real time

Packet Scheduling Algorithm

The DPS, PF, and RR Algorithm

User’s velocity

30 km/h

Simulation Time

100 ms

Erroneous CQI type

Perfect CQI knowledge at eNB

Buffer Threshold

20 ms

dglsdg 380 20965¢0BGIMos 306 ASTMMZEX0MO  LOMMYICOL
dgmbg  989dADG bdgdgdby sxndbgdrwo QOGS 3539¢gd0L  ©YE030L
5EMmM0mMIJ0. 9MN—9gOHMO SbgMo 9.f. 3FdoboMgdMwo PGS sergmGomdol
dmdomdol  9539dGHMO™ds  gg3ols  LodMEsEool  F9gagdol  SBsoBob
bog3mdzgadg ™mE 39600 (3bmdoew Max-Rate s M-LWDF  Udqdqdmsb
d9omgoom LTE Loli@gdobomgol. Lodwmwssool 89wgagdds a30P396s, 6d
5060860 PGS sqam®0mdo 0bs®Bmbgdls 306 o LBGHodowH 35393900l
©5393930L bsMl, 3580b OMELs3 Max-Rate s M-LWDF s¢gogym®omndgdol
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ddomdol  9839JGIOMds 36003690 m3bs0  MeMlgds  IMIbTsMGddOL
dmd0OHMd0L s CQI 35839690¢00l ©939353006MH0L ©oYm369gdsLMb 9HMo©.

PGS  saogm®omdo  9gdmdsggovicmo  odbs @momo  Log®Eol
IXFMNBIOOL  ©odygadogol Bggdabg oy bmdom. 03009gbgdlm® 356Mo©
3bmdo s Bgdmo bligbgdre 35393900L oygRT30L seymEMomal:: Max-Rate
©5 M-LWDF s@am®omdgdl, od dobbom ®md d5du00sew@megzd@do
3obomb  LoLEGYIOL BTomd5Q0S FMMbM3bgdBy 3MI3MMAOLOL  go39mgdOL
390909. 59439 bs 500b0dbml, MmdMax-Rate s M-LWDF s¢g0ymGHomndgdo
dmEoxo30090mw  odbs Moz J3g-LobdoMer  LTE  Lob@gdslomsb
Lodmdosme. M-LWDF seoam®omdo 9gadogl dmdbds®mgdgenl p(t)-ol dsglodwad
356396900l dobgzom:

rl_'('r:]
i (t) = a; = Wi(t) *m

_ _ (ogdy)
i T,

Lboog H(t) 1 9mdboGgdeol 3OmModgdos j PRB-bg; o -QoS
dmmbmgbss; W(t) — HoL3s3gdol ogmagbgodss; r(t) - dgologo dmbosggdms
3900533990L LoBdstg; R(t) - 3m3bAs69dwol oo 459BHsMY65MH0bMds; & —
PLR (03560, beaerm T 30 833960H0L 0093696008 Brmgs®os.

Max-Rate 5¢oam®0mdo Imboermbgeos, O™ ogml 9839J@wIM0 Js@owo
399396M9565(056Md0L  JoLOEHI35, 0Tl  A5TMm, GMI 00 YmMmzgE™M30L
13509l 3OHOMMOGHIBHL 560Gl Lo 3900MLM MOOM SOBOL dJmbg IMdOEME
Loym®L. Max-Rate sq@gm®0mdmsb dgsdgdom 3o M-LWDF seoymGomndo
W3O LOYPYMRBOIE  YHOHWME39RMmRL QoS  Immbmgbadl  Ggse®o
©OMOL  bYMH30LGOOLAZOL, MoPD 00 LOMERILMZbs®  0M35coLOBHOL
353930 ©oym36930L 0653mETs305L, dgologe dmbs3gdoms oo39dol Lobdstgl
@5 dmIbTsM9dgwms QoS 3565d9FHMgdL. PGS s¢0ymGomdols dvdsmdol bggds

33999905 babsbby:
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Group users in time domain

!

Specify the FD scheduler

Y

Generate PR, * K channel
matrix and an allocation vector

LJ

Select a maximum element from
the channel matrix ':En,j (t))

!

Delete column j foom the channel

|

malnx
Delete all
YES elements of row §
from the channel
O malrix

i based on the FD scheduler

Update ¥ () and all elements in row ‘

=

Has the chanmel matrix
become cmpty?

65b.4. PGS s¢0gm00030L 3985000l bdgds ovommgmen TTI-by

PGS 5@m60mdols 885mds  m0mmgmwo  ©3gadzol 0bdgdzsendo  Lsdo

Log3gbyOOLYL F9gds.

1.

t TTI-8o, oo t 39630 Gogbgos, 35806 M-LWDF seogm®omdo 0gbgds
S0bgMmo  OHmamei  bLobdoOero  Loghgol  (FD)  ©s9983930,
f0obsomdgy dgdmbgzggzsdo, Max-Rate sgoamMomdo s06Bg3s. 9OHoby
39B0 93930308  semamGomdo dmdoxsbzg TTI-do dmbsiEzergmdoom
539096  9e®MAsbgol.  FBMEM©  9OHMO  ©RJRIZ0L  SWMOHOMTO
39900g49gbgds mommgme TTI-80, Goms A5IMMZomo oMM o6

3950DSOOMU.
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2. 306360930 FD 9993306 95¢0m®0mdol 3obggom 459momgergds
000MJo  Imdbdsegdeol  3OhomMo@g@o  ymzger PRB-bg o
39696006090s PRBmax*K s6bols 9s@®0o@3s. 98 35@G®0o3Eol omommgwero
9w9d96G0  FoMmBmoaabl  3MHom®moGgAL  ymzgwro  dmdbdsmgderols
oMy PRB-bg. 5358mdsd0, ymggero dmdbdsmgderoliogol bsFotmm
©o0m9bmdol PRB-00 250m0003wqds s gl 0bgm®ddsgos obsbgds
d9L50530L MYLYYOLYOOL odMYMAoL 390G ™Mo V(t).

3. 9ol FoBHM0E0Ib 500935  oduodsermMo 3603369 mdol  dJmby
9w9d96GHo  E(t). o3 60dbsgh 0dsl, MHmd i dmdbdsmgdgels 94bgds
»3o0glo 3OGommoGgBHo j PRB-Bg s Lol@gdob gi3d@v®mds 0dbgds
390Mowo j PRB-ob i 3mdbds®gderobmzol dob03gdol boggmdzgandy.
d9L50580b50, Y39 j b3gEOL 9gdab@Ho 0d69ds Fodwowo s MoYo 130
096985 599390 sG®bol BoBHM03E0sH, 00 3JoMMdom M MalyEOLYdOL
399mgma3ol  39dGH™OolL  dobgz00m  Jom3zsobfiobgdeo  LsFoMm
6509bmdol PRB-d0 30603900 0dbs 1 9m8bds®mgdeobmgol. sdol
3990099, 306360930 FD ©s93930L senoam®omdol dobgozom, sébols
oBMo3odo  bgds  gagdgb@gdol  4obobargds, bmem  MgldLYdOL
399mgma3ol  39JAH™MM0 30 9bsbergds  mommgmeo  dmdordo
LoyMMoL  dx3gMol  0bxmEmTs305HY  IYMHbMdom.  sbodbmEo
oMM LoxzgbOO FgMMmYds, 35653y LB y3zges dMIbTSMYdJL 56
909603905 LoFoOMm  MoMm©gbmdol PRB 56  ygzgws  o®Bgbowo
bgdobsfizomdo PRB o6 30960393500 dmdbds®mgdegdls.

dgmobg 380 3939935390900 9bdEr0o MOEOM  35393JO0L  ©ayqRI30L
SaMmM0mIJd0, OMIWIO0E  9IZGHMMO© 893300l wob3ol  5@I3EO300L
356599BHM9OL s 35393900 ©oagadz0L  Ldqdgdl, ULbgsslbgs  dglisgscro
33W9©JO0L  2om35¢olfjobgdom,  Gsms  FodLoToMI©  AIDIMEML

1399 GO  9BRIJGHMIOMIS S 51939, FOIIXRMOGUML Dmgso  LoliEgdol

95393GO0 39domds. 3060390 SBYMNO HERMOOMT0s BLY3M TJImNbl93000
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3oboffoegdols PRA ULdgds. dobo 39d39mdom dsescro SNR-ol d9dmbggzsdo
LoFo®m  dmbsgdms 2953930l LBoBJo®ol  MBOHMbggwymas  doomfgls
35300l 3o Mool s B0 1OFIMdOL bgerd)IwsTEAMSOO
3Mm0Mgd0L  459mygbgdom, bmerm  sHBmyowo  LobdoMmeo  MHgbYOLO
3900593995 ©odsewo SNR-ob dJmbg 9dmbgb@gdl. sdom doomfigzs sLgmo
500bgbFJIoLOMZ0L 49053990l LORJIMOL  oBOS  GoFodo  sOLYIND,
90{m©9gd bmMHFoe0Bgdme LsdMswm BoBJs6gdwy. s©0bodbmwo glggzm
39d00bg930m0 29650 gdols  seram®omdo  Bodmogdsl  0derglzs  1o3ol
©G30OMWMO0L 3060HMdYdTo IMIbTsMYOgdo Boygbgd o 0dbsb 0sbsds6
30009330 - goFol bgdoLbdogh fadEGowdo dymazo sdMmbgbBHo doomgdl
LoBRJsML 56565390 bMMHToe0BYdEo Lodwgsem bLoBdsols.

5emMomdol  dmbogrmbgro  J9gagdo s b3y 5wgmm003900m9b
090560905 dm3gdMeos  4390mom  BsbB39690 gM9x303%g. LoLEGHIIOL  Lodwysgom
39939Mb656H05bMdOL  ©ITIM30YINMYgds  LoRB/HBsMMHOL  FIMOMBIBY
Lbgo@olb3s sEaMO0mMTgdoLsm30L:

=== Rund Robin

== Best CQl

Max Throuhgtput

-

Proportional Fair

L3900 2593 20)Bo@0s6mds

=== Pseudo Random
Algorithm

SNR(cod)

655.5. bsdMogm 3s9EsOHMBE5M0s6MBdOL MI0YdMYdS Logabog/bdsmMmol
B9MHEMBISBY Lb3sslbZs 5EyMM00TIdOLIMZOL

boeom 43990 dmEgdeos bLobEgdol bLsds®oosbmdol 0bgdlo bLbgsslbgs
S5m0 mIgdolomzol:
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B Round Robin
M Best CQl
= Max throughput

B Proportional fair

L35G EoB@dOL 0bogdlo

®m Pseudo Random Algorithm

@ o0 o0 o0 09 0 o 0
O = N W R U N WD e
1 1 1 1 1 1 1 1 1 1 1

1

65b.6. LoLEHYIOL LsFsMMEBMBdOL 0bEYJUo Lb3sELBIS SEFMMHOMTYdOLMZOL

390929006 565¢0B0sb BsbL, GMI 65d0IMIdo F9IM™H35HgdMwo RLY3E™
d9dobggzomo  gobsfoergdol sempmGomdo PRA 9HB6HMbggwymals
36OM3MOE0Mwo  25b65Howgdol  semOHomdBg MBOM  Fowoe  LsdMsEom
LoBRJoMgl o LEFsODE0bMBOL 06gdlom obermggds Mombo-Mmdobols
seam®omdol oB3969d39ls.

3939 0999905390  0gbs 9B  HIZGHMMO  BBOM  35393)JO0L
5293930l 5¢EamMHomdo, 08 doBbom GMI FoduodoeMO FIBOHOTOYM
bobHYIOL  HJZoEMBY,  F>YYIRMBILYON oYM L3IIHONWO JBIIGVOMDS ©d
31939,  Bmyoo  LobBHIdol 9xugdGMOo  FMFomds.  dmEgdo  sdm39bs
90000935 3539H900L 93930l Udgdgdol sa3EMMO F933w0m bbgoolbgs
09L5350 3309 JOOL oM 35¢olfobgdom.  smbodbmwo  Fgbsgzswo
(33500 9005: 8MBOMMO BoyMol doge godmabogbowo CQI dsbgz9bgdgwro,
356000 3Md0WEH s Lodsbdm LOEYMOL TMOOL IR0 FOLEIGHZOOM3Y,
OHm3gwms dobgzomsi 659GMITo 90490535890 ©sdy)a3930 9@I3EHWIMS®
393300l 35393900l ©ody9adsg BJgdgdl, Gsms Mm3EH0ToMs© Jmobobmls
50M MlOLYdOL gobsfowgds MOLMgLlo 9M3MHMABMBOMIds ©MLsEIbm
dmd0Mo Jugerols oMy gddo. sEMMOMIOL MY03MMO BMbI30mboMmgds
9990096506500 F90dgds godmolobmb:
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(1 ifTeey = 1.5 and Nyg < 90,
0.9 ifTe.y = 1.5 and Nyz = 90,
1 ifQuuy < 4,

0.9 ifd < Qu, =5

=407 if5<Qu, =6

0.5 if6 < Quuy =7,

03 if7 < Qu, = 8§,

0.1 if8 < Qu, = 10,

L0 if10 < Qauy.

Lod3 Teen LOLEYIOL  AOTEHIIMBIMOBMBSS  godmboderos Igys do@/(Ho—
do(Mbps), Qag - Goom sObol  bosGolbols  dsB3969do,  GMIgeros
399mbseos 0bgdlol gHmgmEom, beerm Nue - dmdo)OHo BoaOHdoL
509bMdss.

50 LOI0LMID 93530009000  BsBHIOS  LOLEBIIMMO  E™boL
LOFMESE0S, BOIE PoTM33egE 0465 9300 Lbgoalbgs sEramMomdols - RR,
PF, PF07, PF05, PF03, Lowm3zgomgbm CQI s APF - xwbjzombo®gds mmbo
36008369wm3560 Jugeol 35B39693cols — LobGgdol  god@sMbse0s6mdOL,
15O OIBMBOL, LobEJIOl Eoym3bgdol s Msom MILIOLOL 9B9JEIOO
39bofoegdol dgi35U900L Loggmdzganby.

94390m» 9m399 24059303909 30 BsB3969d0s 5©0bodbmwo LoliEgdol
95639690930l d9a35L900L IMYJd0. 399EHIOMBIMO0BbMdOL (Mbps) CQI (Ind.)
9563969090396 ©s3Mm300090gdol IOEO:

65b.7. bLobBYIol 3saBHMMBM06EMdOL (Mbps) CQI (Ind.) 3sBz396909e0s6

5930009090l IMMEO
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LobEBYIoL LodsmM0sbMdol CQI (Ind.) 856396909 sb M0 gdOL
96 o:

120—

T —
TG N
N R\x\xh \\\
SEEE NS

b
i)
I
&
o

— EEErness  — EEEairness  — EEOTEsirness FEOSEsrness EEGIEmrness  —— COIEmirness

65b.8. LoliBgdol sds®mEosbmdols CQI (Ind.) 3sBz9bgdgEmsh sdm3nEgdwyEmgdol
dHmo

Lol gdol oym3zbqdol (8.48.) CQI (Ind.) 58396909096 ©sMI0©YdMEgdOL
a6 o:

IEO00 —

65b.9. bLobiBgdol aygmgbgdol (3.50.) CQI (Ind.) 3sB396989ems6 ©sFMI0IdME9dIOL
Mo
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@S dmEml  Gosom  OLMOLOL  9BIJAHMO0  gobsfoergdol CQI  (Ind.)

956396909036 ©s8Mm300090gdol IOHwEO:

—— RRLsage® FFUsage¥ = PFO7Usage’ PFOSUsage™. PFOGUsage’. =—— COlUsage® —— FFAUsage®

655.10. Hsom Gglr®Lol gi39dEmeo gebsfoemgdol CQI (Ind.) 3sB3969dgwmsb
59300090 gdols IMMEO

Lo s300L 99099005 33083965, M bsdMMIdo F93ds390990 5EI3EHIMO
3OM3mOE0M  Bods@omwosbo  (APF)  Gsom  35393gd0b 093930l
SamMomdo MHBOMB3gYmRL 39009l doesbl LobEGIol 3HJ35MALS S
15O OIBMBSL  FM0L. 593y SVLYB0TDs305, GMI APF  seogmGomdols

399my969000  Log®IbMdIWE  39MIxMIJgd  b3gdBHBME  9RIJGHIOMBOS,

Dm0 LoLEBHIIOL 9539dBHWIO FYFomdIL S 9FIZPOMMESE, 3065OBMbdM
LoLEGHYIoL LM OIBMBOL FoLsgd MbIUL.

©9AHOM0 LodMWS300L 3565393 MJd0 Jm39d)eos bMHowdo 2:
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3b®0o.2. Lodwms300lL 356M539E3Md0

Simulation Parameters Values
Cellular layout 1 Cell
Radius (Range) 0-15km
Bandwidth 20 MHz
Carrier frequency 1900 MHz
Mode of operation FDD
MIMO Mode 4x4
Number of PRBs 100
Number of sub-carriers per PRB 12
Total number of Sub-carriers 1200
Sub-carrier spacing 15 kHz
Scheduling interval (TTI) 1ms
Number of OFDMA symbols per TTI 14 (Normal CP)
Total eNB transmit power 52.04 dBm

Path Loss Cost 231 Hata model
Shadow Fading Gaussian lognormal distribution
Multi-path Rayleigh fading

Modulation and Coding Scheme

QPSK, 16QAM, and 64QAM

Packet Scheduling Algorithm

RR, PF, PFO7, PFO5, PFO3, Best CQI

and APF
Simulation Frequency 1sec
Simulation Duration 3 hours

Erroneous CQI type

Perfect CQI knowledge at eNB
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Abstract

The efficiency with which spectrum is used in wireless communication
systems is becoming increasingly important as a result of rapidly growing demands
for bandwidth-intensive mobile broadband services and the finite nature of usable
spectrum. Faced with ever-increasing cost pressures, it is significant for a mobile
network operator to make the most of spectrum investments. Therefore, this Ph.D.
thesis studies spectral efficiency, the factors that influence the efficient use of
spectrum, the ways of measuring it and finally, what can be done to improve this
essential wireless network performance metric. The focus of this paper is firstly, to
develop a better understanding around Spectral Efficiency for new generation
wireless networks. Secondly, to comprehend what are the factors that affect this
metric and lastly, how could it be ameliorated. Spectral Efficiency is a simple
measure of wireless network Capacity. Common definition thereof is the raw bit
rate in bits per second divided by the bandwidth in Hertz and it is expressed in
bits/s/Hz, that is, throughput divided by bandwidth. Nonetheless, it is important to
keep in mind that there is a hard limit to how much data can be transmitted in a
given bandwidth in accord with the Shannon-Hartley theorem.

Advanced mobile networks are expected to provide ubiquitous broadband
access to a continuously growing number of mobile users. The key feature of
currently deployed LTE/4G and upcoming 5G NR is the adoption of advanced
Radio Resource Management procedures in order to increase the system
performance up to Shannon’s limit. Packet scheduling mechanisms, in particular,
play a fundamental role, because they are responsible for choosing, with fine time
and frequency resolutions, how to distribute scarce radio resources among
different mobile devices and applications, taking into account channel conditions
and QoS requirements. This objective should be accomplished by providing an
optimal trade-off between spectral efficiency and fairness by assigning the shared
radio resources among users in an efficient and optimized manner. In this context,
in this Ph.D. thesis, quite a few well known state-of-the-art as well as joint hybrid
packet scheduling algorithms were studied, analyzed and compared with each
other based on system simulations. Moreover, two new customized packet
scheduling algorithms were developed herein. First one which is Pseudo Random
Algorithm (PRA) is designed to increase system throughput by assigning radio
resources to the users with relatively poor radio conditions while maintaining the
level of the metric by deploying higher order of modulation and lower level of
protection for the users in better radio conditions. Whereas, another one is
designed to adaptively alter scheduling schemas considering multiple input
variables in order to maximize spectral efficiency as well as overall system
performance. For that matter, system level simulations were conducted in order to
compare seven different scheduling schemas - RR, PF, PF07, PF05, PF03, Best CQI
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and APF — based upon the evaluation of three important performance management
metrics — System Throughput, Fairness and System Delay. The simulation results
show that the new Adaptive Proportional Fair (APF) packet scheduling algorithm
is capable of delivering a better trade-off between system capacity and fairness.
And most importantly, the results also depict that by deploying the algorithm we
are enhancing spectral efficiency while maintaining a reasonable level of fairness.
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