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Qos-Costrained Scheduling for Uplink SC-FDMA
Abstract

Long Term Evolution (LTE) is the latest standard of 3rd Generation Partnership
Project (3GPP), which is one of the most promising technology for 4G mobile
networks. The goal of LTE is to provide high data rate transmission, scalable
bandwidth, low latency, and high-mobility. To achieve this goal, the LTE employs
Orthogonal Frequency Division Multiplexing (OFDM) for downlink data
transmission and Single Carrier - Frequency Division Multiple Access (SC-FDMA)
for uplink data transmission.

This thesis focuses on the resource allocation problem of LTE SC-FDMA system.
We propose a three-stage approach to improve resource allocation performance. In the
first stage, we design a time domain scheduling according to different QoS features
and time delay requirement to distinguish user equipment (UE). In the second stage,
we design a frequency domain scheduling based on channel state information to give
priorities to UEs. Finally, we propose resource allocation methods for LTE uplink
under the two constraints of SC-FDMA. The proposed methods are proved to be able
to meet the real-time service delay constraints and enhance overall system
performance.

In the simulations, the proposed three stage algorithms are compared to fixed
sub-carrier dynamic resource allocation algorithm and adaptive dynamic sub-carrier
algorithm against different proportions of network services. Simulation results show
that our method outperforms the other two methods in terms of throughput,

transmission delay and packet loss ratio.
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% = i & 17y 125 41(3rd Generation Partnership Project, 3GPP)#% ! sh& #p i
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i jF(Long Term Evolution, LTE):t /wigid * & 5455~ 4 §2 (Evolved Universal
Terrestrial Radio Access Network, E-UTRAN)E_% = & & 4 20 % ik it g & o
E-UTRAN 3 = 1.4Mhz & 20Mhz e+ 23 g #g + 1 3 & i@ﬁ%ﬂiﬁﬂ F - 3GPP
LTE & 3 @@?Ji F AT (F4ARFE ST i 100Mbps 0 P 4R FE N E i
50Mbps[1] -

LTE=T™ {7455 5 % & 2 & #f % 1 75 P~ (Orthogonal Frequency Division
Multiple Access, OFDMA) i+ i & @;ﬁ%] oS R e %~ 3% 5 Quadrature Phase
Shift Keying (QPSK) - 16-Quadrature Amplitude Modulation (16-QAM) &2
64-Quadrature Amplitude Modulation (64-QAM) = f& ! {74tk * H 4L 2 4F 5
1 (Single Carrier-Frequency Division Multiple Access, SC-FDMA) it & @31?] &
So A 33 ¥ eh7 ;% 3 Binary Phase Shift Keying (BPSK) » QPSK £ 16-QAM = 4 °
d >*SC-FDMAZXL 7 #i4 e 3278 ¥ 5 1+ (Peak-to-Average Power Ratio, PAPR) > ¥
FoARME MF 2 K B (User Equipment, UE)# Sif 42 B° 88 o @ # F ) 42 B T 40
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The following graphs show how a
sequence of eight QPSK symbols is
represented in frequency and time

. . -1’1 . . . . -1’1

Time

OFDMA

SC-FDMA
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_________________ cp

OFDMA

symbol
£ l— Frequency £ 60kHz Frequency
w 15kHz
OFDMA SC-FDMA
Data symbol occupies 15 kHz Data symbol occupies M*15 kHz
for one OFDMA symbol period for 1/M SC-FDMA symbol period

@ 1-1 OFDMA £ SC-FDMA ¥ i¢ * QPSK i#:ix 74 #8517 & B[2]

®1-15 OFDMAY: SC-FDMA® & * QPSK & i¥ 7L % 55 (data symbol)-+ & B °
= B 5 OFDMA & % = ;% » & 15KHz % — i@ subcarrier o & pF % (time domain)= & -
& [£66.7usit #p @ 3% — Bsymbol - W QPSK % &) » w fesymbolr2 & 5 = ;% @ i% »
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1.2 OFDMA/SC-FDMA
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SC-FDMA 22 OFDMA #p iz » 28425 F %t Jo PFI8 2900 1% % Uil 4% o
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Input data symbols I

OFDMA symbol

SC-FDMA symbols* ﬂ H
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*Bandwidth spreading factor: 4 time

® 1-3 OFDMA #* SC/FDE [3]

12,1 fuefe 8 8 FoRBA
LTE x3t¢ L3 =g ;% > & % 5 & pF 5 1 (Time-Division Duplexing,

TDD)# »~ #f % 1 (Frequency-Division Duplexing, FDD) f&fic3t o & TDD #5582

& B & M7 i=(radio frame)& & 5 10ms: 4 & B 2L 2 f=(half -frame)#1e = - &

Bk B 52 5ms, & FLaizd T B F i=(sub-frame) e = » = B3+ Aj= L

Bilmseadier d 3 B (timeslot)#re= » &= BREKER S 05ms>

4e@ 1-4 #77 o

TDD frame structure

One radio frame = 10 ms

&

One half-frame =5 ms

<«

One subframe =1 ms

v

v

DwWPTS: Downlink Pilot Time Slot
GP: Guard Period

+—>
Oneslot = 0.5 ms UpPTS: Uplink Pilot Time Slot
<+—>
Subfra{lme #0 i i Subfr#lme #2 Subfr%me #3 Subfr%me #4 Subfr;me #5 i i Subfraine #7 Subfr%\me #8 Subfr%lme #9
] ] ] ] ] ] ] ] ] ] ] ]

A A

DWPTS GP  UpPTS DWPTS GP UpPTS

B 1-4 LTE % 3 TDD 3 *}12:‘{%%#[1]
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> FDD#5'm 3 » & BERT =s 5 10 B F i=(sub-frame) » & B+
WL AL Imse B¢ & B3fed 8 B (timeslot)re » & B 5 0.5
ms > &% 20 BpEf 0 4o® 1-4 417 o
FDD frame structure

One radio frame =10 ms

v

<
«

One subframe =1 ms

»

One slot =0.5ms
4+—>

Subframe #0 Subframe #1 Subframe #2 e Subframe #18 Subframe #19

B 1-5LTE )k 5L FDD 3= 45 [1]

b LTE s seh4e® > @& - B 7 hsl(Resource Block, RB):si=+ /|- Adg 5 +
L B R RN T - B PR (time slot) s 5 dic(symbol)

it * - STk  (normal Cyclic Prefix)p > — & Fig & * 7 i symbol sp B

a4

%%t W JaTk B (extended CP)pF » — B prfg & * 6 1 symbol HpF R - [§] 1-6
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Slot #0 Slot #19
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Voice over IP (VOIP) call

RTP/UTP/IP RTP/UTP/IP
Packets to/from ] Packets to/from
remote VolP Data Radio Bearer (DRB) VolIP application
application In handset
A
g |
< |
(t92) g |
Downlink time
< Uplink
M
eNodeB g I UE
< |
g |
&= | .
time

Bl 2-2 LTE F iR 428 17§

B E S PP AT L S 38 1995 UE & 2k & (eNodeB) 2 B el 3f ix i
fe5 A e F R ehiEyE o B 2-2 3 0 $25 VOIP ees e 5 A1 5 81 UE 9 MAC &
€ IR E iE ¢ w8 A7 72 b 3 7t Data Radio Bearer (DBR) & i% 3l 4 ¢
=R UE & Bl {5 A B st 4 @ o g % i (deep fade) > i @ iy J0 AL BF
TR B A e Ok TR R T RE A SRR TR S
SFREPUEHE P EWARFEZ DAL P IR YL SFTRE
EE ST £ o PRFTIRE UE. 2 AKX L § 2§ il i
R A R SRTRE T WO FEETRA il -

2B fia feenp ind i UE S 43 ecnF R iR i BB & biaki o & B
UE #-4 fe— B ER(; Thae sk ¥ E(Cluster) d - B 5 B RB =)o
ST, g5 B UESTERTR > #r0F B UE » feflihRB #& g 2
M=N/U(F ot licg rt UE i) e 7 4 - B anip 27 R & 5 &g e
RBs 7 12 % 4 %44 UE > @ 7§ UE # & f5d 03§ i il 97 (9 5l e f 5 %L 3
F B E o (1) C P o

10



Cll ClK
C =1|": :
CUl CUK
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B s Ufe Ko bl UE B 2 B %#c M55 B UE » e 59 RB #k
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B3 3 el 5 B e
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2L F 2
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E g e C
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UE & &
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{29
“ 2 @)@)6)4 e b 3 4% UE

Zsuk —1L,vke(l..K}
u=1

3)
ZS”" —1Lvue {1..U}
=
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Sux €1{0,1}
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S Sun o ithw - BEES RE(S=1)% UE &

“ R pe B (S,=0) - F 2
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FReB - BHEED D RFEARE &5 B UERRT 0 50 X (3 B
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Bl P i 3 A EGEFRLFHE)EL Conig v sy LEREL S Y
A F EBRELS, - B e R P AMeR o RERLSE B UE. &
FIPEBER AL LIFLATARLMEFEELZUE & f AR E- BHEHEN VR
Apeih- B UE > ¥ 72 50 £4F A feertLqig 2 o bRk B R A e R AREE 00
AE ¢ ¥ St 3 ehdg ikos fe B AE (assignment problem) - < ,T.%—Edjx &1 F R A fih
R RE[10][13] » MM M Ao T ob oy 5 22 ¢ BB H AP ¥ LSBT RS fR
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22 ¥ BeFRAFLIRE &
Maximum C/I

PRERARS N EEESTREFAQUET LE IR S TR s g o 7
B E ST UE B 5 FBIRGDE § RF > T R G R R s

i 7 UE sthroughput 4% 38 o Ap e il i S L e UE » 4 5 R4k tg e

B g A o iy 3] enthroughput = Ap it o 57 M4 A SF £ 0 LA S K
AR 1t o UE 5 snitfz g ¢ o+ i 4 RB enfie il 3 @ én UE - 4

i BL - ME 5 SR R tp i £ o0 UE (8 3 #Eﬁmbﬁ*f»’%ﬁ ip ¥+ i & throughput
Mo 3T R FlRdg s £n BBE i F IR ¢ 0 R (starvation)

) A
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Round Robin

AT R A Fe A1 4R E Maximum C/l Ap ¥t o &3 UE 3 K- F 43 > & B
UE 396 fhinmBoiF st fechi® ¢ > il B0 A (X LR EAR) > 7 € 5
BEE D PFRDEAF L F A (starvation-free) shfEA g 4 o TR
b oToh- BN RARTEHE LIRS R EEMIAFEVLE T

UE e 5 S dm b £ @ § 97 4] -

Proportional fair

Proportional fair c73 ik 4 fie > 2 £ - 48 4 *» Maximum C/I 2 Round Robin
Fensn 2 8 F X AT L | Z 2 FB@ T, B UESL 4 - B
PRA® B MR T o e — PFRF N o 42 2 B SRR o0 % St throughput © 3K 1y (¢, k)
Zoom PFER t @ % % k B subcarrier pe FF v E Pk > Ri(6) 5 % i UE 1 3%
PRt 42 F AL subcarriers snT 35 SR jeniE 5T - BRARFFARE P S UE

B 84 2 5 (7))

. r (¢ k)
S = TIEDN RO

()

HeY NZ* = %8 k41 subcarrier- k € [1,K]> R;(t) » % i T UE subcarrier

T TR o ipd AR AT X d 0 UE § R AR f g £

FEPRGR it g > -E g B F o H - B teh T i0E kg fe o E P b e
T

. o
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2.3 Quality of Service

biF B s S R R PRAR I L Rk S

s Fhrfrakyy AAFPHELEEF A3 ¥ g F UE § 7@
i % £ (capacity) » & &2 5 oxis K05 UE &7 % sl

i pF A '+ (time constraint) s & & o

-

3GPP LTE i & ifghz - » & 4% i B hPRA: 5 7 (Q0S) i o 4 & &4
R SPF R LR 2 R IR i L i 3 (Guaranteed Bit Rate, GBR)#% & PR A% e i3
BlAeidE 5~ Bl ARAEE 5 HERPRIEE P B H il 5 A SL(UMTS) 1o fieni &

JRAZPEP o B ¥ > D0 REHBUE G LAY F IR PRI 5 2 0 3GPP

W A kA PR R o BT 28 Bk (end-to-end) 2. FF A e & el LR

F_k

1+(Q0S) 1 2 Ap W Sficim & > K0 ¢ 51 0 % kS (bearer) 2 AJZ 4] 0 5 UE

BELBLR GRS 0 BT 2-3 F7F o

TE MT RAN SGSN GGSN TE

End-to-end service

TE/MT local UTMS bearer service External bearer
bearer service | | | | | | service
Radio bearer service CN bearer
I I I I service
Radio bearer RAN access | |
service bearer service Backbone
| | | | bearer service

Physical radio Physical
bearer service bearer service
< UMTS >

] 2-3 R99 end-to-end QoS 7 #[3]
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2.3.1# % QCIl i+

QoS Class Identifier (QCI)&_if i& 4t ¢ 4 ¥u(Evolved Packet System, EPS)-k {*
T &1Q0S Sz - o v E - BT E o FHL R AR B PRIEF R (Service
Data Flow, SDF) QoS =R i i3 » # i SDF ¥ * »* GBR # non-GBR &' ¢ -
%~ B IP Connectivity Access Network (IP-CAN)*® % & SDF > 5 & 3 4afe i
QCl{- ARP & » ¥ 114 5 - B H bRz & & kg2 o Lg'ﬁj' . {_SDF & & - % 2-1

% EPS x stz & kil QC| Y e HLrF ‘T’QC| 1 3a T k‘l % :,17;

é‘ii*

>

AR Y At o gl FHGET REUKP T RSFE o i EE QCl 4k

N

Moltde it 0 — 1 SDF B & & 74l indicip 3 ¢ B 1% g2 endF 4[3] ¢
* QoS Class Identifier (QCI) : * % - K s w] chifff =~ i@ & & (GBR)4A
Boenp B TR FALF AR c GBR 1 SDF £ & 3 & & fi ehF AL &
LR AR o 2LiRFE = 7 i 7 (Non-guaranteed Bit Rate, Non-GBR)
ISDF £ 67 MR BB LT Rl K@ 5 il -

»  Allocation Retention Priority (ARP) : * % &~ #g4p ¢ UE &2 72 ¢ UE ¢ SDF
Be & QClysyr— 5 ARP iR -Ligiap s MM - BLiEE 3 1 HAL5
Bog i AR n] o R EEdE o IRAE AR IRA KRR o

*  Packet Data Budget (PDB) : * *t 4 7 #icdp 3t # & UE {- Packet Data

Network Gateway (PDN-GW)z_ ¥ i F] 5 *+ 3 F1 & @ ALt & cnpr F o 5]
»~ PDB %-#cinp e % 4% time domain fe4&it & (Link layer)s i i® 5 &
ARFTREE Y PET o

* Packet Error Loss Rate (PELR) @ @ & 5 = (G4t 3 % 7| Link layer g2 ie A

AT X P R PRIEF L E ~ (Service Data Unit, SDU) et & o ]

$ 0 PELR $8cf %1 M 7 bR B AR HRT He 4 Sl

15



QCI | Resource | Priority | Packet | Packet Example
type delay loss
budget rate
1 2 100ms | 1072 conversational voice
2 4 150ms | 1073 conversational gaming
(live streaming)
3 GBR 3 50 ms 1073 real time gaming
4 5 300ms | 107° non-conversational gaming
(buffered streaming)
5 1 100ms | 1073 IMS signaling
6 300ms | 107° gaming (buffered streaming)
TCP-based (e.g., www, email,
chat, ftp, p2p file sharing,
progressive video, etc.)

7 7 100ms | 10°° voice, gaming

(living streaming, interactive
Non-GBR gaming)
8 8 300ms | 1073 gaming (buffered streaming)
TCP-based

9 9 300 ms 106 (e.g., www, email, chat, ftp, p2p

file sharing, progressive video,
etc.)

% 2-1LTEQCI % 78 Z & %#[5]

WY o I A 220 F A H R IRE T R
REATEY DY PO A PERF IR Bk FH e TRARMFIRG YR

P A1 QoS F & 0 3% GBR £ non-GBR FiRA fic ? & chfFing 4 o gt b
i% B3+ 7 SC-FDMA & iRpe % P57 RH(RB) 18 17 4 fir ] o o
Mo deie £ 43¢ 2 QoS R T 43t GBR £2 non-GBR # 11if % W RB R A fe

] AR Y GRRAL -
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Az 454

B

O. Nwamadi [10]

HLFhpE ~# e TR
RIEE 7 {1002 A

PRk

F. Calabrese [11]

1395 & B UE 9 SNR & fif
% 7 RBs fie B 112 @ i¥ s K
A R UE i & 4 g
oo v5 i 4t e s 5 (PELR)

23 #4450 QoS BT
= RB & fz

Lee [12]

FEW ST E A
Maximum C/I £2 Round Robin
i B a0 8 AR R e

1

i 444t e QoS AR
A RB A fic > P& B 4F S22

BoREF TNV NGB

O. Nwamadi [13]

;Lgiﬁ\_}%?ﬁl ol 1 AT
BT R 0 A e e R
(PELR)

A4 R QoS A A
»+ % UE #oreal time
application

32240 BE ¥ R BB R
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¥=F B3

31 BHAH

N+

3.1.1 ¥ 7 b ¥ Bl B PRS- & F (Quality of Service, QoS) %3

B LTERES Rt 5483 % 59Q0S EPS Al ie T A BEF A 5 4 2

AR m A id 5 (GBR) KV &2 2E 8 1= & i (Non-GBR) R % - 8224 LTE Lt

B AR F o g M

SRRSO F LT T

QoS parameters
L3

v A RIE % R G

Tt O A i A

C g enpt el L

» 4 ~ layer 3 #7Q0S %

/7 (Radio Resource Management, RRM) & i % fé 1+

R E R RRRIRIEE R

Admission control

Buffer status
reports (from UE)

s

l

< /Euffer repor?\\\

_ manager

A4

~.manage
|

Link Adaptation

CRC for each new
transmission

|
|
| OLLA D<y
|
l ! 1 SRS : Sounding Reference Signal
: CSlI : Channel Stat Information

/I;ATQEJ:\ L - | PC : Power Control
C_amsger @“h“”'er >®:

L2

ATB : Adaptive Transmission Bandwidth

AMC : Adaptive Modulation and Coding

L1

SRS
measurement

UL grant: PC commands,

UE to PRB mappping,
allocation of TBS, etc.

OLLA : Outer Loop Link Adaption

CRC: Cyclic Redundancy Check

RRM: Radio Resource Management

& T3 R BI[11]



312 HFH denie 434
@gﬁ&&@ﬁﬁﬁﬁ’&%;@ﬁ%ﬁﬁgﬂiﬁﬁ%?’ﬁﬁ%ﬁﬁ
B endd 04 %3 I & %03 % (modulation) » &+ 7 LTE ¥ » e RLPE € 5

e
i %+ 12 % SRS (Sounding Reference Signal) §T £* 2k 3+ 5 g cnds (¥ o e 5§

/-5

Pp+ @ SRS B Pl iE & F AR R op e P B B TSR e R P i R a(link
adaption)fie ¥ % I c33 % > F (TR ARDRYR o - KPR M IEF] G T G A R
FIAE T % BRI T enA fe o @ 2 BT SF- BT A e
B RFRNT EFOEBFI RGO R LR BT UL
BAAZ N U F R B A AR AT RV - BEELAE ST
A B 3-23P SINR &2 CQI et st - # SINRE g% » * k& T &

7 4p #(Channel Quality Indicator, CQl)shig» & % » % CQI f

m

@% VRT3
BOMBEFEFARIE AT B RB”TN%%W’JE‘%—'{E%%%? v AP =
TR T 0 b pE R B A s ek 3-1 A1 o Flt R~ AR A

Wi 2 AT RF g B Al RE s o

15
14 /
13 /
12 /
11 /
10 /
9 /
car g /
7 /
6 /
. /
4 /
3 /
2 /
1 /
0 ]
-20 -10 0 10 20 30
SINR(db)

Bl 3-2 SINR ¢ CQI #f &+ 2 BI[10]
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CQI index Modulation Code rate x 1024 Efficiency (bit/RE)

0 out of range

1 78 0.1523
2 120 0.2344
3 QPSK 193 0.3770
4 308 0.6061
5 449 0.8770
6 602 1.1758
7 378 1.4766
8 16-QAM 490 1.9141
9 616 2.4063
10 466 2.7305
11 567 3.3223
12 666 3.9023
13 64-QAM 772 4.5234
14 873 5.1152
15 948 5.5547

3.1.3 SC-FDMA s i 24| % ¢

v 7l % st a2
= > 8 7
- ;}-’E SR SLTL

% 3-14-bit CQI % & % [9]

g % 5 5 PRI E (diversity gain) 0 & LTE ™ (7@ 3 #4442

vodR I8 ALerid s 4R iR £ 425% B 72 (Channel Dependence Schedule, CDS) » & #7

PR FEGERROT R RAFRE DR F R RELRIFTRARB) R EF

e @ e e 2T AT At 7 SC-FDMA ¥

A

F

AAERILH B B

ZRBafied @R ia, $- BEARE AFRATREY Ak PR %

opirod 2ripA B R F B A F M GRAFEE TG N LTES 7 4 5 o

BAPSRT Y o NPT RS A < U A LTE &7 ks TR e

i 0 '8 K GBR KV PRGR 2 PF R 8 B chle BF o NG He R R Seai e
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314l AT RETTT & '}Q?{ *E B

HEA AT RDTEZG TR B E SRR IRIE T $(QOS) - ?/I}?Jc
[10][13]7 i @ » & * B Z k& fi FiRA feit > 5 B UE ¥ 2 B3] A 2eh
PR TR L B IVUE HhAg o b S TR 0 & F o T (fairmess) R R o Aot
AmFRETREAS ] PUE TR E DT RS- > R 7 R @ S8 FTREF
Fr P UE L f2 FIXA TR FRUEEPFTEE > 20N 5973
Thoe Bow e 3 Ay [12][13] ke dp il iE B ORI RS B R T R A
AR BMETRY S LG4 S BT L AH QS %7 M= ~id % (GBR)
AP 2L ER 2 iE F(NON-GBR) R A+ 338 (747 B e »A fie o F]pt drie
QoS £5H TERF AT RHARSIS DI PETRAUNLE  EAPER
By ankiie ¥ - 2 o 0 B 3-3(a)(b)p RB fie ¥ et b B2 5018 % e bit ¥ o
BlP X#her Y dha w7 RB 2312 #fi @%bt 28k o 524772 F RB
€ Fl i S RP R bt #eh? K B A fRESDRB #E @D
bit 4, #ic- B] 3-3() 3. UE1 487 ¥ fie ¥ ¢1RB 4 #ici UE2 % > i £.%] 5 SC-FDMA
B UG E i EIRAEA) TR B3 G DIt BB IUF] o AT Bt PR AR
N YRR Y R SRR A AR R G R
Fig i o bit B o 4B 3-3(b) 0 UEL 533 514 > B2 2R4E75 %) > & F 4 R
i 50 0 B 3-3(a) e UEL » #4 14 A48 1 i £ bit % i +c 8bits - ] 3-3(b)zL
UE2 53 Bt s R g B3l g P Rgereed > R A PSP R% <
4 FeAfie B RB GLECH] 4o IORAR @ 3% S bit 53 He# ] 3-3( @) UE2 4 4r 3bits -
Flp o e i § AR Y T IRBLA B v G 0 e BERE K Seaki o R LA PR

T - BRI -
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| |
I : ! UE,

] | g E ,
7 | v——UE ,

=)

o

B
= in
——

w

(a)

Transmission bits

Metric values
=] 5 Wi

-
n
T T T

1t |
05| 22 ! 8
0 L :
0 2 4 6 8 10 12 14 16 18 20 22
RB indexes |
5 T T T T
45k !
al :
8 .
S35t : :
[ JC ) N : a—a—=5 _|
= 1
(b)  g2s :
E | ]
< .“Lr*—&—’*_‘
=R N E ;
1 wwﬂ i
05 30 11
0 .
0 2 4 6 & 10 12 14 16 18 20 22
RB indexes

(@) A 34 BEpe B vC 5T @‘; AL E (D)3 Bpe B v b ora BT P £

1 3-3RB fie b it 68 B3 FALE % 1 W

323 * ik

MAC & § F #4287 (7fct 7 UE 2 /F air interface «13 & o & LTE F {7445
PR T oA a AR TR o A g 3 & Time-Domain (TD) 4+ Frequency
-Domain (FD)@i& {73+ 5 & TD {453 F 9 QoS #1-% » UE - & FD pFix
PULE AT RS ARTRE UE (RBS) - & 7 27 FihA feaptfe
AR o H P gl pe E TRE = 5 7 RH Resource Block (RB): 4@ 3-4 #771 o

wBS#A2> G o4 5+ 7 (Uplink) 2 ™ {7 (Downlink) & f&fk iwe & b {73 % o
Wi UE G H e fmgtfe > Ft BS s F4 & UB T3 & nF iRBLE (7
el AR UEF A feflanf ihs i ¥ > d >t A eNodeB AT 7 i3 %
B UE & {7 FiRschie s » Tt a Py & F 87 b UE B g cnif L B

o

Y
»

ek
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Packets classification . . Frequency-
.| Time-Domain : L

scheduler > Domain » RBs allocation
scheduler
QoS classification SINR
Delay constraint Available RBs

Other factors

Bl 3-4 LTE MAC & # 42 % 1)

3.2.1 MAC Priority Classification (TD) Scheduler

A1 LTE MAC A& eigfe » A3 &84 %A B Q0S #7]Lf @ @iz~
i 5 (GBR) At fr2b et ix & & F (Non-GBR)-K §* = #** QoS % »4&3#(QCl) -
#-% % UE @ » ehife & (7 2 #5 » # GBR -kt 122 non-GBR -t ixf& QCI
FoaLd4 @7 Fairs]> ki 32 RAAEER A~ W& X 7 s §F 57 (queue)
PRSP MAC K AR Bt U B LA 0 TG GBR KR iR

LA Rk A e T RA 0 - F X £ non-GBR Kt e

Resource type Service type (QCI) Priority

GBR 1 2

2 4

3 3

4 5

Non-GBR 5 1

6 6

7 7

8 8

9 9

% 3-2QCl 22 MAC QoS 4 f# 4+ 6 4 [4]
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3.2.2 GBR -k {4t # QoS-Constrained (TD) Scheduler

Bk (Tdte T BEP > 2 GBR K chife B R T gL R
FEIME RN R GBI BERUEBTFF 3o g Ut BN B3
IR g ARL G BoTdte o L@ LA QBRI UA T AP G 22
BHAE BF AR AR RFE T T RRRB)FE T LAY
e K A BPER g o A0 - B UE 97 & FJRBNFTREFLECER R
FRB AT E 5 4o 258 (8)
BANP A TR ST
Qi JedLT g EREAE o B Y 1<i<9 0 AulA a4 A QCl g H chiFs o
Qi(w): - BE =P UEU Ao g & A Bi¥ & cf|epdt s o
ng (u,j): ¥R jpF > UEU izs) q;& @i 53t e B o
L: 4¢ ehF L& A (bits) o
d: 3t # e Y& pF F (packet delay budget) °
Ngg: — T RB p v Resource Element (RE) & # -
MCieper(U,j): B =R jrF» UEUfe ® 7 RB ¥ — B RE 13453 % % st @i
% # £ (bits) o
N: UE 4,3 -
BEANP A UEU AR jprorg coRB #58 (RBS/s) » 402 54(8) -

(Qi(w) +ng;(w,j)) XL

N, ,j) = - ’ =12,..,N
RB( wJ ) d x NRE X mclevel(u'] ) "

(8)
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3.2.3 Non-GBR -« §*4f & QoS-Constrained (TD) Scheduler

1T GBR Ak endt & @i %5 non-GBR k' 4t e B AL KT A
% o ¥ 4 iz non-GBR - Ai\ ite FE A E S H#EED a3 delay time
Ik RT AR T B TRARRE TG LR R ST O RB #idp $ v
A HE e e i FHERB s AR * o< =i 5 (Maximum Bite Rate,
MBR)Z ¥ it & UE - 5 RB T #&Z2EF- LT hE > T2 AP
W ERELT UE A o4 A DA R K ETR N F A PRI,

4 6

A 4245 non-GBR KA TR R B AR FogxhNipEs BEFR
Hiirg &8 3Fad A THE 402399 -
Ryax(): UE U B+ i%F i % (bit per second) » # ¢ 1sec =1000 TTI -
Npg: — B F R ¥.(RB)#r & 7 3 Resource Element (RE) i # -
MCieper (U, j): B ZPERF j pF - UE U fie B 507 B (RB)? — B RE 1945238 % % vy
i 1B e AL E (bits) e

Bois APk UE U fp [ j B or 3 0 i (RB)BE (RBS/pg) » 40255 (9)

Rmax (u) x 1
1000 NRE X mclevel(urj)

Ngp(u,j) =

©9)

3.2.4 i~ ¥4k s 4 (FD Scheduler)

Rkt LTE 316 @pF > 23 g i Wl 5 Tk > T FRHIRB) » 47
P R e R o K MARB A Nl eh Bl A A eF g
e > & FPUF A E RORBEE AR A ARBIEELTAE A oA &G T

14 e RB T > F 2% # RB e B £ B € & A o
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Flpt o FoF BS Rk R4 & Bk PE o AP Jf L ETHIARE D
RB #cf 3 B upied %#rF RB#c 37 LRIH %3 @ier o

A idn 4 1-1 BB R4 S RB Al 1> A kA e RB fie B et
# o B3 RBayqitapte (j) # E PR J4E B 7 i 4% 59 RB 838 > Npp(u,j) # UE U
a8 @R TR S RB S H ) RBror(j) = RB S licde’f #75 UE 73 hRB %
Heis v % RB#co  § #4710 UE & £ 237 » B 2 & 4 RBavanapte ()47 31
AreUE 12 chRBEB (A3 P > B L2537 8 Fie » 242> Z Bl4E

BEN o

RBayaitabie(J ) = RBrotar(J) — Z Ngg(u,j)
u=1

(10)

3.25 g4 v » 4 (FD Scheduler)

& LTE ¥ > § UE $ BS 3 T S5 R o ki 50p 0 & 2)nad 49 QoS
Sm2 iBlpyt s T L R UE Rl R kAT a8 Es o APEAFD
Scheduler 57 Q0S » #f» EFH A FE i UE BL viFeim Thafz o d
NHHR LA AT RIERT T UG 0 FF o B LFEATd AR FAE
B o ERRFAFELEFRARNDERLE > 7 LA i F RB gygjg,—r )
B FenTRE  REME T REY { SEEFE

Al L QoS Ea kST E RB#c - & RaaiE r pF o 4o r
- BARFEOEE > R QS A MY PERT RFENRFEFRBALEE
AR AN A R IO CQIE R A RN (11) 5T BB DR AR -
A g kdp A 3-1 60 4-bit CQI $HPe £ - T4 e % et > e £ % (TD)
Scheduler ¢+ 5 &% 8 - pF e RB#ic® > @ (7 A ek R0 RB FIRFT 3
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Pl e

BTG N @ * %% RB F e F R ERA o2 (1)

= {1,23,..,N}

Qlavail_user

N*=arg max avg.CQl;

J€igyqil_user

(11)

Hd , N* Bed T CQl EhF iy ¥ o BrEF L

* Qigyail user

BT LR A ] ok AR

Algorithm 1 CAC-RB subroutine

1: procedure CAC-RB

2. RBgyqiapie: available RB (Resource Block)

3:  PRB;: preserved RB (Bandwidth) of QCI i service type, i=1,2,...,9
4:  Modulation class set = {QPSK, 16QAM}

5: while a link requests RB

6:

7: case GBR

8: user priority calculation according to QCI service type
9: check links and calculate RB requires according to QoS constraint
10: user priority calculation according to avg. CQI

11: if RBayaiianie 1S larger than or equal to RB,,ceq
12: if link uses base modulation

13: accept this link request

14: else

15: reject this link request

16: end case

17:

18: case Non-GBR

19: user priority calculation according to QCI service type
20: check links and calculate RB required

21: user priority calculation according to avg. CQI

22: iIf RBayaitanie 1S larger than or equal to RBjceq
23: if link uses base modulation

27



24: accept this link request

25: else
26: reject this link request
27: end case

28:  end while
29: end procedure

3.2.6 if Bt {3 kR E *L4](RBs allocation)

PR T FFRAf AP EFRARRY 0 F1A RB Al EER LY
fed PR A ALl I RB AT R AR e RHATELA PR P4 ehe 5T
APt F RBEFRYE  HAAZREXFRB $REFPFTEEL >
e IR o XA L RRFORFEFE A DR T RS FH R
FPEi I - B RB RN DFRERERS R PTHEEFE
KR {5k 2@ @358k 2oni 2 M F R0 Flpt PR
HEA R AARFUC BT SR 3 Bt R4 2 kR

WAEEAE 0 0 2 (8)(9) e B dr X N W B b e B 15 de 2 1 (12)(13) ¢

qi: Gl T iEAfAsE 0 HY 1<i<9 AW A4 a7 b QCl | hiFs o

Qi(w): - BE =R s UEU Airslq? & A B = chflapdts dico

ng,(w,j): =@ F jEF > UEU izs|q& @i it e fic o

L: #f¢ ehF g & B (bits) o

d: 3t & = & pF F (packet delay budget) -

Ngg: — B RB p 9 Resource Element (RE) 3 #c -

MCleper(t,j): B PR jpF > UEU fe ki shRB ¢ — B RE {295 %48 % 597it B % e
£ (bits) °

N: UE

Ryax(@): UE U £~ %9 i Z (bit per second) » # # 1sec=1000 TTI
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GBR:

Qi(w)+ng, (u,j))XL
N u,j =[ L - ],u=1,2,.,N
RB( J ) AXNREXMClepel—i(U, J)
(12)
Non-GBR:
R u 1
Npp(u, j) = maz (1) -
1000 NRE X mclevel—i(u: ] )
(13)
Classification
[
) 4 ) 4
GBR Non-GBR
bearer bearer
Calculate RB T
required
Modulation Block
level down; mapping
i++ i
_— \\\
If index i is — <
¢ ) q ~
out of range? Mapping ok ?
Yes
} Queue } } Delete user
\\ ‘\ |
No mc,,,..; - Modulation level down
Vi € {1,2345}
( End

B 3-5 RBs allocation ;& & ;#
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3.2.7 k37

%%

&= 2% i 4141 RBs allocation ;& & ;2 crskae 18 {7 4 70 24 9 3 3L & SC-FDMA
PR R RATR Y AR BRHEMOS A R UG T AP D
RBs allocation # % fx et fre @ ®5 MA % > § 7 i & BB s
FOR TR A o & E B PR SR AR e

B A PG - BFAAE RA5BRBS A B A o AR 4 33
Lv5 (16QAM-4/5)is 5 24 % % » — 1 symbol £ & 4 B ==~ % @i% > #5102 eh4 =

> 5 160 5 iF 45 s i ¢ ”*%iﬁﬁu?iﬁ»ﬁ’?@ﬁﬁ”la‘é IR GV A e
® RE & @3¢ 4 ()=32 bit- "% M3 %1 Lvd (16QAM-3/4)5 @ RE #; i
4x(3)=3 bit3* & 5 RBS ' <31 % (5 4 4 (5 7RB#E () x5=[533]=6 -

Flpt 5B RB i BEATHZHATII 6B RB A a @iEas s ki HEAR

B4 34

Lv5 Lv4 Lv3 Lv2 Lvl

16QAM-4/5 | 16QAM-3/4 | 16QAM-2/3 | 16QAM-1/2 | QPSK-4/5

3.2 bit 3 bit 2.6 bit 2 bit 1.4 bit
233 %% st RA[2

Lv5 Lv4 Lv3 Lv2 Lvl

RBs 5 6 6 8 10

% 347 <A %17 F Level e RB #ic (% Lv5 7 RB #& £ % 5)

B AP B E R R0 R B bit o
%% 5 i3 RBs f Lv5 5728 %7 12 i 1% 5(RB) x 84(REs) x 3.2(bit) = 1344 bits -

fl‘iﬁf-j’g-’”"l‘J '3 1‘4«?’%% {$ At liiiﬂ"ﬂ”blt ﬂtffli'.’_%\ % 350
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Lv5 Lv4 Lv3 Lv2 Lvl
RBs 5 6 6 8 10
Bits 1344 1512 1344 1344 1344
% 3-5 "% A %12 7 F Level i &% e bit #ic

Bots A At B A A (S 4F 4 bt 3

T E36MEEAEARSIL nbitdk TR ABES B RBs KA RED
L4 p# 5 3 5 6RBs @i% - & i RB % 5 @i 1(RB) x 84(REs) x 3(bit) = 224 bits -
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Time-Domain scheduler !

QoS cllasification

\/ v

GBR bearer Non-GBR
bearer
\ 4 \4
GBR scheduler Non-GBR scheduler
A\ 4
Frequency-Domain
Aassign a priority value based cdlhzdilar
on the instantaneous channel
| condition
[ Queue (/ [

‘\ (wait for next round)

No (Admission control)

RBavailble > 0

RBs allocation

B) 3-7 TD £ FD scheduler ;42 [

Step3: RBs Allocation

AL @A N AR APEER L LT HI T E R
JRAE A & (R f i ik 5 (GBR) R &2 2L i1 i~ i 5 (Non-GBR)-K % 1B %343
AP 327 AT AT RS IFE 2 > B AR p A F Y 2T QoS T GBR
Afiate UFIR Ko T EE L AN D R E R AT R

%> % MRBRE i o H ¢ o A BTN G BIRARAT

33



1)

)

(3)

(4)

(5)

(6)

(")

(8)
(9)

WM 2 3E & (GBR)&

AR EES P DT R B 5T 4 R (Max CQI)'HiT i % 53

MFR R e

BARB el 2% L el R 2 %Al chRBEZ @

Wl PTG R RS B RS Ul 0 % BT % 3(6)

FRIREHZHEG) -

BANRELTE NI B EAR  FARBIHHE) > FAPIHIAE)
B4R RS ARG il F 5T Ap 1R(CQI) -

AT E T T RARB) R A w I HBMA)FH VB il i £ AT

M- BaugAAS o T FET

+ GBR UE 3 ]‘d:» - BEFEHY > ENT A FREFRFAEE X T &
7 LA fe o
Pl e & {4 ¢ GBR traffic o
i i F (Non-GNR) A&
497 non-GBR UE ffik ¥z 7 b & B cnie IR ¥ 5 4p H(QCI) ¥ s
fe % % L ( Allocation Retention Priority, ARP) = /|- # & -
e B BAEDUE BALEF AR -
AERR G EDSFIRTIRY G & 4pik(Max CQI) 1T el o % 54

el (BT L ERRE P RS ENgg(w )4 B fE) e

(10) #& & fie B 5 RB #c AT %2097 F hilNpp(u, j) » # LRI 74 3 (13) - F A4

#t non-GBR UE request 3 » — x5 ¢ » #30T X o fepFik w78 A+ 3

| EiTiRAELS B -

(11) # 'J“,ﬁ% fie ¥ & eranon-GBR traffic »

(12) = = TR A fie o

tE e s o FE(1) 1 (6) 5 BeR A F(GBR) K > @ % (7))L (11) 5 2

34



b i i 5 (NON-GNR)-A Y » H @ 4 5 - 300 e g3 B9 F & hiNpp (u, ) B
B A P2 ERJRIH(QOS) B MR & K o @ AT Kk ehi 3 (2)(3)(4)
TR BRI EEE ORI AR IR U F R E DT Rl o 7
B g a4 UE & R Ak %m RB g £ E &5 7 D §RB #&
A IFRE o g pEE% GBR traffic 2k ¥ R A ehivs] P B E S 20T 4 fph
S5 BB iR AR 0 1k R Q0S B¢ gt pE kB L] o
AR RS IR AT E R BQ)Y A RERI - AR
Aicdef b DBEES > B FRE RB AR P i hihFu
(throughput) = A s A F 2 P ¥ i F] 5 "8 KA % > 3 +3% UE #rZ 0 RB
BB B Ae A 4 o
AR R F A R AU ARR] > T AoF]3-847F o B¢ «Hblock mapping &
FHRGAROBES PO PFI TR AGELESTHEFETIOEE R
B4 vipe ¥ o B¢ fnormal mapping & £ $non-GBR-AK{ FiRiE 7 4 fi 0 F] 5 0L
3 QoSceidelay constrainti it & H 5 #70u B R 35 PI4F eid i T Eﬁ%ﬁh% S
A fe 0 AR RN Rl R 4 B A 2 A SRFEE » non-GBR:F | ¢ % F

T:’(A\ﬁa °

35



Calculate needed .

RBs ——» Block mapping
Modulation g
level down ; Mapping ok ?
i++

If indexiis
out of range?

Classification

v

GBR bearer

l

v

Non-GBR
bearer

l

Normal mapping

No

RBneed -

Yes

Ballocate =0

Yes

'

Yes l

Queue

>

Delete user

®] 3-8 RBs allocation # %
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Block mapping scheduling

© NN R

N N N e o el
QL O NSO RELNMRPRO

procedure Block mapping:
Initialize channel index counter to 1
Initialize RB counter to zero
for each UE
while the channel index counter is not equal to the total channel
if channel condition is larger than avg.COI
add one to the RB counter
else
set the RB counter to zero
end if

if RB counter is equal to the RB required
do RBs allocation to user
end do
break

end if

add one to channel index counter

end while
end for

. end procedure
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Normal mapping scheduling
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procedure Normal mapping :
Initialize channel index counter to 1
Initialize RB counter to zero
Initialize RB temp_counter to zero
Initialize RB max_counter to zero
for each classified UE
while the channel index counter is not equal to the total channel
if channel condition is larger than avg.COI
add one to the RB counter
add RB counter to the RB_temp counter
else
set RB counter to zero
end if
if RB max_counter is less than RB_temp counter
set the RB_temp counter to RB max_counter
end if
if RB max_counter is equal to the RB required
do RBs allocations
set RB max_counter to zero
end do
break
endif
add one to channel index counter
end while
if RB max_counter is larger than zero
do RBs allocations
end do
end if
end for

. end procedure
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411 R %EHRE

Parameter Setting

Cellular layout single-cell with omnidirectional antenna
Radius 1500 meters

System bandwidth 5 MHz

Carrier frequency 2 GHz

Number of resource blocks 25

Transmission time interval (TTI) 1ms

Scenario pedestrian, typical urban

Modulation and coding rate setting QPSK [1/8, 1/5, 1/4, 1/3, 1/2, 2/3, 3/4, 4/5]
16-QAM [ 1/2, 2/3, 3/4, 4/5]

Number of UEs 25
Location of UE Random
UE speed 30 km/h
Frequency reuse factor 1

HARQ process OFF
Simulation time 1000 TTlIs

% 4-1 kR S S

Traffic QCI | Priority Type GBR Ronax Packet delay
No. (Kbps) (Kbps) budget (ms)
VolIP 1 2 GBR 12.2 Kbps ) 100ms
real time 3 3 GBR 64 Kbps . 50ms
gaming
buffered 6 6 Non-GBR L 1024 Kbps .
streaming

% 4-2Q0S & feint IF Sk,

% 4-1 5 HEBUR AT R & oip MR EE S0 £ 4-2 54995 QOS & AT ehg
78 % #-QoS & - VolIP traffic 2 real time gaming traffic % % 12.2 Kbps 2 64 Kbps

ek ] @i 4 -Non-GBR Rl & #* & 4o> F]t non-GBR #-& ¥ il 1 fI4H % -
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WA E TR ¢ 0 A P VOIP & gaming - iR R S | BEE Ko
Fel o EBRE GRS QOSSR T o AU AT I it AR 4] L% GBR K {t

Pt EpE R 2 4Fe A R o

41235
#Fiedp ik QoS ¢ #r& Rihdelay constraint, throughput, packet loss rate %
RBs utilization % 2 » H ¢ delay £ throughput 3 L 327 o
HoAAPE TR DR
Packet enter time: 3¢ & » 7| X F @ X hpr oo
Packet arrival time: ¢ &% = # F|E ehpF o
No. of packets: F " #T 7| it & #c o
No. of sent packets: 7 # i% 1} &4t & #c -
Payload size: #+# & B o
Unit time: B & PF /& o
RByseq: *7F f& * i RBs «
RBiotal: #7F ¥ 141 * c7RBS ©
Throughput sr % % 2 8 =P N F 2805 it e g > o3 (14) « 3¢
il % 5 (Packet Loss Rate, PLR) R 5 H i p= i p 42 38 packet delay budget 3t s &
3 Bk B 4o 8 (15) o Packet delay e @ & 5 38 e r RA)E FopE R E D4t e
$1:Z eNodeB chpF [ » 4o 2 34 (16) o A P ehp R & dF GBR K 4t e 7 7 UAZE
MR ET o FoREEfe Y M B A IR ERE FIPRER
¥ non-GBR A f'» 7 UG g EBERE 0 Gl R - AP E TR
F1* 4°(RBs utilization) 7 @& * § 2c RBs 1¥ 5 @y fAL enT 35t 6] > Joo 5

(7)
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no. of packets x payload size

_ blts
throughput = unit time / unit time )
(14)
no. of packets
PLRZ(I — > % 100%
no. of sent packets
(15)
packet delay = packet arrival time — packet enter time (ms)
(16)
RB ced
RButlhzatlon =
RBtotal
17
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AP S A BA AR - ¢ A PEH LA 11 RB F RS
T o 1245 A RY throughput 45 3 - %8 M % = Borng ] P ks Y 0 BB
Sh- thik % LR A7 k0 traffic 1t 6] el T 2 4] A 0 VoIP > gaming %
buffered streaming £ throughput ~ packet delay '# 2 packet loss ratio =% it -
P %

8327 &Y AP s MBI E KRR E T R OB L E 2o A A 4-3
¥R et Bl entraffic Sficie » B Sk oo Bl 41 P X 2 Y dhA w1 A R 4

throughput 2 "% M 33 5 =t fic o 2P ELZ 3 5 *Le'E 143 % =0 > throughput ¢

<

WRAFEMBEOTO T SRR RERTES AR EFRE ] S
Fh oo B 427 X&Y dhauli & RBs & % chfia) % % M eh=o o AR
ZIFEUART g RBR*Y Z R > R AN el 2 RBF AR
i T o S A fie RB TR 0 At (7 ACRE % %t throughput #& 2 - F s IR
Bt i) 1:1:3 2 1:2:2 pF > %15 non-GBR Akt UE 25 > o pFaers i 13413
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UE e » & A Az i RB S Bceliin ™ o %% (K33 & 40 @ RB F /R { 3444 fie %6 UE »
JUE R 2R B U] Bl S AL JE 19 B4 ol o 00 ] 4-104-2 5P 5 A uplink
& A TP RB FRERE > A RETRADRFAE SUHT 0 TR

WAl F A Ao ] 0 e 1 BT R T o

Parameters Value
Number of UEs 25
UEs Ratios (VolP: gaming: buffered) 1:1:3,1:2:2,1:3:1, 2:2:1, 3:1:1

% 4-3 Traffic ratio

3500

3000

2500

2000

1500
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Throughput (kbps)

Times
== [1]:[1]:[3] == [1]:[2]:[2] === [1]:[3]:[1] == [2]:[2]:[1] == [3]:[1]:[1]

[VolP]:[Gaming]:[Buffered]

Bl 4-1 "% 1433 % = # throughput % it B
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Bl 4-2 "% M R BT R O RB #ic g
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B 7 I traffic b 6T 7 3 4 ¢ VoIP » gaming % buffered streaming 2.
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[VolP]:[Gaming]:[Buffered]
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%] 4-3 VolIP aggregated throughput
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0

(1]:[1):[3] [1):[2]:(2] (1]:[3]:[1] (2]:[2]):[1] (3]:[1]:(1]
[VolP]:[Gaming]:[Buffered]

H Fixed dynamic [14] H Adaptive dynamic [11] & QoS-Constrained scheduling

] 4-4 VoIP average delay
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Traffic ratio Improvement Improvement
(compare to fixed dynamic) (compare to adaptive dynamic)
1:1:3 68.9% 82.3%
1:2:2 64.8% 79.3%
1:3:1 65% 72.3%
2:2:1 67.7% 75.6%
3:1:1 67% 75%

% 4-4 \0IP packet delay improvement

A VoIP e it > Bl 43 3P APk et £ QoS U A2y 4] eh
throughput £ 5 T & f§ & fe & e th e fi 2 feddd]- 41 d o » Flo APy
4 VolIP shtraffic # % ehif L ie (7 7 A e i@ 1t packet delay # ) 2+ i
B fifie ® B oy 68.9%% i i bt i A el § 2y 82.3% & 44 41 o
» F]5 VoIP S i kg 597 F chRBs Tl d * 2 % > & 17 packet 3240 & fite on

PERILFI P BiE 2 o doBl 4-4 9701 0 TR At B A hiAg A o
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[1]:[1):[3] [1]:[2]:[2] [11:[3]:[2] [2]:[2]:[1] [31:[1]:[1]
[VolP]:[Gaming]:[Buffered]
M Fixed dynamic [14] ® Adaptive dynamic [11] & QoS-Constrained scheduling
B 4-5 Real time gaming aggregated throughput
Traffic ratio Improvement Improvement
(compare to fixed dynamic) (compare to adaptive dynamic)

1:1:3 5.4% 92.5%

1:2:2 5.3% 49.7%

1:3:1 4.8% 11.5%

2:2:1 5.5% 11.5%

3:1:1 5.2% 10%

% 4-5 Real time gaming aggregated throughput improvement
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50

45
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35
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E
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a
g
3
[a
[1]:[1):[3] [1]:[2]:[2] [11:[3]:[2] [2]:[2]:[1] [31:[1]:[1]
[VolP]:[Gaming]:[Buffered]
M Fixed dynamic [14] H Adaptive dynamic [11] & QoS-Constrained scheduling
] 4-6 Real time gaming average delay
Traffic ratio Improvement Improvement
(compare to fixed dynamic) (compare to adaptive dynamic)
1:1:3 49.5% 84.9%
1:2:2 50.8% 75%
1:3:1 38.8% 65.1%
2:2:1 41% 46.5%
3:1:1 43.3% 42.6%

# 4-6 Real time gaming packet delay improvement
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[VolP]:[Gaming]:[Buffered]
H Fixed dynamic [14] H Adaptive dynamic [11] & QoS-Constrained scheduling

Packet Drops (%)

] 4-7 Real time gaming packets loss rate

Traffic ratio Improvement Improvement
(compare to fixed dynamic) (compare to adaptive dynamic)
1:1:3 5% 92.5%
1:2:2 4% 49.7%
1:3:1 5.2% 11.5%
2:2:1 4.3% 10.8%
3:1:1 4.6% 10%

# 4-7 Real time gaming packets loss rate improvement

¥+ real time gaming % i > B 4-5 % £ 4-5 P Ak D 2§ QoS A
#2481 ¢0 throughput L H T Uk - i fe & & J 22 5.4%% i it e i 4~ feis 41
B icd 945% - # F1EH AP A VoIP htraffic g i ige 7 TR A fe
i 18 & packet delay #i 7 Tt - fi fe B A % e 50.8%7 % i B lr b fE A il

Fl8 %

w4

C4 84.9% 4l 4-6 2 & 46 “i7 o fedté M4 F(PLR): AP
Aol B % 3cd 520601 2 i o ihde i A e dld 5 ic L 92.5% 5 4o 47 & & 47
LT o
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[1]:[1):[3] [1):[2]:[2] [1]:[3]:[1] [2]:[2]:[1] [3]:[1]:[1]
[\VolIP]:[Gaming]:[Buffered]
H Fixed dynamic [14] © Adaptive dynamic [11] & QoS-Constrained scheduling
B8] 4-8 Buffered streaming aggregated throughput
Traffic ratio Improvement Improvement
(compare to fixed dynamic) (compare to adaptive dynamic)
1:1:3 17.7% 13.2%
1:2:2 38.9% 15.9%
1:3:1 61.6% 13.3%
2:2:1 62.6% 14.3%
3:1:1 62.4% 9.9%

# 4-8 Buffered streaming aggregated throughput improvement

¥+ buffered streaming> ¥ T+ § i & A & *L41 5 RBs TR AR A fe
i 1% throughput .7 Fe bt blenif 2 7 @i FALE 2 T4 0 2 P D en A2 4841 -
FZAEARBH MG REFDAAEARTEFT R { e F 5 Fher F
- e = fie o W A i@ BERE throughput 21 s KR o B 4-8 2 £ 4-8 P Ao
3 % F QoS U447 4% 4] e throughput $2 7 CE A8 B -1 N %zl 62.6%

A pe sl E 5 5L 15.9% -

[

35 /LA o

50



3000
@ — -
S 2500 -
<
= 2000 -
Qo
<
2 1500 -
o
S 1000 -
i
= 500 -
O .
[1]:[1):[3] [1]:[2]:[2] [11:[3]:[2] [2]:[2]:[1] [31:[1]:[1]
[VolP]:[Gaming]:[Buffered]
M Fixed dynamic [14] H Adaptive dynamic [11] & QoS-Constrained scheduling
] 4-9 Total aggregated throughput
Traffic ratio Improvement Improvement
(compare to fixed dynamic) (compare to adaptive dynamic)
1:1:3 15.4% 21.5%
1:2:2 10.1% 21.3%
1:3:1 37% 5.9%
2:2:1 45.9% 13%
3:1:1 54.2% 16.8%

# 4-9 Total aggregated throughput improvement
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[VolP]:[Gaming]:[Buffered]
M Fixed dynamic [14] H Adaptive dynamic [11] & QoS-Constrained scheduling
%] 4-10 RBs utilization
Traffic ratio Improvement Improvement
(compare to fixed dynamic) (compare to adaptive dynamic)
1:1:3 20.1% 12.5%
1:2:2 19.3% 12.9%
1:3:1 19.5% 15.3%
2:2:1 25.6% 13.6%
3:1:1 29.2% 6.6%

% 4-10 RBs utilization improvement

Bt AP RBs 1% 5 22 B4 throughput & {7t die o B 4-10 3P 4% X33
$is o LARBEWRBs ¥ el dic® T 0 @ 8 RBs FRAL 5 L BT ok
Pfel ot F S PR AR B R 202% i et b 4 pe i e S R
15.3% » 4r# 4-10 #7571 o B 4-9 3P RBs 3[4 chfie ¥ #-i (¥ throughput 4p 4 = g
B OV HITFIPRESERE KSR S42% 0 BIEE G s RIS R

16.8% > 4r# 4-9 -
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