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1.! Introduction 
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1.4. Thesis outline 
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2.! 5G networks 
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o 9(8)!",! *+%!,&('"01!4(&*-)!1"=%0!?5!+"1+%)! '(5%)!6()(/%*%)!(0$!&(0!*(3%!*+%!=('.%,!UB!

T@mB!T@WVB!(0$!T@kx!!

o A34
4:(8),!!",!*+%!/(G"/./!LP!(''-&(*"-0!"0!?(0$2"$*+! ST "U$ 2"*+!0./%)-'-15! μx!

o L0
!!",!*+%!(=%)(1%!QAoCH!,5/?-'!$.)(*"-0!"0!(!,.?4)(/%!4-)!0./%)-'-15! μx!

o O? (8)!",!*+%!-=%)+%($!]T@Uk!4-)!ALU!"0!o>x!T@Um!4-)!ALS!"0!o>x!T@Tm!4-)!ALU!"0!<>x!

(0$!T@UT!4-)!ALS!"0!<>^@!

H&&-)$"01'5B!(!&-//.0"&(*"-0!2"*+!UTT!CpE!?(0$2"$*+B!4-.)!6()(''%'!,*)%(/,!-6%)(*"01!,"/.'*(7

0%-.,'5!(*!4-.)!(0*%00(,B!(0$!(!SV`7DHC!/-$.'(*"-0!(&+"%=%!(!*+%-)%*"&('!6%(3!$(*(!)(*%!-4!_@S!:?6,@!

#0!6)(&*"&%B!*+",!=('.%!",!0-*!(&+"%=%$!$.%!*-!,-/%!0%1'%&*%$!&-0,"$%)(*"-0,!,.&+!(,!1.()$!?(0$,!4)%7

8.%0&"%,!(0$!o>R<>!,6'"*!"0!M"/%!o"=","-0!o.6'%G!]Moo^!-6%)(*"-0@!["*+!0-!(66)-G"/(*"-0,B!(!)%('7

",*"&!=('.%!4-)!*+%!6%(3!$(*(!)(*%!"0!*+%,%!&-0$"*"-0,!2-.'$!?%!U@m!:?6,@!M(?'%!S@_!"''.,*)(*%,!*+%!(67

6)-G"/(*%!6%(3!$(*(!)(*%,!4-)!(!1"=%0!,%*!-4!6()(/%*%),@!

Table 2.3: ;%(3!$(*(!)(*%!%G(/6'%,@!!

2.5.2.! Latency 

#0! /(05! "0*%)(&*"=%! (66'"&(*"-0,B! '-2! '(*%0&5! &-//.0"&(*"-0,! 2"''! 6'(5! (0! "/6-)*(0*! )-'%@! M+%!

6)-?'%/!2"*+!'(*%0&5!",!*+(*!2+%0!(!1--$!&-//.0"&(*"-0!6%)4-)/(0&%!",!$%,")(?'%B!*+%!%0&-$"01!(0$!

$%&-$"01!/%&+(0",/,!-4!*+%!$(*(!?'-&3!*)(0,/",,"-0!?%&-/%!+"1+'5!&-/6'%G@!Q*+%)2",%B!4-)!%G(/6'%B!

2+%0!(!/-)%!%44"&"%0*!*)(0,/",,"-0!",!"/6'%/%0*%$B!?5!&-0,%8.%0&%B!"4!*+%!&-/6'%G"*5!",!)%$.&%$B!*+%!

&-//.0"&(*"-0!6%)4-)/(0&%!",!2-),%@!P(,"&(''5B!'-2!'(*%0&5!)%8.")%/%0*,!+(=%!(!'"/"*!"/6-,%$!?5!(!

*)($%7-44!?%*2%%0!6%)4-)/(0&%B!%44"&"%0&5B!(0$!&-/6'%G"*5@!#0!M(?'%!S@kB!(!&-/6()",-0!?%*2%%0!'(*%07

&5!&-/6-0%0*,!"0!>MN!(0$!V:!",!)%6)%,%0*%$@!!!

!



! Um!

&AO:C9:$%H6#:0G9009A:%SG0V 4 .Y4-K

31C9:$%H6#:0G9009A:%SG0V 4 .Y4-K

&AO:C9:$%]6#G"%PC9L:G":'%SG0V .YK .Y.\

31C9:$%]6#G"%PC9L:G":'%SG0V .YK .Y.X-K

N;B"<>C9:L%SG0V # $ %&! " ^

37%16A;"009:L%SG0V -YW .Y-

*HN%16A;"009:L%SG0V - .Y-

H6#:01A6'%#:<%EA6"%SG0V 4 .Y4%=MA6%CA;#C%;A:'":'?

9':$; SG0V !! <7= .>?

&"C#D%EAG1A:":' +H7%=("C"#0" [?
K/%=O9'B0BA6'%

HH@%'6#:0G9009A:?

&AO:C9:$%H6#:0G9009A:%SG0V 4 .YK .Y-K .Y4-K

31C9:$%H6#:0G9009A:%SG0V 4 .YK .Y-K .Y4-K

&AO:C9:$%]6#G"%PC9L:G":'%SG0V .YK .Y-K .Y4-K .Y.X-K

31C9:$%]6#G"%PC9L:G":'%SG0V .YK .Y-K .Y4-K .Y.X-K

37%16A;"009:L̂6";"1'9A:%SG0V .YK\ .YWX .YW .Y4\

37%16A;"009:L̂'6#:0G9009A:%SG0V .Y\4 .YFW .YF4 .YW-

*HN%16A;"009:L^ 6";"1'9A:%SG0V .Y-_ .Y4[ .Y4K .Y._

*HN%16A;"009:L^ '6#:0G9009A:%SG0V .YWX .Y-- .Y-- .Y4X

H6#:01A6'%#:<%EA6"%SG0V .Y4 .Y4 .Y4 .Y4

9':$; SG0V 1 7>= !>? !>7

&"C#D%EAG1A:":' 4K%$TU W.%$TU X.%$TU 4-.%$TU

Table 2.4: >MN!(0$!V:!*2-72(5!'(*%0&5!]i.e.B!L-.0$!M)"6!M"/%!]LMM^^!&-/6-0%0*,B!?(,%$!-0!qUkr@ 

a) Scheduling period + capacity request + scheduling decision + Physical downlink control channel    

fdsvff(PDCCH) signaling 

!#0!-)$%)!*-!/"0"/"E%B!(,!/.&+!(,!6-,,"?'%B!*+%!'(*%0&5!6()(/%*%)B!,-/%!&-0,"$%)(*"-0,!2%)%!/($%@!

A"),*B! (0$! /-)%! "/6-)*(0*'5B! *+%! ,+-)*%)! *+%!MM#! '%01*+B!*+%! ,+-)*%)! *+%!*)(0,/",,"-0! (0$!6)-&%,,"01!

*"/%@! M+",! ",! /($%! 6-,,"?'%! $.%! *-! /.'*"70./%)-'-15! "0! F9 F@! F%&-0$B! /"0"7,'-*,! (',-! $%&)%(,%! *+%!

*)(0,/",,"-0!*"/%!,"0&%!'%,,!$(*(!",!?%"01!*)(0,/"**%$!*+(0!"0!(!)%1.'()!,'-*@!M+")$B!"*!",!(,,./%$!*+(*!

V:!&(0!.,%!1)(0*74)%%!(&&%,,!*)(0,/",,"-0,B!%0(?'"01!*+%!0%1'%&*"-0!-4!*+%!,&+%$.'"01!$%'(5@!#0!-*+%)!

2-)$,B!*+",! (''-2,! *+%!*)(0,/",,"-0! -4!$(*(!2"*+!6)%$%4"0%$!)%,-.)&%,!2"*+-.*! (05!0%*2-)3! )%,-.)&%!

(''-&(*"-0@!A-)*+B!?5!.,"01!*%&+0"8.%,!(,!C.'*"7H&&%,,!N$1%!9-/6.*"01!]CN9^!(0$!$",*)"?.*%$!&-)%!

0%*2-)3,B! *+%! &-0*%0*! ",! ?)-.1+*! &'-,%)! *-! *+%! "0*%)%,*%$! ,.?,&)"?%),! )%$.&"01! *+%! $%'(5! )%'(*%$! *-!

*)(0,6-)*!(0$!&-)%@!A"4*+!(0$!'(,*B!,-/%!(66'"&(*"-0,!/(5!?%0%4"*!4)-/!*+%!A)%8.%0&5!o"=","-0!o.6'%G!

]Aoo^!*%&+0"8.%B!,"0&%!<>!(0$!o>!*)(0,/",,"-0,!).0!,"/.'*(0%-.,'5B!.0'"3%!MooB!2+%)%!<>!*)(0,7

/",,"-0!",! .0(=("'(?'%!$.)"01!o >B!(0$!="&%!=%),(@!#0!M(?'%,!S@V!(0$!S@`B!*+%!)%'(*"-0!?%*2%%0!/.'*"7

0./%)-'-15!(0$!/"0" 7,'-*,!2"*+!'(*%0&5!",!)%6)%,%0*%$@!!

Table 2.5: M2-72(5!'(*%0&5!2"*+!$"44%)%0*!F9F!(0$!4.''!MM#!*)(0,/",,"-0!2"*+!<N!&(6(?"'"*5!UB!
?(,%$!-0!qUkr@!



! Un!

&AO:C9:$%H6#:0G9009A:%SG0V 4 .YK .Y-_ .Y4F

31C9:$%H6#:0G9009A:%SG0V 4 .YK .Y-_ .Y4F

&AO:C9:$%]6#G"%PC9L:G":'%SG0V .YK .Y-K .Y4F .Y.\

31C9:$%]6#G"%PC9L:G":'%SG0V .YK .Y-K .Y4F .Y.\

37%16A;"009:L̂6";"1'9A:%SG0V .Y-4 .Y-4 .Y-4 .Y-4

37%16A;"009:L̂'6#:0G9009A:%SG0V .YWX .YWX .YWX .YWX

*HN%16A;"009:L^ 6";"1'9A:%SG0V .Y44 .Y44 .Y44 .Y44

*HN%16A;"009:L^ '6#:0G9009A:%SG0V .Y4[ .Y4[ .Y4[ .Y4[

H6#:01A6'%#:<%EA6"%SG0V .Y4 .Y4 .Y4 .Y4

9':$; SG0V 8 7>1 !>= !>8

&"C#D%EAG1A:":' 4F`0DG5AC \ `0DG5AC F̀ 0DG5AC - `0DG5AC

!

M+%,%! '(*%0&"%,! ()%! -6*"/",*"&! =('.%,! 2+%)%! )%7*)(0,/",,"-0B! $(*(! ?'-&3! '-,,B! (0$! /"0"/./!

*)(0,6-)*!$%'(5!2%)%!0-*!&-0,"$%)%$@!#0!4(&*B!2+%0!*+%!bFH! ()&+"*%&*.)%! ",! "/6'%/%0*%$B! ($$"*"-0('!

$%'(5,!2"''!-&&.)!$.%!*-!0%&%,,()5!6)-*-&-',!*+(*!/(3%!6-,,"?'%!*+%!"0*%)&-00%&*"-0!?%*2%%0!$"44%)%0*!

0%*2-)3!1%0%)(*"-0,@!!

F"0&%!<N!6)-&%,,"01!*"/%!",! *+%!/("0!&-0*)"?.*"-0! "0! '(*%0&5B!(0$!$"44%)%0*! (66'"&(*"-0,! /(5! )%7

8.")%!$"44%)%0*!'(*%0&"%,B!*+%!4-''-2"01!$",*"0&*"-0!",!/($%@!;)-&%,,"01!&(6(?"'"*5!U!",!$%4"0%$!4-)!<N,!

2+"&+!()%!.,"01!/-?"'%!?)-($?(0$!,%)="&%,@!;)-&%,,"01!&(6(?"'"*5!S!",!$%4"0%$!4-)!<N,!2"*+!'-2!'(*%07

&5!,%)="&%,@!

2.5.3.! Transmission and spectrum efficiency 
o.)"01! *+%!%=-'.*"-0! -4! /-?"'%!0%*2-)3,B! *+%!6)-?'%/! -4! "/6)-="01! *+%! .*"'"E(*"-0! -4!4)%8.%0&5!

?(0$,!(*!*+%!(=("'(?'%!4)%8.%0&5!,6%&*)./!+(,!&-/%!('-01@!p"1+%)!$(*(!)(*%,!)%8.")%!+"1+%)!,6%&*)./!

)%,-.)&%,B! ?.*! *+%! 4)%8.%0&5! ,6%&*)./! ",! (! '"/"*%$! )%,-.)&%! -0! "*,! -20@! M+%)%4-)%B! '"03! ($(6*(*"-0!

*%&+0"8.%,!+(=%!?%%0!6'(5"01!(!,"10"4"&(0*!)-'%!"0!/(G"/"E"01!*+%!0%*2-)3!,6%&*)./!%44"&"%0&5@!!

M+%!*%&+0-'-15!2+"&+!?%,*!($$)%,,%,!*+",!",,.%!",!$%0-/"0(*%$!H$(6*"=%!C-$.'(*"-0!(0$!9-$"01!

]HC9^@! H$(6*"01! *+%! /-$.'(*"-0! (0$! &-$"01! /%*+-$,! (&&-)$"01! *-! *+%! &.))%0*! &+(00%'! &-0$"*"-0,!

%0,.)%,!*+%!*)(0,/",,"-0!2"*+!*+%!/(G"/./!$(*(!)(*%!6-,,"?'%@!M+%)%?5B!(!+"1+%)7-)$%)!C9F!",!.,%$!

2+%0!*+%!&+(00%'!8.('"*5!",!%G&%''%0*B!(0$!2+%0!*+%!&+(00%'!8.('"*5!",!6--)B!(!'-2%)!C9F!",!.,%$@!A-)!

*+%!4"),*!&(,%B!(!'-2%)!C9F!2-.'$!0-*!/(G"/"E%!*+%!*)(0,/",,"-0!%44"&"%0&5!(0$!,6%&*)./!.*"'"E(*"-0B!

(0$!4-)! *+%! ,%&-0$!&(,%B! (!+"1+%)!C9F!2-.'$!?)"01! ,%=%)%!6%)4-)/(0&%!$%1)($(*"-0@!H'*+-.1+! *+%!

*)(0,/",,"-0!)(*%!",! )%$.&%$!"0!(!6--)!&+(00%'!8.('"*5! ,&%0()"-B!*+%!P"*!N))-)!L(*%!]PNL^!",! (',-! )%7

$.&%$B!%0,.)"01! *+%!(&&.)(&5! -4! *+%!*)(0,/"**%$!$(*(@!M-!,./! .6B!2+"'%!*+%!&+(00%'!%0=")-0/%0*! ",!

1--$B!2%! .,%!(!+"1+%)!*)(0,/",,"-0! )(*%!*-! *)(0,/"*!$(*(@!#4!*+%!&+(00%'!%0=")-0/%0*! ",!6--)B! (! '-2!

*)(0,/",,"-0!)(*%!",!.,%$!*-!)%&%"=%!*+%!,"10('!(*!*+%!)%&%"="01!%0$!&-))%&*'5@!!!

Table 2.6: M2-72(5!'(*%0&5!2"*+!$"44%)%0*!/"0"7,'-*!*)(0,/",,"-0!(0$!UV!3pE!-4!F9F!2"*+!<N!

&(6(?"'"*5!SB!?(,%$!-0!qUkr@!



! ST!

. =A>'%AM%6#:L"?

4 a!NQ \[ .Y4K-W

- a!NQ 4_W .YW\\.

W a!NQ FF_ .Y[\\.

F 4X̀aP) W\[ 4YF\XX

K 4X̀aP) F_. 4Y_4F4

X 4X̀aP) X4X -YF.XW

\ XF̀aP) FXX -Y\W.K

[ XF̀aP) KX\ WYW--W

_ XF̀aP) XXX WY_.-W

4. XF̀aP) \\- FYK-WF

44 XF̀aP) [\W KY44K-

4- -KX̀ aP) \44 KYKKF\

4W -KX̀ aP) \_\ XY--XX

4F -KX̀ aP) [[K XY_4F4

4K -KX̀ aP) _F[ \YF.XW

Ea@%@:<"8)A<>C#'9A:
EA<"%(#'"%
=84.-F?

7MM9;9":;D

. =A>'%AM%6#:L"?

4 a!NQ \[ .Y4K-W

- a!NQ 4-. .Y-WFF

W a!NQ 4_W .YW\\.

F a!NQ W.[ .YX.4X

K a!NQ FF_ .Y[\\.

X a!NQ X.- 4Y4\K[

\ 4X̀aP) W\[ 4YF\XX

[ 4X̀aP) F_. 4Y_4F4

_ 4X̀aP) X4X -YF.XW

4. XF̀aP) FXX -Y\W.K

44 XF̀aP) KX\ WYW--W

4- XF̀aP) XXX WY_.-W

4W XF̀aP) \\- FYK-WF

4F XF̀aP) [\W KY44K-

4K XF̀aP) _F[ KYKKF\

Ea@%@:<"8)A<>C#'9A:
EA<"%(#'"%
=84.-F?

7MM9;9":;D

#0! -)$%)! *-! %=('.(*%! *+%! )($"-! &+(00%'! 8.('"*5B! (! ,6%&"4"&! *56%! -4! $(*(B! $%0-/"0(*%$! (,! 9+(00%'!

D.('"*5!#0$"&(*-)!]9D#^B!",!*)(0,/"**%$!6%)"-$"&(''5!4)-/!*+%!<N!*-!*+%!PF@!M+%!+"1+%)!*+%!=('.%!-4!*+%!

9D#! "0$%GB!*+%!+"1+%)! *+%!%44"&"%0&5! -4! *+%! *)(0,/",,"-0B! /%(0"01! /-)%!?"*,!&(0!?%! *)(0,/"**%$!4-)!

%(&+!LP@!M+.,B!?(,%$!-0!*+%!/%(,.)%$!F"10('! *-!b-",%!L(*"-! ]FbL^! (0$!P'-&3!N))-)!L(*%!]P>NL^!

=('.%,B!*+%!<N!*)(0,/"*,!*+%!%,*"/(*%$!9D#B!2+"&+!*+%!PF!.,%,!*-!$%&"$%!2+"&+!-6*"/('!C9F!*-!.,%!

-0!*+%!,.?,%8.%0*!*)(0,/",,"-0!-4!$(*(@!#0!M(?'%!S@WB!*+%!%44"&"%0&5!)%'(*%$!*-!%(&+!9D#!"0$%G!",!"''.,7

*)(*%$B!&-0,"$%)"01!$"44%)%0*!&-$%!)(*%,!4-)!*+%!,(/%!C9F,!]&-))%,6-0$"01!*-!6--)!(0$!0-)/('!&+(00%'!

&-0$"*"-0,^@!!

A-)!*+%!,(/%!C9FB!$"44%)%0*!&-$%!)(*%,!&(0!?%!.,%$@!M+%!&-$%!)(*%!",!$%4"0%$!(,!*+%!)(*"-!?%*2%%0!

.,%4.'!?"*,!(0$!*+%!*-*('!0./?%)!-4!?"*,!"0!*+%!$(*(!?'-&3@!#4!*+%!&+(00%'!8.('"*5!",!6--)B!?.*!*+%!/-$.'(7

*"-0!",!0-*!)%$.&%$B!"0!-)$%)!*-!/("0*("0!,-/%!(&&.)(&5!-0!*+%!*)(0,/",,"-0!-4!$(*(B!,-/%!)%$.0$(0*!

?"*,!()%!*)(0,/"**%$!"0!-)$%)!*-!%0,.)%!*+%!&-))%&*!)%&%"="01!-4!*+%!$(*(!?'-&3B!$%&)%(,"01!*+%!&-$%!)(*%!

(0$B!(,!(!&-0,%8.%0&%B!'-2%)"01!*+%!*)(0,/",,"-0!%44"&"%0&5@!!

P%5-0$!'"03!($(6*(*"-0B!*+",!"04-)/(*"-0!",!(',-!%,,%0*"('!4-)!*+%!,&+%$.'%)@!#0!6()*"&.'()B!*+%!,&+%$7

.'"01!('1-)"*+/,!*+(*!()%!&+(00%'7(2()%!.,%!9D#!"04-)/(*"-0!*)(0,/"**%$!?5!*+%!<N!*-!$%&"$%!+-2!*-!

(''-&(*%!LP,!4-)!%(&+!.,%)!)%8.%,*@!

!

Table 2.7: N44"&"%0&"%,!4-)!%(&+!9D#B!?(,%$!-0!qUkr@ 

a)!;--)!&+(00%'!&-0$"*"-0,@ b)!b-)/('!&+(00%'!&-0$"*"-0,@!

  



! SU!

3.! 360¡ video streaming 

M+",!&+(6*%)!($$)%,,%,!)%'%=(0*!*-6"&,!(?-.*!_`Ts!="$%-!*)(0,/",,"-0@!#0!6()*"&.'()B!(0!-=%)="%2!-4!

*+%! C;N: \ oHFp! ,*(0$()$! 4-)! ="$%-! ,*)%(/"01! ",! 6)-="$%$B!%/6+(,"E"01! *+%! F6(*"('! L%'(*"-0,+"6!

o%,&)"6*"-0!]FLo^!,*)%(/"01!4%(*.)%B!)%'%=(0*!4-)!*+%!-/0"$")%&*"-0('!="$%-!($(6*"=%!,*)%(/"01!&-07

*%G*@!A.)*+%)/-)%B!*+%!/("0!&+(''%01%,!-4!_`Ts!="$%-!,*)%(/"01!(0$!-?O%&*"=%!8.('"*5!(,,%,,/%0*!/%*7

)"&,!()%!6)%,%0*%$@!

3.1. Introduction 
#0!)%&%0*!5%(),B!*+%!$",*)"?.*"-0!-4!/.'*"/%$"(!&-0*%0*!-0!*+%!"0*%)0%*!+(,!?%%0!"0&)%(,"01B!1"="01!

)",%!*-!,%=%)('!/.'*"/%$"(!,*)%(/"01!,%)="&%,@!Q0'"0%!6'(*4-)/,!,.&+!(,!b%*4'"GB!pPQB!y-.M.?%B!(0$!

o",0%5!()%!)%(&+"01!/-)%!6%-6'%!2+"'%!*+%5!()%!/-)%!,-.1+*!-.*!?5!*+%!*56"&('!#0*%)0%*!.,%)@!H,!*+%!

.,%)! &-00%&*"-0! ",! 0-*! ,*(?'%! "0! 2")%'%,,! &-//.0"&(*"-0,B! *+%)%! 2(,! (! 0%%$! 4-)! H$(6*"=%! P"*)(*%!

F*)%(/"01!]HPF^!*%&+0"8.%,!%()'5!-0@!#0!HPFB!*+%!,(/%!/.'*"/%$"(!$(*(!",!)%6)%,%0*%$!2"*+!$"44%)%0*!

?"*,*)%(/,!]%(&+!2"*+!(!,6%&"4"&!?"*)(*%^B!,6'"*!"0*-!"0$%6%0$%0*!,%1/%0*,@!P(,%$!-0!*+%!%0$7.,%)!$%="&%!

?.44%)! -&&.6(0&5! '%=%'! (0$! $",6'(5"01! &(6(?"'"*"%,! (0$! *+%! (=("'(?'%! 0%*2-)3! ?(0$2"$*+B! *+%! &'"%0*!

,%'%&*,!*+%!/-,*!(66)-6)"(*%!,%1/%0*!$.)"01!*+%!*)(0,/",,"-0!6)-&%,,@!M-!,-'=%!"0&-/6(*"?"'"*5!",,.%,!

?%*2%%0!$%="&%,!(0$!,%)=%),!-4!$"44%)%0*!=%0$-),!]e.g.B!H66'%B!C"&)-,-4*B!H$-?%^B!(!1%0%)"&!,*(0$()$!
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4.! Scheduling algorithms 
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4.2. Design aspects 
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4.3. QoE-unaware schedulers 
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4.3.2.! Channel-aware / QoS-unaware strategies 
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4.3.3.! Channel-aware / QoS-aware strategies 
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4.4. QoE-aware schedulers 
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5.! Simulator’s development 
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Client side

Server side

START

Simulation inputs: 
- Simulation time (T)
- Number of UE (NU)
- Number of RBs (NRB)
- Numerology (u)
- TTI length (tTTI)
- UE buffer size (B)
Initialize simulation time:

t = 0
 

 

No

Yes
t ≤ T ?

QoE assessment for each
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END
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Buffer status update
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Report CQIii = i + 1
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Compute scheduling metric: 
mi

i = i + 1

Allocate RBs: 
max{mi}

Move to next TTI: 
t = t + tTTI
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Figure 5.1: F"/.'(*-) !()&+"*%&*.)%!4'-2&+()*@!
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5.2. Client-side 

H,!"''.,*)(*%$!"0!A"1.)%!V@UB!(*!*+%!&'"%0*7,"$%B!$%,6"*%!*+%!,*(0$()$!4.0&*"-0('"*"%,B!,.&+!(,!*+%!?.44%)!

.6$(*%!(0$!9D#!)%6-)*"01B!*+%)%!",!(!,"10"4"&(0*!?'-&3!)%'(*%$!*-!dHF@!#4!*+%!="$%-!",!6'(5"01!(0$!*+%)%!

",!%0-.1+!?.44%)!,6(&%!4-)!(!0%2!,%1/%0*B!"*!2"''!?%!)%8.%,*%$!(&&-)$"01!*-!(!,6%&"4"&!)(*%!($(6*(*"-0!

('1-)"*+/@!M+",!('1-)"*+/!*(3%,!(, !"06.*!(0!%,*"/(*"-0!-4!*+%!&+(00%'!*+)-.1+6.*!\ !6)%,%0*%$!"0!F%&7

*"-0!V@S@U!\ ! (0$! *+%! .,%)c,!="%26-)*!%,*"/(*"-0@!M+%)%! ()%! /(05! (66)-(&+%,! *-! *+",! 6)-?'%/@!M+)%%!

dHF!('1-)"*+/,!6)%,%0*!"0!*+%!'"*%)(*.)%!()%!(0('5E%$!(0$!&-/6()%$!"0!F%&*"-0!V@S@S@!#0!F%&*"-0!V@S@UB!

(0!(&+"%=(?'%!*+)-.1+6.*!4-)/.'(!-4!(!V:!0%*2-)3B!$%$.&*%$!4)-/!]S@UB̂!",!(',-!6)%,%0*%$@!H*!'(,*B!"0!

F%&*"-0!V@S@_B!*+%)%!",!(!$%,&)"6*"-0!-4!*+%!D-N!/-$%'!.,%$!*-!%=('.(*%!*+%!.,%)c,!,(*",4(&*"-0!(0$!*+%!

"/6'%/%0*(*"-0!$%*("',!-4!*+(*!/-$%'@!
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5.2.2.! VAS algorithm 
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Algorithm I: Viewport Adaptive Streaming Algorithm

Input: 
" !"# (Estimated throughput)
# (Current viewport coordinates)
$ $ (Total number of video tiles)
%&' ( (Vector containing the bitrates of the available qualities)

Output:
!# $%&# &' ! (Assigned tiles quality vector)

1 !# " # for $ % & % ' (
2 ()*+,- . / )*+ 0 ' ( 1 23#4
3 567-,*89!,5 " 567-3: 4
4 for each 2 ; 2304<=23#4 do
5 for each & ; 567-,*89!,5 do
6 >2 . 2,-. 0 2/.)0

7 if ()*+,- ? >2 then
8 ()*+,- " ()*+,- 0 >2
9 !# " !# @$
10 end if
11 end for
12 end for
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Algorithm II: QAAD

Input: 
" !"# (Estimated throughput) 
)&*( (Current buffer occupancy level)
%&' (!(Vector containing the bitrates of the available qualities)

Output:
!1)*+ (Assigned quality level)

1 if !1)*+ . !/.)0 then
2 !2)3+ " !/.)0

3 else if !1)*+ ? !/.)0 then
4 if ( - ? A4556 then
5 !2)3+ " !/.)0 @$
6 else
7 !2)3+ " !/.)0

8 end if
9 else
10 B . #
11 do
12 -7"#$%8 9:; &''(

.
< + 8 ; &''(

%8= 1>7"#$%8 9"

13 if -7"#$%8 9:! !""#
C # and ( - ? ! "##$ then

14 B " B @$
16 %+,-.
17 end if

18 D7"#$%8 9 .
+)"#$%* +,$ !""#

? =

@? 1>7"#$%8 9"

19 B " B @$
20 while D7"#$%8 9 C $ and B C !/.)0 0 $

21 end while
22 !2)3+ " !/.)0 0 3B 0 $4
23 end if
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Figure 5.5:!Q.*&-/%,!4)-/!*+%!$%=%'-6%$!,"/.'(*-)!$.)"01!*+%!,*%67$-20!*%,*!2"*+!DHHo@ 
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Figure 5.7:!<,%)!*+)-.1+6.*!4-)!*+%!4'.&*.(*"-0!*%,*@!
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Figure 5.21:!L%6-)*%$!9D#,!)%1()$"01!*+%!LL!=('"$(*"-0!*%,*@!
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Figure 5.23:!L%6-)*%$!9D#,!)%1()$"01!*+%!PNM!=('"$(*"-0!*%,*@!
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Figure 5.24:!PNM!*%,*!-.*&-/%,@!
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Figure 5.25:!L%6-)*%$!9D#,!)%1()$"01!*+%!CM!*%,*@!

a) 9./.'(*"=% !0./?%)!-4!(''-&(*%$!LP,!-=%)!
*"/%@!

     b) <,%),c!(&+"%=%$!*+)-.1+6.*!-=%)!*"/%@!

Figure 5.26:!CM!*%,*!-.*&-/%,@!
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c) <,%)c,!/%*)"&!-=%)!*"/%@!

Figure 5.28:!;A!*%,*!-.*&-/%,@!
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,(/%!6)-6-)*"-0!-4!(=%)(1%!*+)-.1+6.*!",!?%"01!,%)=%$B!(,!%G6%&*%$@!

 

Figure 5.27:!L%6-)*%$!9D#,!)%1()$"01!*+%!;A!*%,*@!
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6.! Simulation results 
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6.2. Simulation results 
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6.2.2.! Performance analysis 
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qkB!Vrv!]cf.!A"1.)%,!`@̀!(0$!`@ŴB!(0$!4-)!o!t!uTB!VB!UTvw!]4)-/!/-)%!*-!'%,,!$%/(0$"01^! 2+%0!KYb3 ; !

qTB!Sr!]cf. A"1.)%!`@`^@!!

!!
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Figure 6.2:!;%)&%0*(1%!-4!.,%),!2"*+!1'-?('!'*+ , -2/01!-=%)!*+%!*-*('!0./?%)!-4!&-00%&*%$!.,%),@!
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7.! Conclusions 
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