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Abstract—The space exploration missions are crucial for
acquisition of information about the spaceand the universe.The
entire successof a mission is directly related to the satisfaction
of its communications needs.For this goal, the challengesposed
by the InterPlaNetary Internet needto be addressed.Current
TCP protocolshave very poor performancein the InterPlaNetary
Inter net which is characterized by extremely high propagation
delays, link errors, asymmetrical bandwidth and blackouts. The
window-based congestion control, which injects a new packet
into the network upon an ACK reception,is responsiblefor such
performance degradation due to high propagation delay. Slow
start algorithms of the existing TCP protocolsfurther contribute
to the performance degradation by wasting long time periods to
reachthe actual data rate. Mor eover, wir elesslink errors amplify
the problem by misleading the TCP source to unnecessarily
throttle the congestionwindow. The recovery from erroneous
window decreasetakes certain time, which is proportional to
the round-trip time (RTT) and further decreasesthe network
performance.

In this paper, a reliable transport protocol, TCP-Planet, is
presentedfor data trafc in the InterPlaNetary Internet. It is
intended to addressthe challengesand achieve high throughput
performance and reliable data transmission on deep spacelinks
of the InterPlaNetary Inter net. TCP-Planetdeploysan end-to-end
rate-basedadditive-increasemultiplicati ve-decrease(AIMD) con-
gestioncontrol, whoseAIMD parametersare tuned to help avoid
throughput degradation. TCP-Planet replacesthe inef cient slow
start algorithms with a novel Initial State algorithm which
allows to capture link resourcesin a very fast and controlled
manner. A new congestion detection and control mechanism,
which decouplescongestiondecision from single packet loss, is
developed to avoid the erroneous congestion decisions due to
high link errors. In order to reduce the effects of blackout
conditions on the throughput performance, TCP-Planet incor-
porates Blackout State procedure into the protocol operation.
Bandwidth asymmetry problem is addressedby the adoption of
delayed SACK. Simulation experiments shon that TCP-Planet
signi cantly improvesthe thr oughput performanceand addresses
the challengesposedby the InterPlaNetary Internet.

Index Terms— Reliable Transport Protocol, InterPlaNetary
Inter net, High PropagationDelay, Bandwidth Asymmetry, Black-
outs.

I. INTRODUCTION

HE developmentsin the spacetechnologiesin the last
decadehave enabledthe realizationof deepspacesci-
enti c missionssuch as Mars exploration. These missions

produce signi cant amount of scienti c data to be deliv-
ered to the Earth. For successfultransferof scienti c data
and reliable navigational communicationsNASA enterprises
have outlined signi cant challengedor developmentof next-
generationspacenetwork architecturesThe next generation
deepspacenetworks are expectedto provide communication
servicedor scienti ¢ datadelivery andnavigation servicesor
the explorer spacecraftand orbiters[6]. The next stepin the
designand developmentof deepspacenetworks is expected
to be the Internetof the deepspaceplanetarynetworks and
de ned asInterPlaNetary(IPN) Internet[25].

A typical deepspacenetwork architectureshavn in Fig.
1 is proposedfor the Mars Exploration mission [7]. The
architecturalelementsof the proposedinfrastructurecan be
summarizedas follows:

Earth Relay Orbit

'

Planetary Satellite Network
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Fig. 1. Deepspacenetwork architecturefor the Mars Explorationmission.

Inter planetary Backbone Network: It includesthe di-
rectlink or multi-hop pathsbetweerthe outerspaceplan-
etsandthe Earthaswell asthe Earth-basedhfrastructure
elementssuchas groundstationfor deepspacenetwork.
Planetary Satellite Network: It consistsof the satellites
orbiting the planetsto provide communicatiorrelay and
navigation servicesto the surfaceelements.

Planetary Proximity Network: It providesthe commu-
nicationlinks betweendiverserangeof surfaceelements,
which are often spreadout to form an ad-hocnetwork.

Among the abore architecturalkelementsof the InterPlaNe-
tary Internet,we mainly focuson the InterplanetaryBackbone
Network where the sourceand sink end-pointsare basically



relay satellitesorbiting aroundthe planets.This is because
the InterplanetaryBackboneNetwork plays a signi cant role
for the performanceof entire deepspacecommunicationThe
mostimportantcharacteristicendthe challengegposedby the
InterplanetaryBackboneNetwork are listed as follows:

Very long propagation delays The deep spacecom-
municationlinks may have extremely long propagtion
delays.For example,the end-to-endround trip time for
the Mars-Earthcommunicationnetwork variesfrom 8.5
minutesto 40 minutesaccordingto the orbital location
of the planets[12].

High link error rates: The bit error rateson the deep
spacelinks are very high usually on the order of 10 !
[12].

Blackouts: Periodiclink outagesnayoccurdueto orbital
obscurationwith the loss of line-of-sight becauseof
moving planetarybodies,the interferenceof an asteroid
or a spacecraf{6].

Bandwidth asymmetry. The asymmetryin the band-
width capacityof forward and reverse channelsis typ-
ically on the orderof 1000: 1 in spacemissions[12].

Thesechallengeseedto be addressedéh orderto meetthe
communicationrequirementsof deep spacemissions.How-
ever, the existing TCP variants[16], [17], [13], [20], [8], [21],
[9], [3] have beenshavn to achieve very poor performance
in deep spacecommunicationnetworks [1]. The dominant
factor in this performancedegradationis the extremely high
propagtion delay in deep spacelinks [1]. This is solely
due to the window-based mechanismused by the current
TCP protocols during slow start and congestionavoidance
algorithms.In the slow startalgorithm,the congestiorwindow
size (W) is increasedby one paclet per receved ACK until
the slow start threshold(Wss) is reached,i.e., W < Wqs.
However, this approachwastesthe link resourcedor a very
long durationwhich is proportionalto the propagtion delay
For Wgs = 20andRTT = 20 minutes,it is shavn in [1] that
the slow start algorithm cannotutilize the link resourcedor
approximatelyl20 minutesin deepspacelinks.

The inefciency in link utilization due to window-based
mechanismalsoexistsduringthe congestioravoidancephase,
ie., W Wss, Where the TCP source incrementsthe
congestionwindow size by roughly one at eachRTT. The
performancesvaluationstudyin [1] shows thatwindow-based
TCP protocolsachiese throughputof approximatelylO bytes/s
for the link capacityof 1 Mb/s, paclet loss probability of
p= 10 3 andRTT = 40 minutes.In otherwords, the entire
deepspacelink remainsalmost unutilized during the entire
connectiorperiod.NotethatRT T = 40 minutesis within the
RTT rangefor communicatiorinks betweenMars and Earth,
i.e., 8.5to 40 minutesbasedon the orbital position[12].

Furthermore,the current TCP protocols are designedfor
wired links, which arereasonablyassumedo have negligible
bit errorrates.Thereforethey invoke congestiorcontrolmech-
anismsin caseof a single paclet loss. However, this assump-
tion doesnot hold in deepspacecommunicatiorlinks. Conse-
guently the pacletlossbasedcongestiordetectionmechanism
resultsin unnecessargatethrottleandleadsto severethrough-

put degradation.Much researcthasbeenperformedin recent
yearsin order to addressthe throughputdegradationdue to
wirelesslink errors[5]. However, thesesolutionscannotbe
directly appliedto InterplanetaryBackboneNetwork because
of the amplifying effects of the extremely high propagtion
delay and the other abovementionedcharacteristicson the
problem.

The TCP performanceon the links with high bandwidth-
delay productsand errorsis analyzedin [18]. Many transport
protocols[15], [2], [3] are proposedor satellitelinks, which
are also characterizedy high bandwidth-delayproductsand
high bit error rates.Neverthelessthesestudiesmostly referto
Geo-stationaryearth Orbit (GEO) satellitelinks with typical
RTT valuesaround550 ms, which are very low comparedo
RTTs in deepspacecommunicationlinks. Moreover, paclet
lossesdue the blackout conditionsmay also misleadthe con-
gestioncontrol mechanismsasedon paclet losses.In [14],
an enhancementor TCP is developedto addresssignal loss
conditionsdueto mobility. However, the blackout situationsin
deepspacdinks aremuchmorecomplicateddueto extremely
high propagtion delay and hencesolutionsasin [14] cannot
be applieddirectly.

Thereare more challengeswhich needto be addressedy
the new transportprotocolsin InterplanetaryBackboneNet-
work. Thesechallengesreconsequencesf the characteristics
of the deepspacelinks, and canbe summarizedasfollows:

Delayed Feedback TCP is expectedto respondto net-
work state. This expectationcreatesproblemsin long-
delayernvironments sinceTCP usesend-to-endsignaling
for its control loops. The higherRTT is experiencedthe
olderinformationaboutlink conditionsis received at the
source.Thus, the congestioncontrol decisionbasedon
such pastinformation might not lead to proper action.
Therefore congestioncontrol schemeswhich react to
instantaneougaclet loss situations,do not yield proper
responseon the links with high propagtion delay
Buffer Size In orderto assurel00% reliable transport,
retransmissionmechanismis inevitable. However, this
brings considerableamountof memoryrequirementFor
example, the transportprotocol sourceshould maintain
1:2 GB buffer size for RTT = 20 minutes and the
averagedatatransmissiorrate of 1IMB/s.

There already exists an active researchon transport
layer protocols for space-baseccommunication networks.
SpaceCommunication$rotocolStandards-flansportProtocol
(SCPS-TP)[11], [10] is a set of TCP extensions devel-
oped by Consultatvte Committee for Space Data Systems
(CCsDS)for spacecommunicationsSCPS-TPis designed
to supportcurrentcommunicationenvironmentsand thoseof
upcomingspacemissions[10]. SCPS-TPis developedbased
on the existing TCP protocolswith somemaodi cations and
extensionsto addressthe challengesposedby space-based
systemssuchas link errors, bandwidthasymmetry and link
outageslt canprovide full, best-efort andminimal reliability
accordingo themissionspeci c communicatiomequirements.
Thecapabilitiesof the SCPS-TRarebasicallya combinationof
existing TCP protocols,which are shovn to be inadequaten
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Fig. 2. TCP-Planefprotocol operationstatediagramincluding substatesind the statetransitionsbasedon congestioncontrol decisionmechanism.

addressinghe challengesn InterplanetaryBackboneNetwork

[1]. For example, SCPS-TPwith Vegas congestioncontrol
useswindow-basedschemeand adoptsslow-start algorithm.
Althoughtherate-basedersionof SCPS-THs underdevelop-
ment, it disablescongestioncontrol mechanismand performs
transmissiornwith userselected x ed rate [24]. On the other
hand,for example, SCPS-TPusesTCP-\egas [8] congestion
decision mechanismbasedon the RTT variation. However,

since the window-basednature of TCP-\egas cannot fully

utilize the link, it is not even possiblefor it to experiencethe
congestiorand hencevariationin RTT. Therefore,congestion
decision basedon RTT variation does not provide proper
congestioncontrol functionality. Furthermoredue to the ex-

tremely high propagtion delay the variation in RTT may
not be measurediccuratelysuchthat the resultantcongestion
control behaior may alsonot be accurate.

As pointedoutin [1], thereexistsanurgentneedfor reliable
transportprotocol for InterPlaNetaryinternet. In this paper
a reliable transportprotocol, TCP-Planetfor InterPlaNetary
Internet (IPN) is presented.The objectve of TCP-Planetis
to achiese high throughput performanceand reliable data
transmissiorby addressinghe challengesn the IPN. In order
to addresghe challengesdue to extremely high propagtion
delay TCP-Planetdeploys a newly developed end-to-end
rate-basedadditive-increasemultiplicative-decreasg AIMD)
congestioncontrol, whose AIMD parametersare adjusted
to compensatefor the throughput degradation. Two novel
algorithms,i.e., Initial Stateand SteadyState,constitutethe
structureof the TCP-Planetprotocol. Initial State algorithm
replacesheinef cient slow startalgorithmsin orderto capture
link resourcesn a very fastandcontrolledmannerin Steady
State,a new congestiondetectionand control mechanismis
deployed to minimize the erroneouscongestiondecisionsdue
to high link errors.In orderto reducethe effects of blackout
conditionson the throughputperformance T CP-Planetncor-
poratesBlackout Stateprocedureinto the protocol operation.
Bandwidthasymmetryproblemis addressetly theadoptionof
delayedSACK options.Performancevaluationvia simulation
experiments reveals that TCP-Planetsigni cantly achieres
high throughputperformanceand addressethe challengesn
deepspacecommunicatiometworks.

The remainderof the paperis organizedas follows. TCP-
Planetprotocolovervien alongwith the detailedoperationof
theInitial Statealgorithmis presentedn Sectionll. In Section
lll, SteadyStatealgorithmincludingthe new rate-base@IMD
congestiorcontrol and Blackout Statebehaior are explained.
Performanceevaluation presentedn SectionlV is followed
by the concludingremarksstatedin SectionV.

Il. TCP-PLANET: INITIAL STATE

TCP-Planetsourcestartsconnectionin the Initial Stateat
t = 0 by calling Initial _State()  algorithm as shavn
in Fig. 2. TCP-Planetsourcethen goesto the SteadyState
by calling Steady _State() algorithmatt = 2 RTT as
shavn in Fig. 2.

The slow start algorithm usedin the existing TCP proto-
cols is shavn to be inefcient on deep spacelinks of the
InterPlaNetaryInternet [1]. In order to avoid performance
degradationdueto Slow Startalgorithm, TCP-Planetdeplo/s
Initial _State() algorithm, which achieres to capture
link resourcesin a very fast and controlled manner The
algorithmis composeaf two mainprocedures, e.,Immediate
Start and Follow-Up.

A. ImmediateStart

TCP-Planestartsa connectionin the ImmediateStart state
att = 0, wheretheactualRTT is dividedinto time intervals of
size T. TCP-PlanethenemulatesSlowv Startand Congestion
Avoidancealgorithmsof the corventional TCP protocolsby
treatingtime intervals of size T asthe RTT of the emulated
connection.The objective of the ImmediateStart phaseis to
probe the network in a fast and controlled mannerso that
the transmissionrate can be increasedquickly accordingto
the feedbackfrom the sink. The determinatiorof the interval
size T is presentedin Sectionll-C. Here, we presentthe
protocoloperationin the ImmediateStartphasein two parts,
i.e., EmulatedSlowStartandEmulatedCongestionAvoidance

1) EmulatedSlow Start: As shown in Fig. 3, the rst RTT
is divided into time intenvals of size T. This is donein order
to have more ne-grained time unit than the extremely high
RTT of the deep spacelink. The number of data paclets



. Data Packet@ NIL Segment

L ssthresh
B B B B B B[]
[N] B B B B BN BN
[N] [N] o o o o B~ B
[N] [N] o o o o B~ B
[N] N EN B B B B BN BN
[N] N BN B B B B B~ Bl
N BN BN B o B[~ Bl B~ Bl
HF NN BN BN §NF BN EN - HE EE
0 ‘ ‘ ar at 5T o7 ‘ RTT-T RTT
<——— Emulated Slow Start Emulated Congestion Avoidance
IMMEDIATE START
Fig. 3. An exampleillustration of time framing mechanisnin the ImmediateStart phasefor ssthr eshe = 8.
_transmi_tteoin eac_hinter\al, cwnd, is_ increasecgeometrically GenerateNIL _Segment()
in eachinterval asin Slow Startalgorithmof the classicalTCP Add unACKed packets into the queue;
protocols.This increasecontinuesuntil theemulatedslow start i=0;
threshold ssthr eshe, is reachedj.e.,cwnd  ssthr eshe. if (NIL _Segment is needed)
In additionto datapaclets, NIL sggments[3] are also sent iqz_ i' +m1?d <
in eachtime interval during the ImmediateStart phase.The cli\lIL_Segment = gM packet in queue;
end,;

objectve of NIL segment transmissionis to probe actual
link resourcestatusin the beginning of the connection.NIL

sgmentsare chosenfrom the unacknevliedged outstanding
datapacletsto be usedfor pacletlossrecovery attherecever.

NIL seggmentsare encapsulatedy low priority IP paclets.
Note that the type of service (TOS) eld of the IP paclet
headercan be usedfor this purpose.Hence, assumingthe
relay satellites serving as routers along the Interplanetary
Backbonelink as showvn in Fig. 1 have priority-queuing
capability low priority NIL segmentsarediscardedrst in case
of congestion.ThereforeNIL segmenttransmissiordoesnot

affect the throughputof the actual data packet transmission.
If thereis no congestionthey are receved and ACKed back
by the sink, which revealsthat there are still unutilized link

resourcesalong the path. NIL segments are created with

Generate _Nil _Segment() algorithm shovn in Fig. 4,

where Q is the length of the queue of unacknevliedged
outstandingdata paclets and i is a counter Further details
of the NIL seggmentgenerationcanbe foundin [3].

In the EmulatedSlow Startphasethe number(cwndy ) of
NIL segmentstransmittedin eachinterval is determinedsuch
that the total numberof paclets transmitteddoesnot exceed
the emulatedslow start threshold,i.e., cwnd + cwndy
ssthreshe.

In Fig. 3, we assumethe emulatedslow start thresholdis
8 paclets,i.e., ssthresh, = 8. Therefore the numberof data
andNIL sgmentstransmittedat eachtime interval duringthe
EmulatedSlow Startphasecan be summarizedasfollows

1 T cwnd = 1 andcwndy = 7.
2"d T cwnd = 2 andcwndy = 6.
39 T cwnd = 4 andcwndy = 4.
4" T cwnd = 8 andcwndy = 0.

In general,the numberof datapaclets and NIL segments

transmittedin the i time interval during the EmulatedSlow

if (j" packet in the queue is ACKed)
Remove the packet from Q;
if (j<iand i>0)

i=i 1

end;

end;

if (New packet
Add the packet

is added to Q)
to the tail;

Q=Q+ 1
end;
Return  NIL _Segment;

end;

Fig. 4. TheNIL SegmentGeneratingAlgorithm

Startis given by

2i 1
ssthresh, 2' 1!

cwnd
cwndy =

@
)

2) Emulated Congestion Avoidance: The Emulated Slow
Startis left for EmulatedCongestionAvoidancephasewhen
cwnd = ssthreshe.. Sincethereis no feedbackinformation
aboutthelink resourcesisyet, the TCP-Planesourcedoesnot
increasethe numbercwnd of datapacletstransmittedn each
time intenal. Therefore,cwnd = ssthreshe until the end of
theemulatecdcongestioravoidancephase However, for further
probingthelink statusthe sourceincreaseswndy additively
by one NIL segmentper T intenval emulating congestion
avoidance algorithm of the classical TCP protocols. As in
Fig. 3, during this phasecwnd is kept constantand cwndy
is increasedby one sggmentin eachT until the end of the
ImmediateStart, when cwndy becomesequalto cwnd. The
transmissiorof NIL seggmentsis terminatedat the end of the
rst RTT and TCP-Planesourcegoesto the Follow-Up state



of the Initial Statealgorithmasshawn in Fig. 2.

B. The Follow-Up Phase

During this phase the feedbackfor the pacletstransmitted
in the ImmediateStartphaseare startedto be receved by the
TCP-Planetsource.In order to sase scarcereverse channel
resource®f the bandwidthasymmetricadeepspacdink, the
sink doesnot ACK backall the pacletsit receves. Several
datapacletsareACKedby adelayedSACK, whosedetailsare
explainedin Sectionlll-D. SinceNIL segmentsaretransmitted
to probethelink status,eachreceved NIL segmentindicates
the existenceof unutilized link resourcesHence,the TCP-
Planetsink countsthetotal number(N ) of pacletsrecevedin
every T periodandsendsthis informationbackto the source.
This informationis carriedin NIL ACKs. TCP-Planetsource
transmitsssthreshe, pacletsin RTT t RTT + T until
the rst NIL ACK recevedatt = RTT + T . Then, TCP-
Planetsourceadjustsits transmissionrate (S) by using the
information carriedin NIL ACKs, i.e., S = N=T, until the
endof 2 RTT. Thereforethe transmissiorrate S at the end
of the Initial Statedependson the numberof ACKs receved
in the lasttime interval of the Follow-Up phase.

Let Nac k bethe numberof pacletsreceved by the TCP-
Planetsink duringRTT T t RTT. Sincethe total
numberof paclets sentin the lastintenal of the Immediate
Startphaseis 2 sstreshg, the datatransmissiorrate S at the
end of the Initial Stateis expressedy

minf Nac k ;12_ ssthresheg 3)

In addition to the data paclets, TCP-Planetsource also
startssendingNIX segmentsduring the Follow-Up phase.The
NIX segmentsare much smaller than the data paclets, i.e.,
40 bytes.They are carriedin both low and high priority IP
paclets. During the Follow-Up phase,low and high priority
NIX segmentsaretransmittedwith the transmissiorrate Sy i
whichis equalto the transmissiomrateof the datapaclets,i.e.,
Snix = S. The objectve of the NIX segymenttransmission
is to capture congestionsand make decisionsaccordingly
in the SteadyState. The details of the congestiondetection
mechanismbasedon NIX sggmentsare explainedin Section
lll. TheFollow-Up phasds overatt = 2 RTT andthesource
leaves|nitial Statefor the SteadyStateas showvn in Fig. 2.

ConsequentlyTCP-Planetsourcecan capturethe link re-
sourcesssoonast RTT+ T basednthenumberof ACKs
it recevesfrom thesink. It canachieve this without leadingto
congestiorby controllingthe numberof probepacletsinjected
into the network.

S =

C. Determinationof the Time Interval T

In the Initial State, the extremely high actual RTT is
dividedinto time intervals of sizeT andthe corventionalTCP
behaior is emulatedto capturethe available link resources
in a controlled manner The performanceof the Initial State
dependson the size of the T intervals. While the smallerT
increasedink utilization, it alsoincreasesoverheadincurred
by NIL segmenttransmission.

Initial _State()
Send connection request
Set T & ssthreshe by (8)
n=1
cwnd = 1;
While (t RTT)
/* Immediate Start */
While (cwnd  ssthr eshe)
/*  Emulated Slow Start */
If ((n )T t nT)
Send (cwnd) DATA pkts;
Send (ssthreshe cwnd) NIL pkts;

CONNREQUEST;
& (9)

end;

n=n+1,

cwnd = 2" 1;
end;

/*  Emulated Congestion Avoidance/

cwnd = ssthr eshg;

cwndy = 1;

While ((n 1)T t nT
Send (cwnd) DATA pkts;
Send (cwndy) NIL pkts;
cwndy = cwndy + 1;

RTT)

n=n+1,
end;
end;
While (RTT t 2 RTT)

/*  Follow-Up */
If  (NIL _ACKRECEIVED)

Set data rate S = N=T,;
Set NIX rate Syix = S;
end;
end;
Steady _State();
end;
Fig. 5. The Initial _State()  algorithm

The objective of the Initial Stateis to reacha certaindata
transmissiorrate, S, assoonas possiblewithout leadingto a
congestion.During the Follow-Up phase, TCP-Planetsource
adjustsits transmissionrate S accordingto the feedback
received from the sink every T periodvia NIL ACKSs. Since
ssthreshe is the maximum number of paclets transmitted
in one intenal during the Emulated Slov Start phase,the
transmissiomatereachedn the Follow-Up phases dependent
on ssthresh.. Here,we assumehat TCP-Planesourcehasa
given target minimum transmissiorrate requirementB . This
requiremenican be mostly dueto two main reasons:

Application: The minimum transmissiorrateis required
in order to meet specic application needs such as
transmissiorof scienti ¢ multimediadatawhich requires
100%reliability anda minimum boundon the transmis-
sionrate.

Latency: The maximum allowed lateng can be adwer
tised by the speci ¢ spacemissionrequirementsas the
maximumdurationfor thetransmissiorof certainamount
of data.This determinegshe minimumtargettransmission
rate requiremenfor a given connection.

Consequentlyin order to achiere the tamet transmission
rate of B paclets/satt = RTT + T, the corresponding
sshtr eshe is calculatedas

ssthreshe = B T 4)



The EmulatedSlow Start phaseof the ImmediateStart ter
minateswhen the numberof datapaclets transmittedin one
time interval reachesthe emulatedslow start threshold,i.e.,
cwnd = ssthreshe. Therefore,from (2) it follows that the
durationof the EmulatedSlow Startphase(Tess) is given by

(®)

During the Emulated Congestion Avoidance phase, the
numberof datapaclets per interval, cwnd, is kept constant.
Moreover, thenumberof NIL segmentds increasedy oneper
interval until the end of the ImmediateStart,i.e.,t = RTT.
In order to probe the network resourcesin the range of
[B;2B], the sourceincreaseshe numberof NIL segments
transmittedin eachinterval until it is equalto the number
of data paclets,i.e., cwndy = ssthresh,. The Immediate
Startis over oncecwndy reachesssthresh, att = RTT.
Thereforethe durationof the EmulatedCongestiorAvoidance
phase(Teca) canbe expressedy

ssthreshe T

(log, ssthreshe + 1) T

Tess =

(6)

Sincethetotal durationof the ImmediateStartis Tess + Teca =
RTT, from (5) and (6) it follows that

Teca =

(log, ssthresh, + 1+ ssthresh,) T = RTT (7)

As (log,ssthresh. + 1) is negligible compared to
ssthr eshg itself, from (4) and(7) the sizeof thetime interval
T canbe calculatedby

r
RTT
T = —_—

5 ®)
where B is the tamget transmissiorrate in paclets/s.At the
beginning of a connectionRTT is alsonot known to the TCP-
Planetsource.Therefore, TCP-Planetsourcealso cachesthe
RTT of the pastconnectionsand usesthat valuein orderto
calculatethetime intenal sizeT by (8) duringthelnitial State.

Consequentlythe emulatedslow start threshold can be
expresseddy using (4) and(8) asfollows

P
ssthreshe = RTT B

9)

Thus, at the beginning of the connection,T andssthr eshe
are setby (8) and (9). The rst RTT periodis then divided
into time intenals of size T. The EmulatedSlow Startand
EmulatedCongestionAvoidancephasesare performedin the
rst RTT in orderto performresourceprobing.In the second
RTT, the transmissiorrateis increasedy sendinga newv data
paclet for eachreceved ACK until t = 2 RTT. By this
way, TCP-Planetourcecanincreasats transmissiomatevery
quickly and efciently utilize the resourcesluring the Initial
Statewithout leadingto arny congestion.

D. The ConnectionEstablishment

The corventional TCP protocolsperform three-vay hand-
shale for connectionestablishmentThe existing protocols
send connection request segment at the beginning of the
connectionand do not transmitary data sggmentsuntil the
connectionACK is receved from the recever. This approach
resultsin waste of huge bandwidthfor at leasta duration

of one RTT in deep spacelinks. In order to avoid this
inef ciency, TCP-Planetsourcedoes not wait for the ACK
for the connectionrequestand startsdatatransmissionin the
Initial Stateasif the sessiorrequestis granted.If the request
is rejected,thenthe connectionis terminatedafteroneRTT.

As a result, TCP-Planetachieves better utilization of link
resourcesn the early phasesf the connectionby the Initial
Statealgorithm.Theoverall Initial Statealgorithmof the TCP-
Planetis summarizedn Fig. 5.

I1l. TCP-PLANET: STEADY STATE

TCP-Planesourcdeavesinitial Statefor SteadyStateatt =
2 RTT andremainsin the SteadyStateuntil the connection
is terminated During the SteadyStateoperation, TCP-Planet
sourcecan be in one of the four states,i.e., IncreaseRate
DecreaseRate Hold Rate and Bladkout as shavn in Fig. 2.
In the beginning of the SteadyState,the sourcegoesto Hold
Rate state,where no transmissiorrate changeis performed.
During Steady State operation, TCP-Planetdeplo/s a new
congestioncontrol scheme.Hence the transitions between
these statesin the Steady State is decided basedon this
congestioncontrol scheme.Therefore,the data transmission
rate S can be increased deceasedor hold accordingto the
currentstate.

A. CongestionControl

TCP-Planetdeplo/s a new congestioncontrol schemein
order to addressthe challengesdue to high link error rates
in InterplanetaryBackboneNetwork. The objective of this
methodis to decouplenetwork congestionsnd paclet losses
dueto errors.

During the SteadyState, TCP-Planetsourcetransmitslow
and high priority NIX segmentscontinuouslyfor congestion
detectionpurposesNIX sementsare carriedby IP paclets,
which aremarked ashigh andlow priority usingTOS eld in
the IP paclet headerNIX segmentsdiffer from NIL segments
usedin Initial Statein termsof their size and functionality.
Unlike NIL, NIX sggmentsaremuchsmallercomparedo data
segmentsj.e., 40 bytes.They donotcarryary informationand
thus, cannotbe usedfor error recovery purposes.

Low and high priority NIX segmentsare transmittedsi-
multaneouslywith the samerate (Syix ) equalto the data
transmissiorrate (S), i.e., Syix = S. The objective of this is
to obtaincongestiordecisionsupportvia comparisorbetween
the reception statisticsof both low and high priority NIX
sgments.Sincelow andhigh priority NIX segmentsareequal
in size and are transmittedwith the samerate Sy ix, they
experiencethe samepaclet lossrate dueto spacelink errors.
However, assumingherelay satellitesservingasroutersalong
the InterplanetaryBackbonelink as showvn in Fig. 1 have
priority-queuing capability low priority NIX segmentsare
discardedrst in caseof a congestion.The only reasonfor
low and high priority NIX segmentsto have different paclet
loss ratesis the additional loss experiencedby low priority
segmentsdue to congestion.This reasoningconstitutesthe
basisfor our congestiondetectionmethodvia NIX segment
transmission.



TCP-Planesink countsthe numberof recevedlow (N ow )
and high (Nnign) priority NIX segmentsin a sliding time
window of T,,. The receved NIX segmentsare not ACKed
back to the sender Note that this also avoids an overhead
in the reversechannel,which can also becomea bottleneck
due to bandwidthasymmetryin deepspacelinks. Only the
receptionstatisticswithin a time window of T,, arereturned
to the senderevery  period. This informationis carried by
NIX ACKs TCP-Planetsourcereceives NIX ACKs carrying
(NLow ; NHign) atthe end of eachmeasuremenperiod .

Let Dbetheratio of the numberof receved low and high
priority NIX segmentsii.e.,
N ow
= —— 10
NHigh (10)

Assumingthat the low and high priority NIX paclets expe-
rience samepaclet loss rate due to the link errorswithin a
measuremenperiod , since the only reasonfor N o, <
Nhigh is the congestionalong the path, TCP-Planetsource
infers that a congestiorexistsif < 1.

The entire congestioncontrol of the TCP-Planetsource
is determinedaccordingto the value of . The transitions
betweenincrease Decreaseand Hold Rate statesin Fig. 2
are performedbasedon . In order to avoid unnecessary
statetransitions,decisionis madevia comparisonof  with
presetrate decrease, 4, andthe rate increasethresholds, i,
asshawn in Fig. 2. Thesethresholdsare protocol parameters,
whose selectionis an implementationissue. The values of

4 and ;, which yield highest protocol performance,are
determinedduring simulation experimentsand are given in
SectionlV.

The summaryof the congestiorcontrol mechanismis given

asfollows:

1) < g4:Inthiscase TCP-Planesourceinfersthatcon-
gestionis experiencedalongthe path. Thus,the source
goesto the DecreaseRate statewherethe transmission
rate S is decreasednultiplicatively, i.e.,S= S

2) ¢ i+ In this casethe datatransmissiorrate S

is kept unchangeduntil next feedbackis receved from

the sink.

> ;. TCP-Planesourceinfers that no congestions
experienced.Consequentlyit increaseghe datatrans-
missionrate additively, i.e.,S= S+

The additive-increase( ) and multiplicative-decreasq )
parametersare usedto perform AIMD rate control every
period.The selectionof theseAIMD parametersreexplained
in Sectionlll-B. The stepsof the SteadyStatealgorithm of

TCP-Planetprotocolis summarizedn Fig. 6.

3)

B. The New Rate-BasedAIMD Scheme

As mentionedbefore, current TCP protocolsachiere very
poor performanceon the links with extremely high propa@-
tion delay mostly due to their window-basedoperation[1].
The throughputof the window-basedT CP protocolsandrate-
basedschemesare inversely proportional to the RTT [22]
andthe square-roobf RTT (seethe Appendix), respectiely.
Thus, the rate-basedcongestioncontrol schemesare more

Steady State()
Set
Set by (12);
Set & by (13) & (14);
Send DATA pkts with rate S;
Send Low pri. NIX pkts with
Send High pri. NIX pkts with
If  (NIX _ACKRECEIVED)
Congestion  Decision:
i < a
/* DecreaseRate */
S=S ;
else if ( ¢
/* Hold Rate */
S=S;
else if ( >
/*

rate
rate

S;

1

)
IncreaseRate */

S=S+

end;

end;

If  (ZERONIX_ACKRECEIVED)
/* After Blackout State

Goto Hold State;

*/

end;
If  (NO-ACKin _Tyw)

/* Blackout State */

Send Low pri. NIX pkts with

Send High pri. NIX pkts with

Retransmit ~ TIMEOUT pkts;

If  (NIX _ACKRECEIVED)

If (ZERO.NIX_ACK)
L 2x *
Goto Hold State;

else
 L<2x *
Goto Congestion
end;

If (DATA_ACKRECEIVED)
F L<2x %
Goto Congestion

end;

end;
end;

rate
rate

S;

Decision;

Decision;

Fig. 6. The Steady _State()  algorithm.

robust to excessie propagtion delays than the window-
basedmechanismsHence,in order to addressthe adwerse
effects of extremely high propagtion delay on the through-
put performance, TCP-Planetdeplg/s rate-basedadditive-
increasemultiplicative-decreas¢AIMD) congestioncontrol.
The steadystatethroughputof the rate-basedAIMD scheme
is derived in the Appendixand expressedy

" s

1+

#

8 1 2
RTT p

T +

@ )+ (11)

41 )

where and aretheadditive-increasendthe multiplicative-
decreasdactors,respectiely and p is the paclet loss prob-
ability. It is obsered from (11) that the throughputof the
rate-basedAIMD schemedependson the valuesof  and

. Therefore, TCP-Planetadaptsits AIMD parameterdo the
link conditions,i.e., RTT and paclet lossrate, suchthat their
adwerseeffectontheperformancerecompensatedndagiven
target throughputis achieved.



Theadditive-increas@aramete( ) of therate-basedIMD
schemeto achieve a target throughputof B paclets/scanbe
obtainedfrom (11) asfollows "
r

1 (12)

8B2(1 )

(B+ arip) )2

B+ =

T 1+

where isthemultiplicative-decreastactorandp is thepaclet
loss probability, respectiely. Here, the tamget throughputB

can be de ned as the averagedatarate requiredto transmit
certainamountof informationwithin the certaindelay bound
asin Sectionll-C.

These AIMD parameters, and , in (12) are the rate
changeparameterdo be usedto control the rate with period
RTT. However, TCP-Planetsourceperformsrate control with
the feedbackreceved from the sink every  period, where

RTT. Thus, the rate control parameters and in
(12) cannotbedirectly usedfor TCP-PlanetTheseparameters,
instead representhe upperboundfor the rate changeof the
TCP-Planesourcewithin oneRTT period.Hence,the AIMD
parameterdo be usedby the sourcewith period can be
dervedfrom and .

Let be the NIX seggment reception statistics feedback
period. Thus, TCP-Planetsource performsat most RTT=
numberof rate changeswithin one RTT period.

Let and beadditive-increasendmultiplicative-decrease
parameterdo be used by TCP-Planetfor rate control with
period . Then canbe calculatedas

( =RTT)

(13)

By the samereasoningthe additive increasefactorto be used
by TCP-Planessourcecanalsobe calculatedas

RTT (14)

TCP-PlanetsourceusesAIMD schemeduring the Steady
Stateoperationas shavn in Fig. 2. At the end of the Initial
State,i.e.,t = 2 RTT, it calculatesthe paclet loss rate p
by usingthe numberof transmittedand ACKed datapaclets
and NIL segments. TCP-Planetsourcethen uses(12), (13)
and (14) to calculateits AIMD parametersj.e., , . Con-
sequently accordingto the result of the congestiondecision
mechanismpresentedn Sectionlll-A, the transmissiorrate
S is multiplicatively decreasear additively increasedwith
and , respectiely.

C. TheBladkout StateBehavior

Link outagesdue to loss of line-of-sight by orbital ob-
scurationslead to burst paclet lossesand decreasein the
throughput. In order to provide reliable transport, SACK
options[20] areadoptechby TCP-Planeto addressurstlosses.
Due to possibleinadequag of the numberof SACK blocks
in the SACK option eld for very long blackout durations,
timeout mechanismis alsoincludedin TCP-Planetin order
to reducethe throughputlossdueto blackouts, Bladkout State
is developedandincorporatednto the SteadyState.

TCP-PlanesourcerecevesdataACKsfor reliability control
purposeandNIX ACKs for NIX sggmentreceptionstatistics.
If the sourcedoesnot recevve ary type of ACK for a certain

period of time T, it infers this condition as blackout and
goesto the Bladckout Stateas shovn in Fig. 2. The objective
of the Blackout Stateprocedureis to reducethe throughput
degradationdue to the blackout situation.

During blackout, TCP-Planesourcekeepssendinglow and
high priority NIX paclets without changingits transmission
rate. The sameblackout event is also detectedby the TCP-
Planetsinkif no pacletis recevedwithin T,, period.Although
the sink does not receve ary low and high priority NIX
pacletsduringthe blackout, it keepssendingNIX ACKs with
(Niow s NHign) as(0,0). TheseACK paclets are called Zem
NIX ACKs The objective of ZeroNIX ACKsis to help TCP-
Planetsourceto captureaccurateinformation regarding the
blackout situationand act accordingly

Since RTT is very high, the effect of blackout on the
performancechangeswith its relative location of blackout
occurrencewith respectto the sink. Let t = tg be the time
when blackout occursand L is the durationof the blaclkout.
Assumethatthe blackout occursat a positionx secondsway
from the TCP-Planetsink. For rtt = RTT=2, thereare two
distinct casesaccordingto the durationof the blackout andits
relative distanceto the TCP-Planetsink in time:

1) L < 2x: Afterrtt  x fromtg, i.e.,att; = to+rtt  x,
TCP-Planetsourcedetectsthe period without ACKs. If
the durationof the periodwith no ACK takesmorethan
Tw, thenthe sourcemovesto Blackout Stateatt = tq,

asin Fig. 7.
Source Sink
(rtt-x) L (2x-L)—==——L ——
t, t, t, t, t,
Normal ACKs No ACKs Normal ACKs Zero NIX ACKs t

state=(Increase, state=Blackout state=(Increase, state=Hold

Decrease, Hold) Decrease, Hold)

Fig. 7. Blackout condition obsened from TCP-Planesourcefor L < 2x.
In this case, TCP-Planetsourcedoesnot sendary newv
datapaclets but sendslow and high priority NIX seg-
mentswithout changingtheir transmissiorrate. It also
doesnot invoke congestiorcontrol mechanismit starts
retransmissionf the packetswhoseretransmissiotimer
is expired. At t, = t; + L, TCP-Planetsourcereceves
normal ACKs for durationof 2x L. Therefore, TCP-
Planetsourceinfers that blackout is over and goesto
ary of the IncreasePecreasandHold statesaccording
to the informationit recevesin the rst NIX ACK as
shovn in Fig. 2. At t3 = t, + 2x L, the sourcestarts
to receve Zero NIX ACKs for durationof L. These
ZeroNIX ACKs, arein fact, transmittecby the recever
whenit detectsthe sameblackout condition. Therefore,
TCP-Planetioesnot go to Blackout Stateinsteadit goes
to Hold State,whereit keepssendingnewn datapaclets
with the sametransmissiomateagain asshavn in Fig. 2.
ConsequentlyTCP-Planeteduceghe effect of blackout
on the performancéy notwastingthelink resourcegor
a durationof L.

2) L  2x:Inthiscase, TCP-Planesourcedetectsno ACK

period and goesto Blackout Stateatt; = tg + rtt X



Source Sink

(rtt-x) L 2X
t 0 t 1 t 2 t 3
Normal ACKs No ACKs

state=(Increase, state=Blackout
Decrease, Hold)

Zero NIX ACKs t
state=Hold

Fig. 8. Blackout condition obsered from TCP-Planesourcefor L 2x.

for the blackout which occurredatt = tq. It again does
not changeits transmissiorrate and doesnot sendary

newv datapaclet. At t, = t; + L, the sourcestartsto

receve zero NIX ACKs for duration2x as shaovn in

Fig. 8. This revealsthat the blackout is over for TCP-
Planetsourceandthenthe sourceleaves Blackout State
for Hold State as shavn in Fig. 2. It staysin Hold

State and keeps sending data paclets with the same
transmissiorrate before the blackout was detected At

t3 = ty, + 2x, Zero NIX ACKs period is over and
accordingto the information receved in the rst NIX

ACK the source performs state transition. Hence, the
durationof 2x is efciently utilized by the help of Zero
NIX ACK mechanism.

Consequentlythe Blackout State reducesthe throughput
degradationdueto blackout conditionsandimprovesthe link
utilization for durationof L or 2x in the casesL < 2x and
L 2x, respectiely.

D. The DelayedSACK

TCP-Planetusesselectve acknaviedgement(SACK) [20]
options for assuranceof reliable data segment transmission.
TCP-Planesink continuouslysendsSACK backto the source
for eachdatapaclet it receves.Giventhatthedatapacletsare
1KB and SACKs are 40B, thenthe ratio of the trafc in the
forward andreversechannelds 25:1,i.e., 1KB/40B. Thus,the
bandwidthasymmetryup to 25:1 causeno congestionin the
reverselink. However, the bandwidthasymmetryin the space
links is usuallyon the orderof 1000:1[12]. Thus,sendingone
SACK for eachdatapaclet can causereversechannelto be
congestedesultingin paclet lossesin the reverselink.

In orderto avoid this problem, TCP-Planetdeplo/s SACK
congestioncontrol by delayingthe SACKs. TCP-Planetsink
maintainsdelayed-S&K factor d, and sendsone SACK for
every d data paclets received. If thereis no paclet loss
and henceno changein the SACK blocks, then TCP-Planet
sink keepsdelaying SACKs with a delayed-SKEK factor of
d. Otherwise,it sendsa new SACK with an updatedblock
immediately Therefore,the amountof trafc on the reverse
channelis controlled by adjustingthe delayed-S&EK factor
d. Effectsof the blackout on throughputandthe improvement
achieved by delayed-S&K is evaluatedin SectionlV-D.

IV. PERFORMANCE EVALUATION

In orderto investicate the performanceof the TCP-Planet,
we conducted extensive simulation experiments. The im-
provementin the initial phaseof the connectionachieved
by the Initial State algorithm is evaluatedin Section IV-
A. Throughputperformanceof TCP-Planetis analyzedin
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Fig. 9. Transmissiorrate changein the Initial Stateof TCP-Planetsource
for RTT = 600 seconds.

SectionlV-B along with the overheadintroduced.Effects of
blackout conditionson the performanceand the performance
of TCP-Planetwith the improvementby Blackout Stateare
investicatedin IV-D. TCP-Planetperformanceon deepspace
links with asymmetricabandwidthandthe improvementwith
delayedSACK areexploredin SectionlV-E.

A. Initial StatePerformance

In order to avoid performancedegradation due to in-
efcient connection starting behaior, TCP-Planetdeplo/s
Initial _State() algorithmin Fig. 2 andFig. 5. Here,we
simulatea topology wherethe sourceand sink are connected
through a deep spacelink with RTT = 600 secondsand
p = 10 5. We perform sameexperimentwith TCP-Planet,
TCP-Peach+3] and TCP-NavReno.The reasonis that most
of the current TCP protocolsdeploy initial phasebehaior
basedon the Slow Startalgorithm,whichis alsousedby TCP-
NewReno.

In Fig. 9, the transmissiorrate changein the Initial State
of TCP-Planesourceis plotted,wherethe targettransmission
rateof TCP-Planesourceis assumedo be 100 paclets/s.Be-
causeof the very high propagtion delayand 100%r eliability
requirementthe amountof buffer requiredfor retransmission
mechanisnis proportionatto thedatatransmissiomate.There-
fore, for very high datarates,this bringsconsiderablemount
of memory requirement.For example, the source needsto
maintain 0:6 GB of buffer for RTT = 10 minutesand the
averagedatatransmissiorrate of 1MB/s. Thus, we settamget
datarate to 100 paclets/sin orderto maintainpracticality in
termsof memoryrequirements.

As explainedbefore, TCP-PlanesourceperformsEmulated
Slow Startphasewhich endsoncethe numberof datapaclets
transmittedin one time interval is equalto ssthreshg. As
seenin Fig. 9, the Emulated Slow Start phase lasts for
approximately Tess = 1958 secondsand the TCP-Planet
source reaches100 paclets/s data rate by then. Emulated
CongestionAvoidance phasethen starts and lasts until the
end of the rst RTT of the connectionperiod. During this
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Fig. 11. Throughputfor changingp and le sizewith RTT = 600 seconds.

phasethe datatransmissiorrateis not increasednsteadNIL
segmenttransmissiomateis increasedinearly to furtherprobe
the link resourcesAt t 600, the sourcegoesto Follow-
Up period and increasests transmissionrate basedon the
feedbackreceved from the sink every T period.At t = 1200
secondsthe transmissiorrate reache200 paclets/s.
TCP-Peach43] deploys Jump Start algorithmin order to
capturelink resourcesery quickly. In JumpStart,the sender
setsthe congestiorwindow, cwnd, to 1. After sendingthe rst
data segment, it transmitsNIL segmentsevery RT T=rwnd,
whererwnd is the recever window size. As a result, after
one round trip time, the congestionwindow size increases
very quickly as the ACKs for NIL segmentsarrive at the
sender The performanceof Jump Startis shavn in Fig. 10.
The congestionwindow of TCP-Peach+eaches20 paclets

10

TABLE |
PrROTOCOL PARAMETERS USED IN EXPERIMENTS

[ Parameter || Value | De nition
i 0.8 Rateincreasethreshold
d 0.2 Ratedecreasehreshold
5 NIX ACK periodin seconds
Tw 20 Sliding window sizein seconds
0.5 Ratedecreasgarametefor RTT
d 5 Delayed-SAK factorin numberof padets

in at most2 RTT duration. It is, however, still very low
comparedto the performanceof Initial Stateof TCP-Planet,
which reache200 paclets/sdatarateat theendof 2 RTT.

The slow start performanceis, howvever, not even close
to what Initial State of TCP-Planetachieres in deepspace
links of the IPN. In Fig. 10, the congestiorwindow evolution
dependenbn time is shovn during the slow start. The slow
start period lasts for approximately6 RTT for threshold
window sizeof 20 paclets.Thereforethelink is notef ciently
utilized for 60 minutesdue to unsuitability of the slow start
algorithmto extremelyhigh propagtion delaysin deepspace
links.

B. ThroughputPerformance

In order to shov the throughput performanceof TCP-
Planetin deepspacelinks, we perform several experiments
by varying paclet loss probability p and the size of the data
to be transmitted.We assumelMb/s as the capacity of the
link and RTT = 600 seconds.The target transmissiorrate
B is setto be 100 paclets/s,i.e., 100 KB/s for datapaclets
of size 1KB. The protocol parametergyiven in Table | are
usedduring simulation experimentsunlessotherwisestated.
The investigation of the effects of theseparameterson the
protocol performanceare left for future study

In [1], existing TCP protocolsincluding TCP-\kgas, which
is adoptedby SCPS-TPprotocol as a congestioncontrol
schemefor space-baseccommunications[10], have been
shawvn to achieve very poor performancean deepspacelinks.
For RTT = 600 secondsand p = 10 3, the throughput
achieved by TCP protocolsis approximatelyaround 30 B/s
andhencealmostthe entirelink remainsalmostunutilized[1].
Although TCP-Peach+has signi cantly outperformedother
TCP schemedor the samelink, the performancedegradation
was yet too seriousthat it could achiere throughputaround
93 B/s. Thus,the sameexperimentsare not repeatechereand
the detailscanbe foundin [1].

TCP-Planesimulationexperimentsare performedfor trans-
mission of varying le sizes between100KB and 200MB
and for varying paclet loss probability p of 10 5, 10 4,
10 3. As shawn in Fig. 11, the throughputincreaseswith
increasingle size.Thisis becausghelargerthe le sizeis the
longer TCP-Planetstaysin the SteadyState.As a result, the
link utilization is increased Although throughputdecreases
for increasingpaclet loss probability, this degradationalso
decreasedor increasing le size. This is mostly because
throughputimprovementby new congestioncontrol scheme
is higher when the protocol staysin SteadyStatefor longet
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For transmissionof 200MB and p = 10 ®, TCP-Planet
throughputincreasesup to 82.2 paclets/s approachingits
tagetthroughputvalue,i.e., B = 100 paclets/s.Hence, TCP-
Planetoutperformsexisting TCP protocolsby approximately
10° timesin termsof throughput.

In Fig. 12,theeffectof RTT onthethroughpuperformance
is shavn. The experimentsare performedfor the transmission
of a 50MB le. The increasein RTT leadsto throughput
degradationas shavn in Fig. 12. However, the throughput
degradationdue to high propagtion delay is not as severe
asit is for corventional TCP protocols[1]. This is becausef
the new rate-baseaongestioncontrol schemeusedin Steady
State of the TCP-Planet. At RTT = 600 seconds,TCP-
Planetachieres 44.72 KB/s throughput.Note that this value
canfurther increasewith increasingle sizeasin Fig. 11.

C. Overhead

During the connectionperiod, TCP-Planetsource brings
overheadto the deepspacelink. This overheadis dueto NIL
segmenttransmissiorto probethe link resourcein the Initial
State and low and high priority NIX paclets transmission
for congestiondecisionsupportin the SteadyState.In this
subsectionye investigatethe overheadcausedy theinjection
of NIL andNIX sementsinto the network.

In Fig. 13, the overheadincurredby TCP-Planets shavn
for transmissionof les with varying sizesand for different
paclet lossrates,i.e., p = 10 °;10 #;10 3. For very small
les, i.e., < 10M B the overheadis relatively high. Because,
in this case,signi cant portion of the connectionperiod is
spentin the Initial State,wherethe numberof NIL segments
transmittedis high comparedto that of datapaclets. As the
le sizeincreasesthe overheaddecreasesasin Fig. 13. This
is becausethe overheadin the Steady Stateis due to the
transmissionof small sized (40 bytes) NIX segmentsand
henceis much lower comparedo Initial State.Therefore,as
the le size increasesthe time spentin Steady State also
increaseswhich in turn decreaseghe overall overheadin
the connectionperiod. As a matterof fact, the scienti c data
delivered during spaceexploration missionsare signi cantly
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Fig. 13. Overheadlueto transmissiorof NIL andNIX segmentsfor changing
le sizeandp with RTT = 600 seconds.

high [6], i.e., in the order of gigabytes,which leadsto very
low overhead.

On the other hand, the overheaddoes not signi cantly
vary for different p. As a matter of fact, the amount of
NIL seggmentstransmittedin the Initial State dependsonly
on the tamget throughputand the RTT and thus it is not
dependenbn p. This overheadexists only in the beginning
of the connection.Although the NIL segment transmission
during Initial Statebringsoverheadjt alsoleadsto signi cant
performanceimprovementas obsered in SectionIV-A. As
the NIX transmissionrate is equal to data rate and the
congestioncontrol is robust to link errors,the overheaddue
to NIX transmissionis also independenbf p. The overhead
due to NIX transmissionexists after the Initial State until
the end of the connection.However, the congestioncontrol
decisionsupportprovided by NIX segmentdeadto signi cant
throughputperformancemprovement.For 1GB le size and
p = 10 3, the overheadbecomesas low as 8.1 %, which is
quite low comparedo throughputimprovementwith a factor
more than 10°.

D. Bladckout Conditions

Whenablackoutis detectedTCP-Planetnovesto Blackout
State as shavn in Fig. 2 in order to reduceits effect on
the throughput performanceas explained in Section IlI-C.
Throughputachieved by TCP-Planetfor different blaclout
durationsis given in Fig. 14. Here, RTT = 120 seconds,
p = 10 ° andthe tamget datarateis assumedo be 50 KB/s.
The simulationsare performedfor a durationof 600 seconds,
wherethe blackout occursatt = 250 seconds.

Asin Fig. 14, throughputdecreasewith increasinglackout
durationasexpected.This decreasés obseredin both of the
curvesrepresentinghe TCP-Planebperatiorwith andwithout
Blackout Stateprocedure However, Blackout Stateprocedure
improves the performancefor long blaclkout durations. For
evenablackout of 150secondswhichis 1=4 of theentiresim-
ulationtime, TCP-Planetchieres 36.41 paclets/sthroughput
with the help of Blackout Statebehaior. This correspondso
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approximately14% performancemprovementover the case
without Blackout procedure.

E. BandwidthAsymmetry

In orderto addresshandwidthasymmetryproblems, TCP-
Planetdelays SACKs with a certain delayed SACK factor
Simulation experimentsare performedto shov the effect of
bandwidthasymmetryon the performanceand the improve-
mentachieved by delayedSACK. Here,RTT = 120seconds
p = 10 4 and the simulation time is assumedio be 1200
secondsThetargetrateis setto 50 KB/s. In Fig. 15, two cases
with differentbandwidthasymmetryratio are investicated:

1) 100:1.In this case,forward andreverselink capacities
are100KB/s and1 KB/s, respectiely. Sincetheratio of
the size of datapacletsand SACK pacletsis 25:1, the
actualasymmetryratiois 4:1in this case.Therefore the
throughpuis not signi cantly degradedby asymmetrical
channel capacity of the deep spacelink. As shavn
in Fig. 15, an increasein the delayed SACK factor
also leadsto an increasein the throughput.However,
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throughputdecreasefor both caseswith eithertoo high
or too small delayedSACK factorof d. This is because
if it is too small, reverse channelis congested.On
the other hand, if d is too large, the sourcereceves
lessnumberof SACKs than it expectswhich leadsto
performancedegradation.Thus, at d = 15, throughput
achieved increasesip to 52.02 paclets/s.

1000:1. In this experiment, bandwidth asymmetryon
the order of 1000:1 is simulated by setting forward
and reverselink capacitiesto 100 KB/s and 0.1 KB/s,
respectrely. Thus, the throughputis dramatically af-
fectedby the bandwidthasymmetryin this case where
the actual bandwidth asymmetryis 40:1. Therefore,
throughputimprovementwith delayedSACK methodis
more signi cant for higher bandwidthasymmetry For
the casewithout delayedSACK, throughputdecreases
to up to 1.99KB/s. As in Fig. 15, throughputincreases
with increasingnumberof delayed SACKs. However,
this patterndoesnot last long sincevery high delayed
SACK factorscannotbe reachedThis is because data
paclet loss yields nev SACK blocks, which requires
to be transmittedback to the sourceimmediately For
delayed SACK factor of 15, throughputincreasesup
to 21.37 KB/s which correspondgo 10 timesincrease
in the throughput performancecomparedto the case
without delayedSACK, i.e.,d = 1 in Fig. 15.

2)

V. CONCLUSIONS

The inadequag of the current TCP protocolsin Inter-
planetary Backbone Network has already been known and
the needfor new transportprotocol hasbeenpointed out in
[1]. In order to addressthis need,a new reliable transport
protocol, TCP-Planetis developedin this paper The objectve
of TCP-Planetis to addressthe challengesposed by the
InterPlaNetaryinternetfor reliable datadelivery and achieve
high throughpuperformanceT CP-Planetleplo/s arate-based
additive-increasemultiplicative-decreas€ AIMD) congestion
control schemelt runson top of InternetProtocol (IP) layer
and doesnot require ary speci ¢ modi cation to the lower
layersin the currentTCP/IP suite. Performancevaluationvia
simulationexperimentsrevealedthat TCP-Planesigni cantly
improvesthe throughputperformanceand addressethe chal-
lengesposedby deepspacecommunicatiometworks.

TCP-Planetreplacesthe inefcient slow start algorithms
with a novel Initial State algorithm, which captureslink
resourcesin a very fast and controlled manner Simulation
experimentsshoved that TCP-Planetcan reach high initial
data ratesvery quickly. In order to addressthe challenges
dueto extremely high propagtion delay TCP-Planetdeplo/s
an end-to-end rate-based additive-increase multiplicative-
decreas€AIMD) congestiorcontrol,whoseAIMD parameters
aretunedto helpavoid throughpuidegradation A newv conges-
tion control mechanismyhich decouplesongestiordecision
from single paclet loss events, is developedto minimize
the erroneouscongestiondecisionsdue to high link errors.
ConsequentlyTCP-Planeimproves throughputwith a factor
morethan10® comparedo the currentTCP protocols.In order



to reducethe effectsof blackout conditionson the throughput
performanceT CP-Planetncorporate8lackout Statebehaior

into the protocol operation.By this way, it achieves up to

14% performanceimprovementin blackout conditions. The
bandwidthasymmetryproblemis addressedy the adoption
of delayedSACK options.As aresult, TCP-Planets areliable
transport protocol equippedwith diverse set of algorithms
andfunctionalities,which canaddresghe requirement®f the

InterPlaNetaryinternet.

APPENDIX

The time-dependenc of the transmissionrate, R(t), is
shavn in Fig. 16. The rate-basedyenericAIMD schemeis
assumedo increasethe rate, R, additively with  at each

RTT, i.e., R = R + . It throttles the transmissionrate,
R, multiplicatively by if the congestionis detected,i.e.,
R = R.

L R(D)

Fig. 16. Datarate changeof rate-basegenericAIMD congestioncontrol.

Let X (t) bethetotal numberof pacletstransmittedn [0; t),
which can be calculatedby
z t
X() = R( )d (15)
0
For T(t) = X (t)=t being the throughputachiesed in [0;1t),
the steady-statéhroughputachieved by the rate-basedeneric
AIMD schemeis given by
14
T=1lm=> R()d (16)
til t 0
Let X; be the numberof paclets transmittedin the i™"
losscycle, LC;, which startsand endswith rate halving due
to congestiondecision.If the durationof LC; is Dj, then
the throughputachieved in LC; is given by T; = X;=D;.
Assuming the evolution of the transmissionrate R; to be
Markov Regeneratie Procesawith rewards X [19], thenthe

steady-state¢hroughputcan be calculatedby
T = E[X]=E[D]; a7

whereE[X] and E[D] are the meansof X; andD;, respec-
tively. ThetransmissiomratechangeduringLC;, i.e., thevalue
of the transmissiorrateat k™ RTT of the LC;, is given by

Ri;k = R + k (18)

Given that N; is the total numberof RTTs in LC;, i.e., the
rateis throttledin (N; 1) RTT, thenthe transmissiorrate

13

attheendof the LC; is expressedy Rij+; = R  + N;
Hence the expectationof thei.i.d randomvariableR denoting
the transmissiorrate,i.e., E[R], canbe calculatedas
E[R]= — EINL (19)
If LC; lastsfor D; = N; , where = RTT, thenthe total
numberof paclets transmittedduring LC; can be calculated
by
Xi = Ri(t) dt (20)
0
For rate-based\IMD schemewhoseratechangds performed
with RTT granularity this can be calculatedby replacingthe
integration with the discretesummationand substituting(18)
into (21) asfollows

NG 1
Xi = Rix
k=0
NG 1
= (Ri  +k )
N i
= 72 Ri+ (Ni 1) (21)

Thusfor mutually independentandomvariablesof N andR,
themeanof X canbe calculatecby taking expectationof both
sidesof (21) and substituting(19) as follows

" #
EIN] EIN] 1

EX] = = 1

(22)

Ontheotherhand thetotal numberof pacletstransmittedn
losscyclei canalsobecalculatedoy ni+ Rin, 1, wheren;
andR;n, 1 arethenumberof pacletstransmitteduntil the
droppedpaclet andin the last RTT, respectiely. Therefore,
E[X] canalsobe calculatedby

EX]= E[n]+ E[R] ; (23)

wherethe expectationof the randomvariablen is given by

E[n] KP[ni = K]

k@ p* *p= %; (24)

k=0

wherep is the paclet lossprobability if loss-based@ongestion

detectionis usedby the genericAIMD rate-baseatongestion

controlalgorithm.By substituting(19) and(24) into (23), and

equatingit to (22), we solve for E[N ] andobtainit asfollows
"s #

_ 3 8 (1 2
E[N]= 1+ 1+ WEDL

2 (1+ )
Thus, it follows from (17), (22) and (25) that the steady-
statethroughputof the rate-basedyenericAIMD congestion
control schemeas a function of rate-increaseand decrease

(25)



paratemetersie., and , andround-triptime, , and the
paclet loss probability p, canbe expressedas follows
" S

#
2
1+ + (3 )2+ 78 (1 )
T(;; ;p~= 2d ) (26)
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