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About Video Streaming A<
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@ Popularity of video streaming and mobile data
YouTube has about 2.5 billion monthly active users
Video apps account about 70% for mobile data volume

Most popular social + rdwide as of January 2024, ranked by number of
monthly active users (in millions) Distribution of global monthly cellular data volume for mobile apps as of January
2023, by category
802
70.9%

o 60%
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g 40%

3.3% 2.3% 1.4%
Video apps Social Software Web browsing Audio apps File sharing Other kinds of
networking updates app

Sources Additional Information:
D

DataReportal: We Are Social: Hoolsuite Worldwide; DataReportal: Ericsson: January 2023; mobile data networks only, does nat include WiFi
1

https://www.statista.com/statistics/272014/global-social-networks-ranked-by-number-of-users/
https://www.statista.com/statistics/383715/global-mobile-data-traffic-share/




Mobile network and Video Streaming A<
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®\Video Streaming over mobile network
Various broadband wireless access: 4G/5G/Wi-Fi
Mobile devices have multiple wireless interfaces

Interfaces are changed dynamically depending on coverage
situation

» The simultaneous use of these interfaces can
increase efficiency and stability of communication
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Making use of Non-terrestrial network A<
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€ LEO satellite communication (ex. Starlink)
Provides high throughput and short delay

Enables coverage on remote locations, where it is
difficult to provide communication infrastructure

»Expected synergy between cellular and
LEO satellite network

Serve?ﬁ I d\__!ilWi_Fi User
Ser - ))

Web

Non-terrestrial

T~ A )
\ Terrestrial / AG/LTE
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Multipath TCP #1
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& Multipath TCP (MPTCP)

Uses multiple paths simultaneously
Enables improvement on:
®throughput for applications
e®stability of communication

MPTCP
Web Server TCP Wi-Fi

User
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Multipath TCP #2
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€ MPTCP scheduler
Determination a path to forward packets

€ MPTCP congestion control

Adjusts congestion window (cwnd) size as well as

conventional TCP congestion controls

! !\VW-Fi
Select | Adjust ‘
a path || cwnd T\‘/—> N

packets
Send

packets AGILTE

i

Reorder
packets
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Multipath TCP #3 K
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® Head of Line Blocking (HOL blocking)

HOL blocking can occur by a packet that should have arrived
first but is has not arrived at client due to loss or delay

fluctuation

Path A: Short delay
Path B: Long delay

Packets are arriving in the right order
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Multipath TCP #4
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® Head of Line Blocking (HOL blocking)

HOL blocking can occur by a packet that should have arrived
first but is has not arrived at client due to loss or delay
fluctuation

No.5, 6 packet arrived
No.4 packet not arrived

HOL blocking occurs

T W
@ PathA [6 5%

Path B
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Purpose of this study A<
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Occurrence of HOL blocking varies in asymmetric
paths’ characteristics

Proposal is to research MPTCP performance over
cellular and LEO satellite mixed network
environment

-

Evaluate video streaming quality over MPTCP

with 4G/LTE and Starlink
\_ _J
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Experimental Environment A<
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& Server Video setting

Linux (kernel version 6.1.31) Video size 115MBytes
) ) Video Rate 5.24Mb/s
Nginx video server | 5
Playout time mins
Connected to emulators and Encod MPEG.4
routers neoding -
Video Codec H264 AVC
) Audio Codec MPEG-4-AAC
& Client
Linux (kernel version 6.1.31) MPTCP setting
Connected to routers and MPTCP scheduler Default
4G/LTE and/or Starlink MPTCP Variants CUBIC, BBR

VPN Router

R g %
4 [ VPN Router | [Emulator | u ator f
r Router VPN Router|  4G/LTE | Router | VPN Route Starlink [ VPN Router | Starlink
. | Setting Setting - Setting
Bandwidth Bandwidth
; . ettin
| Client Server andwidth,
ela: elay,
acket |10ss rate

Bandwidth

| 4GILTE (( ))
g Sl - - Wired g ) = = Wired Sl

Scenario A Scenario B Scenarlo C

Setting

Bandwidth
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Experimental Scenarios #1 A<
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& Scenarios A and B
Wired and 4G/LTE or Starlink

Five video streaming sessions (trials) were conducted in
each TCP variant

€ Emulator setting
Bandwidth: 3Mb/s
Delay: 60ms or 90ms
Packet loss rate: 0.5%

o @

. Router VPN Router 4G/LTE

AT p
VPN Router

Router

- = %
VPN Router Starlink
=

Setting ! : Setting'
= Bandwidth =l Bandwidth
Setting Setting
Bandwidth, Bandwidth,
Delay, Delay,
Packet loss rate Packet loss rate
Emulator " Router | Emulator [ Router |
Scenario A Scenario B
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Experimental Scenarios #2 A<
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® Scenario C
Starlink and 4G/LTE

Five video streaming sessions (trials) were conducted in each
TCP variant

Conducted experiment for two initial flow patterns
(Starlink or 4G/LTE)

®Initial flow...The path to connect to the server first with MPTCP
€ Emulator setting
Bandwidth: 3Mb/s

Router VPN Router Starlink

Setting
Bandwidth

VPN Router

Setting

Bandwidth  4GLTE (((;)))
Emulator Router VPN Router _m
Scenario C
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Performance evaluation metrics A<
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®\Video Performance
Picture discard
®Number of frames discarded by the video decoder
Buffer underflow
®Number of buffer underflow events at video client buffer

&® Transmission Performance
Retransmission
cwnd each sub-flow

4 N

Picture discard, Buffer underflow and Retransmission
average over five trials.

\j> cwnd dynamics of a sample (first) trial
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Scenario A Results#1
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. ()
o , - A
Router VPN Router 4G/LTE

¢ Emulator setting
Bandwidth: 3Mb/s
Delay: 60ms or 90ms

Setting
Bandwidth

Setting
Bandwidth,

Packet loss rate: 0.5% T [ ipasit st
. ‘_ o § Wired
Flg A'l 100 I Picture discall'd I 100 I Picture discall'd I
» BBR has good performance or Bufferunderfow =17 80 - Buffer underfiow =1
> CUBIC is affected by Wired °r 1 “r I
side delay, but it depends on NS T e
the Iength of it CUBIC BER ’ CUBIC BBR
\ ) (a) 60ms (b) 90ms
/ \ Fig.A-1 Picture discard and buffer underflow.
F|gA-2 3000 | T 3000
> BBR has many retransmitted ool - |
packets, mostly towards 1500 - 4 sl §
AGILTE il 1T . |
> No Significant Change due to Wiredc& AG/\TE mmmm TEE:: Wiredcﬁ 4G/TE mmmm TE;:I:I
\ delay time / (a) 60ms (b) 90ms

Fig.A-2 Retransmission.
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Scenario A Results#2
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| Router VPN Router 4G/LTE

¢ Emulator setting
Bandwidth: 3Mb/s
Delay: 60ms or 90ms
Packet loss rate: 0.5%

VPN Router

j R Setting
= Bandwidth

Setting
Bandwidth,

Delay,

Packet loss rate

=]

Emulator ‘| Router
T T | T T | T T | T T | T T | T

Fig.A-3 (BBR)
» cwnd on both paths is used fairly

CWND

00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30 00:00 00:30 01:00 01:30 0200 02:30 03:00 03:30

Elapsed Time Elapsed Time
) (a) 60ms (b) 90ms
4 Fig.A-4 (CUBIC) ) Fig.A-3 BBR cwnd
» cwnd for 4G/LTE remains 121]g N —
around 40, but it is lower on the 100 - e — e
Wired side | ]
: ]
> When delay is 90 ms, data 20W WMV S |t W
could not be sent during 3 -:?u:un 00:30 01:00 01:30 0200 0230 03:00 03:30 00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30
\ n‘"nutes Elapsed Time Elapsed Time
(a) 60ms (b) 90ms

Fig.A-4 CUBIC cwnd.

“vushu nstitute of echnoloc



Scenario B Results#1
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z VPN Router
| Router VPN Rou ter Starlink

¢ Emulator setting

Bandwidth: 3Mb/s — T
(= Bandwidth
Delay: 60ms or 90ms
Packet loss rate: 0.5% T et e
g ‘_ Wired
m Router
/ FlgB'l \ 100 Picture discall'd ] 10 Picture discall'd [ ]
> BBR performance is better than il R ol R
CUBIC ol 1Ll
» but sometimes BBR shows bad D_ - . o_ L -
performance similar to CUBIC cuBic BER cuBic BER
\_ inthecaseofdelay90ms (a) 60ms (b) 90ms
Fig.B-1 Picture discard and buffer underflow.
/ FIgB-2 \ 2500 2500
» BBR has many retransmitted 9 2000

1500

packets, mostly towards 1000

1500

-

.

1000
Starlink 500 00
CUBIC BER ’ CUBIC BER
NO S|gn|f|cant Change due to Starlink I Wired Total Starlink I =~ Wired I Total 1
a) 60ms (b) 90ms
delay time (
\ / Fig.B-2 Retransmission.
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Scenario B Results#2
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-&@

| Router VPN Router Starlink

¢ Emulator setting
Bandwidth: 3Mb/s
Delay: 60ms or 90ms
Packet loss rate: 0.5%

VPN Router
— R Setting
(= Bandwidth

Setting
Bandwidth,

Delay,

Packet loss rate

Emulator | Router

Fig.B-3 (BBR) 120 g
> cwnd for Starlink shows g} wired —: ]
occasional fluctuations % i i
a Fig.B-4 (CUBIC) I IR L) T
> cwnd for Starlink shows 00:00 00:30 01:00 01:30 0200 02:30 03:00 03:30  00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30
occasional fluctuations Elapsed Time Elapsed Time
(a) 60ms (b) 90ms
» When the delay is 90 ms, data o FigB-3BBRcwnd.
could not be sent during 3 100 St:;jgg_— 100 | tarink
\_minutes o
@ 5
Starllnk Cwnd ma-y be Inﬂuenced ltJl]:l]l)I lItJl]:SI)I ;]1:0[; ;111131]I ItJIZ:l]I)I lI02:30I 1I]3:t)-[]I ;]3:30 Uﬂ:ﬂﬂll ;]1]:30II llll:l)(; ;)1:311I II)2:1]t]II ;]2:30II lI]E.:IJ-lZJI ;]3:30
during transmission and reception Elapsed Time Elapsed Time
between satellite and dish (a) 60ms (b) 90ms

Fig.B-4 CUBIC cwnd.
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Scenario C Results#1 A<
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€ Emulator setting Ep—— -}%

Bandwidth: 3Mb/s
4 Fig.C-1 I

Setting
Bandwidth

> BBR has good performance S:;‘L?ﬁ.dm e A
» CUBIC may sometimes have o EH Hm o _m
\___Ppoor performance o al aufer ﬁﬂésr‘éiﬁ;- so | Buffer underfow e |
f . \ 60 - 60 -
FIgC-Z a0 - a0 - o
» BBR has many retransmitted ot 1 4 wp .
packets, which are about the 0 Tmlc - o= -
_ same onboth paths ) Initial-flow 4G/LTE Initial-flow Starlink
Fig.C-1 Picture discard and buffer underflow.
/> BBR has the potential to \ 2000 ool ]
perform well on cellular and LEO . 1 oor ]
satellite network 500 4 soof .
o o e I
> DeSplte Of BBR performance as Starlink--_ 4GJ/LTE I Total 1 Starlinl.:._ 4GJ/LTE I .Total  —
\ retransmissions is large / Fig.C-2 Retransmission.

“vushu nstitute of echnologd



Scenario C Results#2

¢ Emulator setting

Bandwidth: 3Mb/s

-

>

Fig.C-3 (BBR)
cwnd on both paths keep
above 40 packets

Starlink cwnd is likely to
fluctuate

~

Fig.C-4 (CUBIC)
cwnd in both paths keep
around 40 packets

<=

\_

» BBR may handle LEO satellite

environment flexibly

» CUBIC tries to keep Starlink

cwnd on par with 4G/LTE

/

CWND

CWND

Network En gineering

Setting
Bandwidth

Setting
Bandmdth

Router VPN Router

Emulator Router VPN Router

Starllnk i
AG/ITE ——

Elapsed Time

Initial-flow 4G/LTE

12“ T T T T T T | T T |
Starllnk
100 AGITE —
8[' - —

g VPN Router
Starlink
S
=

4GILTE (( ))

120
100

Fig. C 3 BBR cwnd

120
100

Research Lab

T T T T T
Starlink
AG/LTE ——

00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30  00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30

Elapsed Time

Initial-flow Starlink

| | T T | T T | T T | T T | T T
Starlink i
4G/LTE ——

00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30  00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30

Elapsed Time

Initial-flow 4G/LTE

Elapsed Time

Initial-flow Starlink

Fig.C-4 CUBIC cwnd.
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Conclusion A<
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®The path which has high packet loss rate and long delay
causes poor performance of MPTCP video streaming using
CUBIC TCP variant

®BBR TCP variant provides good performance for MPTCP
video streaming, but retransmitted packets are large

» Costly in satellite bandwidth due to large retransmissions

& Starlink transmission and reception between satellite and
antenna could be affecting performance

€ MPTCP with Cellular and LEO satellite multipaths are able
to sustain video streaming with good performance.
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