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An EnergyawareMultipath-TCP-based
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Abstract—IETF-proposed Multipath TCP (MPTCP)
extends the standard TCP and allows data streams to be
delivered across multiple simultaneous connections and
consequently paths. The multipath capability of MPTCP
provides increased bandwidth for applications in
comparison with the classic single-path TCP, which makes
it highly attractive for the current consumer mobile
devices that support more than one radio interfaces (e.g.
3G, WiFi, Bluetooth, etc.). However, MPTCP does not
consider energy consumption aspects which are highly
important for these devices. This paper proposes eMTCP,
a novel energy-aware MPTCP-based content delivery
scheme which balances support for increased throughput
with energy consumption awareness. eMTCP is located at
upper transport layer in mobile devices and requires no
additional modifications of the MPTCP-enabled server.
eMTCP increases the energy efficiency of mobile devices
by offloading traffic from the more energy-consuming
interfaces to others. Simulation-based experiments
employing an eMTCP model which sends data streams via
the 3GPP Long Term Evolution (LTE) and IEEE 802.11
(WiFi) interfaces show an increase of up to 14% in energy
efficiency when using eMTCP in comparison with MPTCP
and of up to 66% in terms of quality in comparison with
single-path TCP.

Index Terms—energy consumption, WiFi, Long Term
Evolution (LTE), Multipath TCP, traffic offloading

I. INTRODUCTION

Fig.1. Multipath communication using LTE and WiFi

maintenance cost8GPP[2] Long Term Evolution (LTE) [3]
is a stateof-the-art technologywhich significantly improves
the bandwidthin cellular networks

Data transmissiorbetween wirelesamobile devices via
WiFi or LTE networks is handled by transport layer protscol
and the most widelyused is TCPInvedigatiors in [4] show
that more than %% of total traffic over the Internet is
delivered using Te, including various types of application
services such as emailieb browsing andocial networking
Lately TCP is also used for applications such as video
streaming and/oice over IPwhich havehigher requirements
for both bitrate and delayHowever there are severe
limitations in the performance o CP usageover wireless
networksfor these applicatianandMultipath TCP (MPTCP)
[5] [6] was introduced to solve this probletm MPTCP,data
transmissionis performed through multiple channel paths
simultaneouslyinstead ofusinga single pathasin the classic

WIRELESS networks and the associated technologies ardCP.In general, throughput obtained by MPTCP connection
widespreadn modern human societne of the most over multiple paths is much higher than a single TCP
commorny usedwireless networkss the broadband wireless connection.

local areanetwork supported by the IEEE 802.11 protocol
family (WiFi) [1], which provides good communication transmissios is

quality for usersin small coverage arsasuch as honseor

offices at low deployment cost Cellular network, on the
the most important communication accessareavailable for a smartphone waigj for remote data

other hand, are

One of theconcerns whemising MPTCP fowirelessdata
the energy consumption of the
batterypowered mobile devices due to their limited power
resource. For example, supposthat both WiFi and LTE

technologieswhich provide largearea signalcoverage but transmission, as shown in Fig.When singlepath TCP is

have lower bandwidth and higher deployment
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andsed,one interface is activenly. When MPTCP is usedhe

total energy consumptioimcreases since both LTE and WiFi
interfaces are active which severely reduces thatterylife.

This paper present novelenergy-aware MPTCP-based
content delivery scheme (eMTCP), deployed at the upp
transport layer of mobile devices. eMTCHcreasesthe
throughput of applications withhigh bitrate and delay



sensitivity data transferrequirementsin comparison with
singlepath TCP solutions andaves energyn comparison
with MPTCP. eMTCP achieves higher energy efficienoy

recommends an altestive pair of IPv6 addressthat enable
the two hoststo communicatewith each other Shm6 is
attractive whera best patlis to be selectefbr packet delivery.

monitoring the channel statusedich of the transmission pathsFor instance, whera communicationpath is established

and offloading traffic fromthe most energgonsuming
interface to the other interfacegddditionally, this paper
investigateshow different traffic offload levels affect the

betweentwo Shim6 hosts, packettanbe delivered through
that path with low delay by pairing appropriate addresses.
However, Shim6 has not been widely deployedreatlife

transmission performande terms of energy consumption andcasesither.

throughpuitn the context oEMTCPdata transfer via LTE and
WiFi interfaces eMTCPwasmodeledand testediia Network
Simulator 3 NS-3) simulationsin comparison with MPTCP

and TCP The results show how eMTCP best balances ener
-rongestion control algorithm fovIPTCP called ecMTCPis

saving and delivery performance, outperforming MPTCP
terms of energy saving and TCP in terms of througlsmat
estimateduserperceivedjuality.

Theremainderof this papeis organized as follows. Section

Il presentsrelated works onmultipath and multihoming
communications and MPTGIPased optimizatianSection Il
and IV describe the architecture principle and detailed
functionality of eMTCP. Section V descrite the
simulaion-basedtest bed settingsand presentsthe relevant
testresuls. The last sectioaummarize®ur work andpresents
future workplars.

Il. RELATED WORKS

Recently, many solutionshave been mposed for high
bitrate anddelaysensitivecontent delivery7] [8] [9] [10] [11].
Some of theesolutionsinvolving multipath and multihoming
communications[12] and MPTCPbased optimizationare
discussechext

A. Multipath
Approaches

Strict requiremerd in terms ofthroughput reliability and
timeliness are increasingly commam current data transfer
applications One way to addresssuch requirements ishé
usage of multipath and multihoming technologies.

The Stream Control Transport Protocol (SCTP)3][
provides concurrenand reliable multipath data transfer via

and  Multihoming Communications

B. MPTCP-based Optimization Approaches

Lately the esearch effort on MPTCRIated traffic
timization is gowing fast. In [16], an energyaware

proposed, whiclheduces energy by offlding traffic fromone
link with higher energycostto theother onewith lower cost
The amount of increase ithe congestion windowsize in
ecMTCPis inversely proportional to the energy cost of each
link. The disadvantage oecMTCP is that it requires
considerablanodificaions d the original MPTCPR Moreover
ecMTCP needsnplementatiorsupportboth at serversideand
client side which makes its deployment less attractive
NC-MPTCP[17] includes a packet scheduling algorithm and a
redundancy estimation algorithm to allocate data among
different MPTCP sulflows in order to optimize the overall
goodput  Simulationsbased experiments show that
NC-MPTCP achieves higher goodput compared to MPTCP in
the presence of different siilow qualities. Howeverin the
worst case, the performance of M@PTCP isalmost the same
as that of singlepath TCP. The work in [18] proves the
feasibility of using MPTCP fomobile traffic handoverin
WIiFi/3G networks and analyzes the energy consumption and
handover performance of MPTCP in various operational
modes.It also proposes a simple solution for the influence of
MPTCP cotrol signal loss on handover performance.
Unfortunately none of thee research worksonsidersboth
the balance betweerenergy consumptionand increased
throughput and developmeifniendlinessas eMTCP does.

Il
The block architecture of the proposedTCP schemeis

EMTCP ARCHITECTUREAND PRINCIPLE

data duplication detection and retransmission. Each SCTP hitisistrated in Fig.2, considering two wireless network
selects a primary IP address from a list of IP addressestdthnologies: LTE and WiFi. The architectureolves the
mglntalrs ASCT_P associatiois estabhsheaton&sing of one following two componerst deployed at the upper transport
primary connection and severacendary connections. When |gyer.

the primary connectionfails, switchover is triggered t0 & 1) §up-flow Interface State Detector (SISD): continuously
secondary connection. HowevCTP has not been widely observes thechannel state of the WiFi and LTE
deployedas 1) it needs support fronthe applicationlayer, interfaces. These states can be:

which incurs increasedimplementation cost 2) in many Receiving (RX): the interface receives data
reatlife cases thesCTP packets might be blocked by middle ecerving. ) . . .
Idle: the interface waits for incoming dafao data

boxes(i.e. network address traasbr) or firewals. In cantrast X

with SCTR MPTCP & a transport layer protocathich does is transferred) _ .

not neecapplicationmodifications Additionally, MPTCP uses 2) Offload Controller: preparedor offloading sometraffic

traditional TCP packettowardswhich the majority of existing from the LTE sukflow to the WiFi subflow. The
offoad amount is decided according the current

middle boxes and firewalbsre friendly _ . .
Shim6 [14] proposed by IETF offers a multihoming congestion window size of theTE subflow and the
feedback of interfacehannelstate change fror81SD.

solution for IPv6. Typically, a Shim6 host maintains a list of
IPv6 addresses, each of which is given by its service provider.Traffic offloading events in eMTCP are also related to the
Shim6 utilizes REAchability Protocol (REAH)L5] to deal status of the MPTCP congestion control mechanism which
with failures. Whenever failures are detected, REARdaptively makes the decision which didw to use to deliver
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TABLE Il
DETAILS OF FOUR TESTCASES
Case 1 2 3 4
Number of nodes 2 3 3 3
2 UE nodes| 2 UE nodes| 2 UE nodes
data (data sender (data (data
Case description sender and sender and| sender and
se descrip and receiver) receiver) receiver)
receiver and1eNB | and1eNB | and1eNB
(( )) node node node
LTE Link WiFi Link , Distan[c)e
(Bandwidth: 100Mbps 5% (Bandwidth: 2Mbps etween base
RTT: 100ms) RTT: 10ms) station and 60 60 60 60
receiver (m)
Aggregate data
transmission rate 11 11 11 11
(Mbps)
Battery capacity | g5 300 300 300
(Joule)
Fig.3. Network topologyused in eMTCP simulations fhySiC“l;i"k
_ o WiFi LTE WIFi + LTE | WiFi + LTE
(refared to as UEA), another ten used as data sinkeferred Si’ééfvﬁf
to as UEB1, UEB2...and UEBI1O, representing temobile — o 7 o - - oTep | eMTCP ¥
devices) andone used as eNB node in the LTetwork protocol MPTCP
UE-B1, B2, B3 and B4are. W|th|n the signal coverage qf the Szmulaz{on time 150 150 150 150
eNB node (the base station in LTE structurenly, while ©)

UI_E—I_37, B8, B9 ar_1d Bl@re within the signal coverage of thejncludes the setting of TCP receive buffer, from which data
WiFi access point only.UE-B5 and UE-B6 are in the gyeam is taken out to the sfibws and thersentto the
overlappng area of both LTE and WiFi coverade.ourstudy  gppjication layerln simulatiors the size of the TCP receive

we analyzedata tansmission performance of U5, which is  pyffer isset according tthe followingequationfrom [5]:
the only node that enables LTE and WiFi interface

simultaneously. = 2xsum( ) x 1)
Based on this structureéhe following four testcasesare _ _ _
considered withthe different parameters presented in Table Il: In equation(1), Sy, represents the size of the TCP receive

~  Case I: A single WiFi link is establishedetween UEA  buffer, BV represents the default bandwidth set for-8aty ;

and UEBS, which is also shared by the other nine datéin this casei € {0, 1}) andR77,,, represents the maximum
sink nodes.The distance betweedE-B6 and the base roundtrip time across all thesubflows. Setting the TCP
station of LTE and WiFis setto 60 metergespectively receive buffer inthe simulationusing this formula avoids the
The initial energy of the battery &fE-B6 is setto 300 subflows from stalling when MPTCP fast retransmission
Joules. Data stream is semtia the WiFi link with the ~scheme is triggered on any of them.
aggregaterate of 1 Mbps usingTCP as the transport When sing the bandwidth and routdp time valuesfor
layer protocol Simulation time is 150 seconds. LTE and WiFi links shownin Fig.3, theTCP receivebuffer

- Case 2: Apart from UEA and UEBSG, an extra eNB node SiZ€ Sy calculated bythe formulafrom equation(1) is 2.55
is added as a part of the single LTE link between theMbytes.
instead of the WiFlink used incasel. Other settings
remain the samas in casd.

-  Case 3. Both WiFi and LTE links are used .
simultaneously for multipath data transmission anganswssmrperformar?ce asse_ssment ) )
MPTCP is used as the transport layer protocol instead of Scenario 1: studiesthe influence of different traffic

B. Test Scenarios
The following two test scenarios areesignedfor data

TCP. Other settings remain the samsén case2. offload_sizeon the energy efficiency _
~  Cuase 4: eMTCPis deployed tocomplementMPTCP, ~  Scenario 2. studies theenergy consumptionenergy
Other settings remain the saa®in casa. efficiency and delivery performance in terms of average
In all four cases constant bitrate (CBR) data streasiare throughput and estimated ugmerceived quality when
used as input inhe simulation modeling video trafficThe delivering video datéor the four testases

dat packet sizevas 1040 bytes whiclis a multiple of 26 ¢ Resuits Analysis
bytes @latasplicing in the output stream wamployedin the
NS-3 implementation of MPTCIP20]).

The NS-3 implementation of MPTCP used involves
modificatiors of the TCP socket structure definition and the.
corresponding applicatielayer and networkayer protocols.
The redefined TCP socketused in this implementation

The first scenario investigated the influence of traffic
balancing between LTE and WiFi paths on the energy
efficiency of eMTCP. As shown in Fig.4, the energy efficiency
increases wherthe traffic offloaded from LTE to WiFi
increases from 0% to approximbt€4% of the queued data
in the TCP receive buffer. When traffic offload share increases
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Fig.6. Energy efficiency of eMTCP and MPTCP Fig.7.Average throughput of the four test cases

deaeasein the average transmission throughputjraicated
in Fig.7. Fig.7 also shows howthe averagetransmission
throughput ofeMTCPis roughly 2.5 times that ofTCP over
WiFi and2.05timesthatof TCPoverLTE. Thisclearly shows
the data rateébenefitof multipathtransmissioain comparison
with single-pathdata transfers
The second scenario simulatibased experiments have also
studied the performance of data delivarging CBR data
streams The performanceis measuredn terms of the Peak
Signatto-Noise Ratio (PSNR), whichrdnslates the effect of
throughput and losen usefperceived quality according to a
formula from [21], presented inequation 2). Table Il
indicates the relationship between various PSNRegsand
the corresponding us@erceivedquality levels as associated
Fig.8. Estimated PSNR of the four test cases by the ITU T. P.800 standar@].
from 24% to 100% (which indicates that all the traffic is
offloaded to the WiFi link) the energy efficiencydropsas the (\/( ) ) @
data size allocated to th#iFi link exceeds it€apacity which
causesthroughputdecrease The observapn that there is a  In equation(2), MAX Bitrate is the average bitrate of the
value with thehighest energy efficiency detemed setting transmittedvideo streamwhile EXP_Thr andCRT _Thr arethe
24% as the defaulttraffic offload percentage fothe eMTCP  expected and actual averabeoughput.
performance evaluation the second scenariim this paper According to Tablell, the valus of MAX Bitrate and
In the second scenarid;ig.5 and Fig6 show the energy EXP_Thr in equation 2) arel Mbps for case 1 and 2 an2l
consumptionand energy efficiencywhen employing eMTCP Mbps for case 3 and 4 (since a tpath approactis used)
are 14.2% and4.1% respectively lower thasvhen MPTCP  PSNR value are computed and shown in Bignd Table IV.
was usedThe downside of these improvements wa2. ®6 It can be noted that eMTC® excellent energy efficiency

=2
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TABLE IIl TABLE IV
RELATIONSHIP BETWEENPSNRAND USERPERCEIVED QUALITY LEVELS PERFORMANCEEVALUATION OF FOUR TESTCASES
PSNR (dB) UQSl?;“lt:;rLceev“éFd Quality Level Description Case 1 2 3 4
>37 Excellent Imperceptible Case Description T(.\T/\l; lg_ver TCLI_:I_I;)VBI’ eMTCP MPTCP
31-37 Good Perceptiblébut not annoying Fnery il
25-31 Fair Slightly annoying Consumption 0.052 0.505 0.539 0.628
20-25 Poor Annoying Rate (Joule/s)
. Average
<20 Bad Very annoying Throughput 0.846 0.934 1.910 1.951
and energy consumption results are balanced®$NRvalue (Mbps)
with 5.54 dB lowetthan that of MPTCPHowever the value of PSNR (dB) 16.274 23.964 27.029 32572
27.03 dB still place eMTCPs estimated useerceived S%ijg;;‘i“rd 0.263 2.815 0.690 2.712
quality at“Fair’ ITU T. P.800level (seeTable I1l). ThePSNR ™ Zssimated Battery
standard deviation of eMTCBhown in Table IVis much Life-span 5769.23 594.06 556.59 477.71
smaller in comparison witthat of MPTCP, indicating thags (Seconds)
eMTCP results in lower PSNR fluctuatmrthere is important
user benefit in favor of eMTCH hisis explained by th4% REFERENCES
traffic offload rate which leads toa better utilization of the [1] wiFi (Wireless Fidelity) IEEE 802.11 WG, IEEE 802.12007, Wireless

TCP receive buffer and determ;emooth thloughput and
PSNR The PSNR level of eMTCIR 12.79%higher than that
resulted by employing singigath TCP data transfers over[
LTE and 66.09%higherin comparison withithat of TCP over
WiFi. This clearly demonstrates the quality improvement oufl
multipathsolution has against the two singlath approaches

LAN MAC and PHY specifications, revision of IEEE 802:1B99,
IEEE LAN/MAN Standards€Committee, Jur2007.

3GPP. [Online] Available: http://www.3gpp.org

3GPP,Group Services and System Aspects Service Requirements for
Evolution of the 3GPP Syste(Rel.8), 3GPP TS 22.278ec.2008

M.-S. Kim, Y. J. Won, and J. W. Hong, “Characteristic analysis of
internet traffic from the perspective of flows,” Comput. Commun.,
vol.29, pp. 16391652,Jun.2006

A. Ford, C. Raiciu, M. Handley, S. Barre, J. lyendé&krchitectural
Guidelines for Multipath TCP Developm&nIETFRFC 6182, Jan. 2011
C. Raiciu, M. Handley, D. Wischjk“Coupled Congestion Control for
Multipath Transport Protocols”, IETF RFC 6356, Oct. 2011.

R. Trestian, O Ormond, G-M. Muntean, “Power-friendly Access
Network Selection Strategy for Heterogeneoudhireless Multimedia
Networks’, IEEE BMSB 201Q pp. 1-6

R. Trestian, A. N. Moldovan, O. Ormond, -8.. Muntean, “Energy
Consumption Analysis of Video Streaming to Android Mobile Devices
IEEE Network Operations and Management Symposium (NOMS), 2012

A. N. Moldovan, C. H. Muntean, ‘“Personalisation of the Multimedia
Content Delivered to Mobile Device Users”, [EEE BMSB, 2009, pp. 16

A. N. Moldovan, C. H. Muntean, “Towards Personalised and Adaptive
Multimedia in mlearning Systems”, ACE EdMedia, 2011, pp. 78291

] S. Chen, G. M. Muntean,“E-Mesh: An Energyefficient Crosdayer

The transmissionperformancein the four cags is also [5]
evaluatedn terms of the estimated Idpan ofdevicebattery, 6]
as shown in TableM. By using TCP ovetTE there § with
8.71 times shorterbattery lifespan in comparison withhe [7]
duration when employingViFi, but the signal coverage is
much large thanin the WiFi case When bothwiFi and LTE (8]
interfaces are used for multipath data transmissibis clear
that usingeMTCP hasa 1651% improvementon the battery
lifespanin comparison with the original MPTCP.

[10]
VI. CONCLUSIONS ANDFUTURE WORK

This paper proposeeMTCP, a novel energyaware
Multipath- TCP-based content deliverymechanism which
offloads data stream betwedTE and WFi interfacesof 12
mobile deviceseMTCP is deployedat the upper transport
layer and extendsMPTCP in terms of energwareness [13]

Simulationbased testing showsw energy saving is achieved
and what performance eMTCP obtains in comparison wi
singlepath solutions and MPTCP. In particulay employing [15]
eMTCP, up to 142% lower energy consumptioand up to (6]
14.1% higher energy efficiencyare recordedn comparson

with MPTCP. Additionally, there are increases of up to 66%
and 13% in estimated usperceived quality when using [17]
eMTCP in comparison with when singbath TCP is used
over WiFi and LTE respdiwely. In conclusion, eMTCP best [18]

"

Solution for Video Delivery in Wireless Mesh Networks”, JEEE BMSB
2012, pp. 17

C. Xu, E. Fallon, Y. Qiao, L. Zhong, @1. Muntean “Performance
Evaluation of Multimedia Content Distribution over Mtitomed
Wireless NetworKs IEEE Trans. Broadcasting,57(2)204215Jun 2011
R. Stewart Stream control transmission protqc@dETF RFC 4960,
Seq.2007.

E. NordmarkM. Bagnulq “Shimé: Level 3 Multihoming Shim Protocol
for IPv6”, RFC 5533, Internet Engineering Task Force, Jun 2009

J. Arkk, 1. van Beijnum “Failure Detection and Locator Pair Exploration
Protocol for IPveMultihoming”, Internet draft, IETF, Dec. 2006.

T. A. Le, C. S. Hong, M. A. Razzaque, S. Lee, H. Jung, “ecMTCP: An
EnergyAware Congestion Control Algorithm for Multipath TCP,” [EEE
Communications Letters, vol. 16, no. 2, pp. 27877, Feb. 2012.

M. Li, A. Lukyanenko, Y. Cui, “Network coding based multipath TCP”,
2012 IEEE Conference on Computer Communications Workshops
(INFOCOM WKSHPS), Orlando, US, Mar2012, pp. 2530.

C. Paasch, G. Detal, F. Duchene, C. Raiciu, O. Bonavefttxp|oring

balances energy saving and increase performance of content Mobile/WiFi Hardover with Multipath TCP, ACM SIGCOMM

delivery in heterogeneous wireless environments [19]
Future work focuses oimtroducingmore types of wireless [20]
network interfaces such as 3G arRluetooth into the
multipath transmission performance evaluation. Also thig!]
different best dataoffload share for varioustechnologies and
diversetraffic typesis under investigation [22]

1296

workshop on Cellular Networks, Helsnki, Finland, Aug.2012, pp.336.
Network Simulator 3 [Online]. Available: http://www.nsnam.org
MPTCRNS3 Project [Online]. Available:
http://code.google.com/p/mpters3

S.-B. Lee, G-M. Muntean, Alan F. Smeaton, ‘“Performance-Aware
Replication of Distributed PfRecorded IPTV Content”, [EEE
Transactions on Broadcasting, vol.55, no. 2, pp.52626, Jun. 2009
ITU-T Recommendation P.800ethods for subjective determination of
transmission quality, Aug. 1996



