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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 dir ectly related to the satisfaction
of its communicationsneeds.For this goal, the challengesposed
by the InterPlaNetary Inter net need to be addressed.Curr ent
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
thr ottle the congestion window. The recovery fr om erroneous
window decrease takes 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 traf�c in the InterPlaNetary Inter net. It is
intended to addressthe challengesand achieve high thr oughput
performance and reliable data transmission on deepspacelinks
of the InterPlaNetary Inter net. TCP-Planetdeploysan end-to-end
rate-basedadditive-increasemultiplicati ve-decrease(AIMD) con-
gestioncontrol, whoseAIMD parametersare tuned to help avoid
thr oughput degradation. TCP-Planet replacesthe inef�cient slow
start algorithms with a novel Initial State algorithm which
allows to capture link resources in a very fast and controlled
manner. A new congestion detection and control mechanism,
which decouplescongestiondecision fr om 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 thr oughput performance, TCP-Planet incor-
porates Blackout State procedure into the protocol operation.
Bandwidth asymmetry problem is addressedby the adoption of
delayed SACK. Simulation experiments show that TCP-Planet
signi�cantly impr ovesthe thr oughput performanceand addresses
the challengesposedby the InterPlaNetary Inter net.

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

I . INTRODUCTION

T HE developmentsin the spacetechnologiesin the last
decadehave enabledthe realizationof deepspacesci-

enti�c missions such as Mars exploration. These missions

produce signi�cant amount of scienti�c data to be deliv-
ered to the Earth. For successfultransfer of scienti�c data
and reliable navigational communications,NASA enterprises
have outlinedsigni�cant challengesfor developmentof next-
generationspacenetwork architectures.The next generation
deepspacenetworks are expectedto provide communication
servicesfor scienti�c datadelivery andnavigationservicesfor
the explorer spacecraftsandorbiters[6]. The next stepin the
designand developmentof deepspacenetworks is expected
to be the Internetof the deepspaceplanetarynetworks and
de�ned as InterPlaNetary(IPN) Internet[25].

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

Network
Proximity

Earth

Planetary Satellite Network

Mars

Earth Relay Orbit

Interplanetary Backbone Network
(Deep Space Communication Link)

Fig. 1. Deepspacenetwork architecturefor the Mars Explorationmission.

� Inter planetary Backbone Network: It includesthe di-
rectlink or multi-hoppathsbetweentheouter-spaceplan-
etsandtheEarthaswell astheEarth-basedinfrastructure
elementssuchasgroundstationfor deepspacenetwork.

� Planetary Satellite Network: It consistsof the satellites
orbiting the planetsto provide communicationrelay and
navigation servicesto the surfaceelements.

� Planetary Proximity Network: It provides the commu-
nicationlinks betweendiverserangeof surfaceelements,
which areoften spreadout to form an ad-hocnetwork.

Among the above architecturalelementsof the InterPlaNe-
tary Internet,we mainly focuson the InterplanetaryBackbone
Network where the sourceand sink end-pointsare basically
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relay satellitesorbiting around the planets.This is because
the InterplanetaryBackboneNetwork plays a signi�cant role
for the performanceof entiredeepspacecommunication.The
mostimportantcharacteristicsandthechallengesposedby the
InterplanetaryBackboneNetwork are listed as follows:

� Very long propagation delays: The deep spacecom-
municationlinks may have extremely long propagation
delays.For example,the end-to-endround trip time for
the Mars-Earthcommunicationnetwork varies from 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� 1

[12].
� Blackouts: Periodiclink outagesmayoccurdueto orbital

obscurationwith the loss of line-of-sight becauseof
moving planetarybodies,the interferenceof an asteroid
or a spacecraft[6].

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

Thesechallengesneedto be addressedin orderto meetthe
communicationrequirementsof deepspacemissions.How-
ever, theexisting TCPvariants[16], [17], [13], [20], [8], [21],
[9], [3] have beenshown to achieve very poor performance
in deep spacecommunicationnetworks [1]. The dominant
factor in this performancedegradationis the extremely high
propagation delay in deep space links [1]. This is solely
due to the window-basedmechanismused by the current
TCP protocols during slow start and congestionavoidance
algorithms.In theslow startalgorithm,thecongestionwindow
size (W ) is increasedby one packet per received ACK until
the slow start threshold(Wss ) is reached,i.e., W < Wss .
However, this approachwastesthe link resourcesfor a very
long durationwhich is proportionalto the propagation delay.
For Wss = 20 andRTT = 20 minutes,it is shown in [1] that
the slow start algorithm cannotutilize the link resourcesfor
approximately120 minutesin deepspacelinks.

The inef�ciency in link utilization due to window-based
mechanismsalsoexistsduringthecongestionavoidancephase,
i.e., W � Wss , where the TCP source increments the
congestionwindow size by roughly one at each RTT. The
performanceevaluationstudyin [1] shows thatwindow-based
TCPprotocolsachieve throughputof approximately10 bytes/s
for the link capacity of 1 Mb/s, packet loss probability of
p = 10� 3 andRTT = 40 minutes.In otherwords,the entire
deepspacelink remainsalmost unutilized during the entire
connectionperiod.Note thatRTT = 40 minutesis within the
RTT rangefor communicationlinks betweenMars andEarth,
i.e., 8.5 to 40 minutesbasedon the orbital position [12].

Furthermore,the current TCP protocols are designedfor
wired links, which arereasonablyassumedto have negligible
bit errorrates.Therefore,they invokecongestioncontrolmech-
anismsin caseof a singlepacket loss.However, this assump-
tion doesnot hold in deepspacecommunicationlinks. Conse-
quently, thepacket lossbasedcongestiondetectionmechanism
resultsin unnecessaryratethrottleandleadsto severethrough-

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

The TCP performanceon the links with high bandwidth-
delayproductsanderrorsis analyzedin [18]. Many transport
protocols[15], [2], [3] areproposedfor satellitelinks, which
are also characterizedby high bandwidth-delayproductsand
high bit error rates.Nevertheless,thesestudiesmostly refer to
Geo-stationaryEarth Orbit (GEO) satellite links with typical
RTT valuesaround550 ms, which arevery low comparedto
RTTs in deepspacecommunicationlinks. Moreover, packet
lossesduethe blackout conditionsmay alsomisleadthe con-
gestioncontrol mechanismsbasedon packet losses.In [14],
an enhancementfor TCP is developedto addresssignal loss
conditionsdueto mobility. However, theblackout situationsin
deepspacelinks aremuchmorecomplicateddueto extremely
high propagation delayandhencesolutionsas in [14] cannot
be applieddirectly.

Thereare more challengeswhich needto be addressedby
the new transportprotocolsin InterplanetaryBackboneNet-
work. Thesechallengesareconsequencesof thecharacteristics
of the deepspacelinks, andcanbe summarizedas follows:

� Delayed Feedback: TCP is expectedto respondto net-
work state.This expectationcreatesproblemsin long-
delayenvironments,sinceTCPusesend-to-endsignaling
for its control loops.The higherRTT is experienced,the
older informationaboutlink conditionsis received at the
source.Thus, the congestioncontrol decisionbasedon
such past information might not lead to proper action.
Therefore congestioncontrol schemes,which react to
instantaneouspacket loss situations,do not yield proper
responseon the links with high propagation delay.

� Buffer Size: In order to assure100% reliable transport,
retransmissionmechanismis inevitable. However, this
bringsconsiderableamountof memoryrequirement.For
example, the transportprotocol sourceshould maintain
1:2 GB buffer size for RTT = 20 minutes and the
averagedatatransmissionrateof 1MB/s.

There already exists an active research on transport
layer protocols for space-basedcommunication networks.
SpaceCommunicationsProtocolStandards-TransportProtocol
(SCPS-TP)[11], [10] is a set of TCP extensions devel-
oped by Consultative Committee for SpaceData Systems
(CCSDS) for spacecommunications.SCPS-TPis designed
to supportcurrentcommunicationenvironmentsand thoseof
upcomingspacemissions[10]. SCPS-TPis developedbased
on the existing TCP protocolswith somemodi�cations and
extensionsto addressthe challengesposedby space-based
systemssuch as link errors,bandwidthasymmetry, and link
outages.It canprovide full, best-effort andminimal reliability
accordingto themissionspeci�c communicationrequirements.
Thecapabilitiesof theSCPS-TParebasicallyacombinationof
existing TCP protocols,which areshown to be inadequatein
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Fig. 2. TCP-Planetprotocoloperationstatediagramincluding substatesand the statetransitionsbasedon congestioncontrol decisionmechanism.

addressingthechallengesin InterplanetaryBackboneNetwork
[1]. For example, SCPS-TPwith Vegas congestioncontrol
useswindow-basedschemeand adoptsslow-start algorithm.
Althoughtherate-basedversionof SCPS-TPis underdevelop-
ment, it disablescongestioncontrol mechanismandperforms
transmissionwith userselected�x ed rate [24]. On the other
hand,for example,SCPS-TPusesTCP-Vegas [8] congestion
decision mechanismbasedon the RTT variation. However,
since the window-basednature of TCP-Vegas cannot fully
utilize the link, it is not even possiblefor it to experiencethe
congestionandhencevariationin RTT. Therefore,congestion
decision basedon RTT variation does not provide proper
congestioncontrol functionality. Furthermore,due to the ex-
tremely high propagation delay, the variation in RTT may
not be measuredaccuratelysuchthat the resultantcongestion
control behavior may alsonot be accurate.

As pointedout in [1], thereexistsanurgentneedfor reliable
transportprotocol for InterPlaNetaryInternet. In this paper,
a reliable transportprotocol, TCP-Planet,for InterPlaNetary
Internet (IPN) is presented.The objective of TCP-Planetis
to achieve high throughput performanceand reliable data
transmissionby addressingthechallengesin the IPN. In order
to addressthe challengesdue to extremely high propagation
delay, TCP-Planetdeploys a newly developed end-to-end
rate-basedadditive-increasemultiplicative-decrease(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 Statealgorithm
replacestheinef�cient slow startalgorithmsin orderto capture
link resourcesin a very fastandcontrolledmanner. In Steady
State,a new congestiondetectionand control mechanismis
deployed to minimize the erroneouscongestiondecisionsdue
to high link errors.In order to reducethe effectsof blackout
conditionson the throughputperformance,TCP-Planetincor-
poratesBlackout Stateprocedureinto the protocoloperation.
Bandwidthasymmetryproblemis addressedby theadoptionof
delayedSACK options.Performanceevaluationvia simulation
experiments reveals that TCP-Planetsigni�cantly achieves
high throughputperformanceandaddressesthe challengesin
deepspacecommunicationnetworks.

The remainderof the paperis organizedas follows. TCP-
Planetprotocoloverview alongwith the detailedoperationof
theInitial Statealgorithmis presentedin SectionII. In Section
III, SteadyStatealgorithmincludingthenew rate-basedAIMD
congestioncontrol andBlackout Statebehavior areexplained.
Performanceevaluation presentedin SectionIV is followed
by the concludingremarksstatedin SectionV.

I I . TCP-PLANET: INITIAL STATE

TCP-Planetsourcestartsconnectionin the Initial Stateat
t = 0 by calling Initial State() algorithm as shown
in Fig. 2. TCP-Planetsourcethen goes to the SteadyState
by calling Steady State() algorithm at t = 2 � RTT as
shown in Fig. 2.

The slow start algorithm usedin the existing TCP proto-
cols is shown to be inef�cient on deep spacelinks of the
InterPlaNetaryInternet [1]. In order to avoid performance
degradationdue to Slow Startalgorithm,TCP-Planetdeploys
Initial State() algorithm, which achieves to capture
link resourcesin a very fast and controlled manner. The
algorithmis composedof two mainprocedures,i.e., Immediate
Start andFollow-Up.

A. ImmediateStart

TCP-Planetstartsa connectionin the ImmediateStart state
at t = 0, wheretheactualRTT is dividedinto time intervalsof
sizeT. TCP-PlanetthenemulatesSlow StartandCongestion
Avoidancealgorithmsof the conventionalTCP protocolsby
treatingtime intervals of size T as the 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 determinationof the interval
size T is presentedin Section II-C. Here, we presentthe
protocoloperationin the ImmediateStartphasein two parts,
i.e.,EmulatedSlowStartandEmulatedCongestionAvoidance.

1) EmulatedSlowStart: As shown in Fig. 3, the �rst RTT
is divided into time intervals of sizeT. This is donein order
to have more �ne-grained time unit than the extremely high
RTT of the deep spacelink. The number of data packets
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Fig. 3. An exampleillustration of time framing mechanismin the ImmediateStartphasefor ssthr eshe = 8.

transmittedin eachinterval, cwnd, is increasedgeometrically
in eachinterval asin Slow Startalgorithmof theclassicalTCP
protocols.This increasecontinuesuntil theemulatedslow start
threshold,ssthr eshe, is reached,i.e., cwnd � ssthr eshe.

In addition to datapackets,NIL segments[3] arealsosent
in eachtime interval during the ImmediateStart phase.The
objective of NIL segment transmissionis to probe actual
link resourcestatusin the beginning of the connection.NIL
segmentsare chosenfrom the unacknowledged outstanding
datapacketsto beusedfor packet lossrecovery at thereceiver.
NIL segmentsare encapsulatedby low priority IP packets.
Note that the type of service (TOS) �eld of the IP packet
headercan be used for this purpose.Hence,assumingthe
relay satellites serving as routers along the Interplanetary
Backbone link as shown in Fig. 1 have priority-queuing
capability, low priority NIL segmentsarediscarded�rst in case
of congestion.ThereforeNIL segmenttransmissiondoesnot
affect the throughputof the actualdatapacket transmission.
If thereis no congestion,they are received and ACKed back
by the sink, which reveals that thereare still unutilized link
resourcesalong the path. NIL segments are createdwith
Generate Nil Segment() algorithm shown in Fig. 4,
where Q is the length of the queue of unacknowledged
outstandingdata packets and i is a counter. Further details
of the NIL segmentgenerationcanbe found in [3].

In the EmulatedSlow Startphase,the number(cwndN ) of
NIL segmentstransmittedin eachinterval is determinedsuch
that the total numberof packets transmitteddoesnot exceed
the emulatedslow start threshold, i.e., cwnd + cwndN �
ssthr eshe.

In Fig. 3, we assumethe emulatedslow start thresholdis
8 packets,i.e., ssthr eshe = 8. Therefore,the numberof data
andNIL segmentstransmittedat eachtime interval during the
EmulatedSlow Startphasecanbe summarizedas follows

� 1st T cwnd = 1 andcwndN = 7.
� 2nd T cwnd = 2 andcwndN = 6.
� 3r d T cwnd = 4 andcwndN = 4.
� 4th T cwnd = 8 andcwndN = 0.
In general,the numberof datapackets and NIL segments

transmittedin the i th time interval during the EmulatedSlow

GenerateNIL Segment()
Add unACKed packets into the queue;
i = 0;
if (NIL Segment is needed)

q = i mod Q;
i = i + 1;
NIL Segment = qth packet in queue;

end;
if ( j th packet in the queue is ACKed)

Remove the packet from Q;
if ( j < i and i > 0)

i = i � 1;
end;

end;
if (New packet is added to Q)

Add the packet to the tail;
Q = Q + 1;

end;
Return NIL Segment;

end;

Fig. 4. The NIL SegmentGeneratingAlgorithm

Start is given by

cwnd = 2i � 1 (1)

cwndN = ssthr eshe � 2i � 1 (2)

2) EmulatedCongestion Avoidance: The EmulatedSlow
Start is left for EmulatedCongestionAvoidancephasewhen
cwnd = ssthr eshe. Since there is no feedbackinformation
aboutthelink resourcesasyet, theTCP-Planetsourcedoesnot
increasethenumbercwnd of datapacketstransmittedin each
time interval. Therefore,cwnd = ssthr eshe until the end of
theemulatedcongestionavoidancephase.However, for further
probingthe link status,thesourceincreasescwndN additively
by one NIL segment per T interval emulating congestion
avoidancealgorithm of the classicalTCP protocols. As in
Fig. 3, during this phasecwnd is kept constantand cwndN

is increasedby one segment in eachT until the end of the
ImmediateStart,when cwndN becomesequalto cwnd. The
transmissionof NIL segmentsis terminatedat the endof the
�rst RTT andTCP-Planetsourcegoesto theFollow-Up state
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of the Initial Statealgorithmasshown in Fig. 2.

B. TheFollow-Up Phase

During this phase,the feedbackfor the packetstransmitted
in the ImmediateStartphasearestartedto be received by the
TCP-Planetsource.In order to save scarcereversechannel
resourcesof the bandwidthasymmetricaldeepspacelink, the
sink doesnot ACK back all the packets it receives . Several
datapacketsareACKedby adelayedSACK, whosedetailsare
explainedin SectionIII-D. SinceNIL segmentsaretransmitted
to probethe link status,eachreceived NIL segmentindicates
the existenceof unutilized link resources.Hence,the TCP-
Planetsink countsthetotal number(N ) of packetsreceived in
every T periodandsendsthis informationbackto the source.
This information is carriedin NIL ACKs. TCP-Planetsource
transmitsssthr eshe packets in RTT � t � RTT + T until
the �rst NIL ACK received at t = RTT + T . Then, TCP-
Planetsourceadjustsits transmissionrate (S) by using the
information carried in NIL ACKs, i.e., S = N=T, until the
endof 2 � RTT. Therefore,the transmissionrateS at the end
of the Initial Statedependson the numberof ACKs received
in the last time interval of the Follow-Up phase.

Let NAC K be the numberof packetsreceived by the TCP-
Planetsink during RTT � T � t � RTT. Since the total
numberof packets sent in the last interval of the Immediate
Startphaseis 2� sstr eshe, the datatransmissionrateS at the
endof the Initial Stateis expressedby

S =
minf NAC K ; 2 � ssthr esheg

T
(3)

In addition to the data packets, TCP-Planetsource also
startssendingNIX segmentsduring theFollow-Up phase.The
NIX segmentsare much smaller than the data packets, i.e.,
40 bytes.They are carried in both low and high priority IP
packets. During the Follow-Up phase,low and high priority
NIX segmentsaretransmittedwith the transmissionrateSN ix

which is equalto thetransmissionrateof thedatapackets,i.e.,
SN ix = S. The objective of the NIX segment transmission
is to capture congestionsand make decisionsaccordingly
in the SteadyState.The details of the congestiondetection
mechanismbasedon NIX segmentsare explainedin Section
III. TheFollow-Up phaseis over at t = 2�RTT andthesource
leaves Initial Statefor the SteadyStateasshown in Fig. 2.

Consequently, TCP-Planetsourcecan capturethe link re-
sourcesassoonast � RTT+ T basedonthenumberof ACKs
it receivesfrom thesink. It canachieve this without leadingto
congestionby controllingthenumberof probepacketsinjected
into the network.

C. Determinationof the Time Interval T

In the Initial State, the extremely high actual RTT is
dividedinto time intervalsof sizeT andtheconventionalTCP
behavior is emulatedto capturethe available link resources
in a controlledmanner. The performanceof the Initial State
dependson the size of the T intervals. While the smallerT
increaseslink utilization, it also increasesoverheadincurred
by NIL segmenttransmission.

Initial State()
Send connection request CONNREQUEST;
Set T & ssthr eshe by (8) & (9)
n = 1;
cwnd = 1;
While ( t � RT T )
/* Immediate Start */

While ( cwnd � ssthr eshe)
/* Emulated Slow Start */

If ( (n � 1)T � t � nT )
Send ( cwnd) DATA pkts;
Send ( ssthr eshe � cwnd) NIL pkts;

end;
n = n + 1;
cwnd = 2n � 1 ;

end;
/* Emulated CongestionAvoidance*/
cwnd = ssthr eshe ;
cwndN = 1;
While ( (n � 1)T � t � nT � RT T )

Send ( cwnd) DATA pkts;
Send ( cwndN ) NIL pkts;
cwndN = cwndN + 1;
n = n + 1;

end;
end;
While ( RT T � t � 2 � RT T )
/* Follow-Up */

If (NIL ACKRECEIVED)
Set data rate S = N=T;
Set NIX rate SN ix = S;

end;
end;
Steady State();

end;

Fig. 5. The Initial State() algorithm

The objective of the Initial Stateis to reacha certaindata
transmissionrate,S, assoonaspossiblewithout leadingto a
congestion.During the Follow-Up phase,TCP-Planetsource
adjusts its transmissionrate S according to the feedback
received from the sink every T period via NIL ACKs. Since
ssthr eshe is the maximum number of packets transmitted
in one interval during the EmulatedSlow Start phase,the
transmissionratereachedin theFollow-Up phaseis dependent
on ssthr eshe. Here,we assumethatTCP-Planetsourcehasa
given target minimum transmissionraterequirement,B . This
requirementcanbe mostly dueto two main reasons:

� Application: The minimum transmissionrateis required
in order to meet speci�c application needs such as
transmissionof scienti�c multimediadatawhich requires
100%reliability anda minimum boundon the transmis-
sion rate.

� Latency: The maximum allowed latency can be adver-
tised by the speci�c spacemission requirementsas the
maximumdurationfor thetransmissionof certainamount
of data.This determinestheminimumtargettransmission
rate requirementfor a given connection.

Consequently, in order to achieve the target transmission
rate of B packets/s at t = RTT + T, the corresponding
sshtr eshe is calculatedas

ssthr eshe = B � T (4)
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The EmulatedSlow Start phaseof the ImmediateStart ter-
minateswhen the numberof datapackets transmittedin one
time interval reachesthe emulatedslow start threshold,i.e.,
cwnd = ssthr eshe. Therefore,from (2) it follows that the
durationof the EmulatedSlow Startphase(Tess) is given by

Tess = (log2 ssthr eshe + 1) � T (5)

During the Emulated CongestionAvoidance phase, the
numberof datapackets per interval, cwnd, is kept constant.
Moreover, thenumberof NIL segmentsis increasedby 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 sourceincreasesthe number of NIL segments
transmittedin each interval until it is equal to the number
of data packets, i.e., cwndN = ssthr eshe. The Immediate
Start is over once cwndN reachesssthr eshe at t = RTT.
Therefore,thedurationof theEmulatedCongestionAvoidance
phase(Teca) canbe expressedby

Teca = ssthr eshe � T (6)

Sincethetotaldurationof theImmediateStartis Tess + Teca =
RTT, from (5) and(6) it follows that

(log2 ssthr eshe + 1 + ssthr eshe) � T = RTT (7)

As (log2 ssthr eshe + 1) is negligible compared to
ssthr eshe itself, from (4) and(7) thesizeof the time interval
T canbe calculatedby

T =

r
RTT

B
; (8)

where B is the target transmissionrate in packets/s.At the
beginningof a connection,RTT is alsonot known to theTCP-
Planetsource.Therefore,TCP-Planetsourcealso cachesthe
RTT of the pastconnectionsand usesthat value in order to
calculatethetime interval sizeT by (8) duringtheInitial State.

Consequently, the emulatedslow start threshold can be
expressedby using(4) and(8) as follows

ssthr eshe =
p

RTT � B (9)

Thus,at the beginning of the connection,T andssthr eshe

are set by (8) and (9). The �rst RTT period is then divided
into time intervals of size T. The EmulatedSlow Start and
EmulatedCongestionAvoidancephasesareperformedin the
�rst RTT in order to performresourceprobing.In the second
RTT, the transmissionrateis increasedby sendinga new data
packet for eachreceived ACK until t = 2 � RTT. By this
way, TCP-Planetsourcecanincreaseits transmissionratevery
quickly and ef�ciently utilize the resourcesduring the Initial
Statewithout leadingto any congestion.

D. TheConnectionEstablishment

The conventionalTCP protocolsperform three-way hand-
shake for connectionestablishment.The existing protocols
send connection request segment at the beginning of the
connectionand do not transmit any data segmentsuntil the
connectionACK is received from the receiver. This approach
results in waste of huge bandwidth for at least a duration

of one RTT in deep space links. In order to avoid this
inef�ciency, TCP-Planetsourcedoesnot wait for the ACK
for the connectionrequestandstartsdatatransmissionin the
Initial Stateasif the sessionrequestis granted.If the request
is rejected,thenthe connectionis terminatedafter oneRTT.

As a result, TCP-Planetachieves betterutilization of link
resourcesin the early phasesof the connectionby the Initial
Statealgorithm.Theoverall Initial Statealgorithmof theTCP-
Planetis summarizedin Fig. 5.

I I I . TCP-PLANET: STEADY STATE

TCP-PlanetsourceleavesInitial Statefor SteadyStateat t =
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 Rateand Blackout as shown in Fig. 2.
In the beginning of the SteadyState,the sourcegoesto Hold
Ratestate,whereno transmissionrate changeis performed.
During Steady State operation,TCP-Planetdeploys a new
congestioncontrol scheme.Hence the transitions between
these states in the Steady State is decided basedon this
congestioncontrol scheme.Therefore,the data transmission
rate S can be increased, decreasedor hold accordingto the
currentstate.

A. CongestionControl

TCP-Planetdeploys a new congestioncontrol schemein
order to addressthe challengesdue to high link error rates
in InterplanetaryBackboneNetwork. The objective of this
methodis to decouplenetwork congestionsandpacket losses
dueto errors.

During the SteadyState,TCP-Planetsourcetransmitslow
and high priority NIX segmentscontinuouslyfor congestion
detectionpurposes.NIX segmentsare carriedby IP packets,
which aremarked ashigh andlow priority usingTOS �eld in
the IP packet header. NIX segmentsdiffer from NIL segments
usedin Initial Statein terms of their size and functionality.
Unlike NIL, NIX segmentsaremuchsmallercomparedto data
segments,i.e.,40bytes.They donotcarryany informationand
thus,cannotbe usedfor error recovery purposes.

Low and high priority NIX segmentsare transmittedsi-
multaneouslywith the samerate (SN ix ) equal to the data
transmissionrate(S), i.e., SN ix = S. The objective of this is
to obtaincongestiondecisionsupportvia comparisonbetween
the receptionstatisticsof both low and high priority NIX
segments.Sincelow andhigh priority NIX segmentsareequal
in size and are transmittedwith the samerate SN ix , they
experiencethe samepacket lossratedueto spacelink errors.
However, assumingtherelaysatellitesservingasroutersalong
the InterplanetaryBackbonelink as shown in Fig. 1 have
priority-queuing capability, low priority NIX segments are
discarded�rst in caseof a congestion.The only reasonfor
low and high priority NIX segmentsto have different packet
loss ratesis the additional loss experiencedby low priority
segmentsdue to congestion.This reasoningconstitutesthe
basisfor our congestiondetectionmethodvia NIX segment
transmission.
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TCP-Planetsink countsthenumberof received low (NLow )
and high (NH ig h ) priority NIX segmentsin a sliding time
window of Tw . The received 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 Tw are returned
to the senderevery � period. This information is carriedby
NIX ACKs. TCP-Planetsourcereceives NIX ACKs carrying
(NLow ; NH ig h ) at the endof eachmeasurementperiod � .

Let � be the ratio of the numberof received low andhigh
priority NIX segments,i.e.,

� =
NLow

NH ig h
(10)

Assumingthat the low and high priority NIX packets expe-
rience samepacket loss rate due to the link errors within a
measurementperiod � , since the only reasonfor NLow <
NH ig h is the congestionalong the path, TCP-Planetsource
infers that a congestionexists if � < 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,� d, and the rate increasethresholds,� i ,
asshown in Fig. 2. Thesethresholdsareprotocolparameters,
whose selectionis an implementationissue.The values of
� d and � i , which yield highest protocol performance,are
determinedduring simulation experimentsand are given in
SectionIV.

Thesummaryof thecongestioncontrolmechanismis given
as follows:

1) � < � d : In this case,TCP-Planetsourceinfersthatcon-
gestionis experiencedalong the path.Thus, the source
goesto the DecreaseRatestatewherethe transmission
rateS is decreasedmultiplicatively, i.e., S = S � � .

2) � d � � � � i : In this case,the datatransmissionrateS
is kept unchangeduntil next feedbackis received from
the sink.

3) � > � i : TCP-Planetsourceinfers that no congestionis
experienced.Consequently, it increasesthe data trans-
missionrateadditively, i.e., S = S + � .

The additive-increase(� ) and multiplicative-decrease(� )
parametersare usedto perform AIMD rate control every �
period.Theselectionof theseAIMD parametersareexplained
in SectionIII-B. The stepsof the SteadyStatealgorithm of
TCP-Planetprotocol is summarizedin Fig. 6.

B. TheNew Rate-BasedAIMD Scheme

As mentionedbefore,currentTCP protocolsachieve very
poor performanceon the links with extremely high propaga-
tion delay mostly due to their window-basedoperation[1].
The throughputof the window-basedTCP protocolsandrate-
basedschemesare inversely proportional to the RTT [22]
and the square-rootof RTT (seethe Appendix), respectively.
Thus, the rate-basedcongestioncontrol schemesare more

SteadyState()
Set � ;
Set � by (12);
Set � & � by (13) & (14);
Send DATA pkts with rate S;
Send Low pri. NIX pkts with rate S;
Send High pri. NIX pkts with rate S;
If (NIX ACKRECEIVED)
Congestion Decision:

If ( � < � d )
/* DecreaseRate */

S = S � � ;
else if ( � d � � � � i )
/* Hold Rate */

S = S;
else if ( � > � i )
/* Incr easeRate */

S = S + � ;
end;

end;
If (ZERO NIX ACKRECEIVED)

/* After Blackout State */
Goto Hold State;

end;
If (NO ACKin Tw )

/* Blackout State */
Send Low pri. NIX pkts with rate S;
Send High pri. NIX pkts with rate S;
Retransmit TIMEOUT pkts;
If (NIX ACKRECEIVED)

If (ZERO NIX ACK)
/* L � 2x */
Goto Hold State;

else
/* L < 2x */
Goto Congestion Decision;

end;
If (DATA ACKRECEIVED)

/* L < 2x */
Goto Congestion Decision;

end;
end;

end;

Fig. 6. The Steady State() algorithm.

robust to excessive propagation delays than the window-
basedmechanisms.Hence, in order to addressthe adverse
effects of extremely high propagation delay on the through-
put performance,TCP-Planetdeploys rate-basedadditive-
increasemultiplicative-decrease(AIMD) congestioncontrol.
The steadystatethroughputof the rate-basedAIMD scheme
is derived in the Appendixandexpressedby

T =
�

4 � (1 � � )

"

1 + � +

s

(3 � � )2 +
8 � (1 � � 2)
� � RTT � p

#

(11)

where� and� aretheadditive-increaseandthemultiplicative-
decreasefactors,respectively and p is the packet loss prob-
ability. It is observed from (11) that the throughputof the
rate-basedAIMD schemedependson the values of � and
� . Therefore,TCP-Planetadaptsits AIMD parametersto the
link conditions,i.e., RTT andpacket lossrate,suchthat their
adverseeffecton theperformancearecompensatedandagiven
target throughputis achieved.
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Theadditive-increaseparameter(� ) of therate-basedAIMD
schemeto achieve a target throughputof B packets/scan be
obtainedfrom (11) as follows

� = (1+ � )
2

�
B + 1

R T T �p

�
" r

1 + 8B 2 (1 � � )

(B + 1
RT T � p )2

(1+ � )2
� 1

#

(12)

where� is themultiplicative-decreasefactorandp is thepacket
loss probability, respectively. Here, the target throughputB
can be de�ned as the averagedata rate requiredto transmit
certainamountof informationwithin the certaindelaybound
as in SectionII-C.

TheseAIMD parameters,� and � , in (12) are the rate
changeparametersto be usedto control the rate with period
RTT. However, TCP-Planetsourceperformsratecontrol with
the feedbackreceived from the sink every � period, where
� � RTT. Thus, the rate control parameters� and � in
(12)cannotbedirectlyusedfor TCP-Planet.Theseparameters,
instead,representthe upperboundfor the rate changeof the
TCP-Planetsourcewithin oneRTT period.Hence,the AIMD
parametersto be usedby the sourcewith period � can be
derived from � and � .

Let � be the NIX segment receptionstatistics feedback
period. Thus, TCP-Planetsourceperformsat most RTT=�
numberof ratechangeswithin oneRTT period.

Let � and� beadditive-increaseandmultiplicative-decrease
parametersto be used by TCP-Planetfor rate control with
period � . Then � canbe calculatedas

� = � ( � =R T T ) (13)

By thesamereasoning,theadditive increasefactorto beused
by TCP-Planetsourcecanalsobe calculatedas

� =
� � �
RTT

(14)

TCP-PlanetsourceusesAIMD schemeduring the Steady
Stateoperationas shown in Fig. 2. At the end of the Initial
State,i.e., t = 2 � RTT, it calculatesthe packet loss rate p
by using the numberof transmittedand ACKed datapackets
and NIL segments.TCP-Planetsourcethen uses(12), (13)
and (14) to calculateits AIMD parameters,i.e., � , � . Con-
sequently, accordingto the result of the congestiondecision
mechanismpresentedin SectionIII-A, the transmissionrate
S is multiplicatively decreasedor additively increasedwith �
and � , respectively.

C. TheBlackout StateBehavior

Link outagesdue to loss of line-of-sight by orbital ob-
scurationslead to burst packet lossesand decreasein the
throughput. In order to provide reliable transport, SACK
options[20] areadoptedby TCP-Planetto addressburstlosses.
Due to possibleinadequacy of the numberof SACK blocks
in the SACK option �eld for very long blackout durations,
timeout mechanismis also included in TCP-Planet.In order
to reducethe throughputlossdueto blackouts,Blackout State
is developedand incorporatedinto the SteadyState.

TCP-PlanetsourcereceivesdataACKsfor reliability control
purposesandNIX ACKs for NIX segmentreceptionstatistics.
If the sourcedoesnot receive any type of ACK for a certain

period of time Tw , it infers this condition as blackout and
goesto the Blackout Stateas shown in Fig. 2. The objective
of the Blackout Stateprocedureis to reducethe throughput
degradationdueto the blackout situation.

During blackout, TCP-Planetsourcekeepssendinglow and
high priority NIX packets without changingits transmission
rate. The sameblackout event is also detectedby the TCP-
Planetsink if nopacket is receivedwithin Tw period.Although
the sink does not receive any low and high priority NIX
packetsduring theblackout, it keepssendingNIX ACKs with
(NLow ; NH ig h ) as (0,0). TheseACK packets are called Zero
NIX ACKs. The objective of Zero NIX ACKs is to help TCP-
Planetsourceto captureaccurateinformation regarding the
blackout situationandact accordingly.

Since RTT is very high, the effect of blackout on the
performancechangeswith its relative location of blackout
occurrencewith respectto the sink. Let t = t0 be the time
when blackout occursand L is the durationof the blackout.
Assumethat theblackout occursat a positionx secondsaway
from the TCP-Planetsink. For r tt = RTT=2, thereare two
distinctcasesaccordingto thedurationof theblackout andits
relative distanceto the TCP-Planetsink in time:

1) L < 2x: After r tt � x from t0, i.e., at t1 = t0 + r tt � x,
TCP-Planetsourcedetectsthe periodwithout ACKs. If
thedurationof theperiodwith no ACK takesmorethan
Tw , then the sourcemoves to Blackout Stateat t = t1,
as in Fig. 7.

t 0 t 1

(rtt-x)

t 2

Normal ACKs
state=(Increase,
Decrease, Hold)

t 3

L

Normal ACKs
state=(Increase,
Decrease, Hold)

t 4

L

No ACKs
state=Blackout

Source Sink

Zero NIX ACKs
state=Hold

t

(2x-L)

Fig. 7. Blackout conditionobserved from TCP-Planetsourcefor L < 2x.

In this case,TCP-Planetsourcedoesnot sendany new
datapackets but sendslow and high priority NIX seg-
mentswithout changingtheir transmissionrate. It also
doesnot invoke congestioncontrol mechanism.It starts
retransmissionof thepacketswhoseretransmissiontimer
is expired. At t2 = t1 + L, TCP-Planetsourcereceives
normalACKs for durationof 2x � L . Therefore,TCP-
Planetsourceinfers that blackout is over and goesto
any of the Increase,DecreaseandHold statesaccording
to the information it receives in the �rst NIX ACK as
shown in Fig. 2. At t3 = t2 + 2x � L , the sourcestarts
to receive Zero NIX ACKs for duration of L . These
ZeroNIX ACKs, arein fact, transmittedby the receiver
whenit detectsthe sameblackout condition.Therefore,
TCP-Planetdoesnot go to Blackout Stateinsteadit goes
to Hold State,whereit keepssendingnew datapackets
with thesametransmissionrateagainasshown in Fig. 2.
Consequently, TCP-Planetreducestheeffect of blackout
on theperformanceby not wastingthelink resourcesfor
a durationof L .

2) L � 2x: In this case,TCP-Planetsourcedetectsno ACK
periodand goesto Blackout Stateat t1 = t0 + r tt � x
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Source Sink

t

2x

No ACKs
state=Blackout

L

t 0 t 1

(rtt-x)

Normal ACKs
state=(Increase,
Decrease, Hold)

t 3

Zero NIX ACKs
state=Hold

t 2

Fig. 8. Blackout conditionobserved from TCP-Planetsourcefor L � 2x.

for the blackout which occurredat t = t0. It again does
not changeits transmissionrate and doesnot sendany
new data packet. At t2 = t1 + L, the sourcestartsto
receive zero NIX ACKs for duration 2x as shown in
Fig. 8. This reveals that the blackout is over for TCP-
Planetsourceandthenthe sourceleavesBlackout State
for Hold State as shown in Fig. 2. It stays in Hold
State and keepssendingdata packets with the same
transmissionrate before the blackout was detected.At
t3 = t2 + 2x, Zero NIX ACKs period is over and
accordingto the information received in the �rst NIX
ACK the sourceperforms state transition. Hence, the
durationof 2x is ef�ciently utilized by the help of Zero
NIX ACK mechanism.

Consequently, the Blackout State reducesthe throughput
degradationdueto blackout conditionsand improvesthe link
utilization for durationof L or 2x in the casesL < 2x and
L � 2x, respectively.

D. TheDelayedSACK

TCP-Planetusesselective acknowledgement(SACK) [20]
options for assuranceof reliable data segment transmission.
TCP-Planetsink continuouslysendsSACK backto thesource
for eachdatapacket it receives.Giventhatthedatapacketsare
1KB and SACKs are 40B, then the ratio of the traf�c in the
forwardandreversechannelsis 25:1,i.e., 1KB/40B.Thus,the
bandwidthasymmetryup to 25:1 causeno congestionin the
reverselink. However, the bandwidthasymmetryin the space
links is usuallyon theorderof 1000:1[12]. Thus,sendingone
SACK for eachdatapacket can causereversechannelto be
congestedresultingin packet lossesin the reverselink.

In order to avoid this problem,TCP-Planetdeploys SACK
congestioncontrol by delayingthe SACKs. TCP-Planetsink
maintainsdelayed-SACK factor, d, and sendsone SACK for
every d data packets received. If there is no packet loss
and henceno changein the SACK blocks, then TCP-Planet
sink keepsdelayingSACKs with a delayed-SACK factor of
d. Otherwise,it sendsa new SACK with an updatedblock
immediately. Therefore,the amountof traf�c on the reverse
channelis controlled by adjustingthe delayed-SACK factor
d. Effectsof theblackout on throughputandthe improvement
achieved by delayed-SACK is evaluatedin SectionIV-D.

IV. PERFORMANCE EVALUATION

In order to investigate the performanceof the TCP-Planet,
we conducted extensive simulation experiments. The im-
provement in the initial phaseof the connectionachieved
by the Initial State algorithm is evaluated in Section IV-
A. Throughput performanceof TCP-Planetis analyzedin
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Fig. 9. Transmissionrate changein the Initial Stateof TCP-Planetsource
for RT T = 600 seconds.

SectionIV-B along with the overheadintroduced.Effects of
blackout conditionson the performanceand the performance
of TCP-Planetwith the improvementby Blackout Stateare
investigatedin IV-D. TCP-Planetperformanceon deepspace
links with asymmetricalbandwidthandthe improvementwith
delayedSACK areexplored in SectionIV-E.

A. Initial StatePerformance

In order to avoid performancedegradation due to in-
ef�cient connection starting behavior, TCP-Planetdeploys
Initial State() algorithmin Fig. 2 andFig. 5. Here,we
simulatea topologywherethe sourceandsink areconnected
through a deep spacelink with RTT = 600 secondsand
p = 10� 5. We perform sameexperimentwith TCP-Planet,
TCP-Peach+[3] andTCP-NewReno.The reasonis that most
of the current TCP protocols deploy initial phasebehavior
basedon theSlow Startalgorithm,which is alsousedby TCP-
NewReno.

In Fig. 9, the transmissionrate changein the Initial State
of TCP-Planetsourceis plotted,wherethe target transmission
rateof TCP-Planetsourceis assumedto be100packets/s.Be-
causeof thevery high propagationdelayand100%reliability
requirement,the amountof buffer requiredfor retransmission
mechanismis proportionalto thedatatransmissionrate.There-
fore, for very high datarates,this bringsconsiderableamount
of memory requirement.For example, the sourceneedsto
maintain 0:6 GB of buffer for RTT = 10 minutesand the
averagedatatransmissionrate of 1MB/s. Thus,we set target
datarate to 100 packets/sin order to maintainpracticality in
termsof memoryrequirements.

As explainedbefore,TCP-PlanetsourceperformsEmulated
Slow Startphase,which endsoncethenumberof datapackets
transmittedin one time interval is equal to ssthr eshe. As
seen in Fig. 9, the Emulated Slow Start phase lasts for
approximatelyTess = 19:58 secondsand the TCP-Planet
source reaches100 packets/s data rate by then. Emulated
CongestionAvoidancephasethen starts and lasts until the
end of the �rst RTT of the connectionperiod. During this
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TCP-Peach+andSlow Startalgorithmof TCP-NewRenoandfor RT T = 600
seconds.
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Fig. 11. Throughputfor changingp and�le sizewith RT T = 600 seconds.

phase,the datatransmissionrate is not increasedinsteadNIL
segmenttransmissionrateis increasedlinearly to furtherprobe
the link resources.At t � 600, the sourcegoesto Follow-
Up period and increasesits transmissionrate basedon the
feedbackreceived from the sink every T period.At t = 1200
seconds,the transmissionrate reaches200 packets/s.

TCP-Peach+[3] deploys Jump Start algorithm in order to
capturelink resourcesvery quickly. In JumpStart,the sender
setsthecongestionwindow, cwnd, to 1. After sendingthe�rst
data segment, it transmitsNIL segmentsevery RTT=rwnd,
where r wnd is the receiver 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 JumpStart is shown in Fig. 10.
The congestionwindow of TCP-Peach+reaches20 packets

TABLE I

PROTOCOL PARAMETERS USED IN EXPERIMENTS

Parameter Value De�nition
� i 0.8 Rateincreasethreshold
� d 0.2 Ratedecreasethreshold
� 5 NIX ACK period in seconds

Tw 20 Sliding window size in seconds
� 0.5 Ratedecreaseparameterfor RTT
d 5 Delayed-SACK factor in numberof packets

in at most 2 � RTT duration. It is, however, still very low
comparedto the performanceof Initial Stateof TCP-Planet,
which reaches200 packets/sdatarateat the endof 2 � RTT.

The slow start performanceis, however, not even close
to what Initial Stateof TCP-Planetachieves in deep space
links of the IPN. In Fig. 10, the congestionwindow evolution
dependenton time is shown during the slow start. The slow
start period lasts for approximately6 � RTT for threshold
window sizeof 20packets.Therefore,thelink is notef�ciently
utilized for 60 minutesdue to unsuitability of the slow start
algorithmto extremelyhigh propagation delaysin deepspace
links.

B. ThroughputPerformance

In order to show the throughput performanceof TCP-
Planet in deepspacelinks, we perform several experiments
by varying packet loss probability p and the size of the data
to be transmitted.We assume1Mb/s as the capacityof the
link and RTT = 600 seconds.The target transmissionrate
B is set to be 100 packets/s,i.e., 100 KB/s for datapackets
of size 1KB. The protocol parametersgiven in Table I are
usedduring simulation experimentsunlessotherwisestated.
The investigation of the effects of theseparameterson the
protocolperformanceare left for future study.

In [1], existing TCP protocolsincluding TCP-Vegas,which
is adopted by SCPS-TPprotocol as a congestioncontrol
scheme for space-basedcommunications[10], have been
shown to achieve very poor performancein deepspacelinks.
For RTT = 600 secondsand p = 10� 3, the throughput
achieved by TCP protocols is approximatelyaround30 B/s
andhencealmosttheentirelink remainsalmostunutilized[1].
Although TCP-Peach+has signi�cantly outperformedother
TCP schemesfor the samelink, the performancedegradation
was yet too seriousthat it could achieve throughputaround
93 B/s. Thus,the sameexperimentsarenot repeatedhereand
the detailscanbe found in [1].

TCP-Planetsimulationexperimentsareperformedfor trans-
mission of varying �le sizes between100KB and 200MB
and for varying packet loss probability p of 10� 5, 10� 4,
10� 3. As shown in Fig. 11, the throughput increaseswith
increasing�le size.This is becausethelargerthe�le sizeis the
longer TCP-Planetstaysin the SteadyState.As a result, the
link utilization is increased.Although throughputdecreases
for increasingpacket loss probability, this degradationalso
decreasesfor increasing �le size. This is mostly because
throughputimprovementby new congestioncontrol scheme
is higher when the protocol staysin SteadyStatefor longer.
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Fig. 12. Throughputfor changingRT T for �le sizeof 50MB andp = 10� 5 .

For transmissionof 200MB and p = 10� 5, TCP-Planet
throughput increasesup to 82.2 packets/s approachingits
target throughputvalue,i.e., B = 100 packets/s.Hence,TCP-
Planetoutperformsexisting TCP protocolsby approximately
103 times in termsof throughput.

In Fig. 12,theeffectof RTT onthethroughputperformance
is shown. Theexperimentsareperformedfor the transmission
of a 50MB �le. The increasein RTT leads to throughput
degradationas shown in Fig. 12. However, the throughput
degradationdue to high propagation delay is not as severe
asit is for conventionalTCP protocols[1]. This is becauseof
the new rate-basedcongestioncontrol schemeusedin Steady
State of the TCP-Planet.At RTT = 600 seconds,TCP-
Planetachieves 44.72 KB/s throughput.Note that this value
can further increasewith increasing�le sizeas in Fig. 11.

C. Overhead

During the connectionperiod, TCP-Planetsourcebrings
overheadto the deepspacelink. This overheadis dueto NIL
segmenttransmissionto probethe link resourcein the Initial
State and low and high priority NIX packets transmission
for congestiondecisionsupport in the SteadyState.In this
subsection,we investigatetheoverheadcausedby theinjection
of NIL andNIX segmentsinto the network.

In Fig. 13, the overheadincurredby TCP-Planetis shown
for transmissionof �les with varying sizesand for different
packet loss rates,i.e., p = 10� 5; 10� 4; 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 datapackets. As the
�le size increases,the overheaddecreasesas in Fig. 13. This
is becausethe overheadin the SteadyState is due to the
transmissionof small sized (40 bytes) NIX segments and
henceis much lower comparedto Initial State.Therefore,as
the �le size increases,the time spent in SteadyState also
increases,which in turn decreasesthe overall overheadin
the connectionperiod.As a matterof fact, the scienti�c data
deliveredduring spaceexploration missionsare signi�cantly
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Fig. 13. Overheaddueto transmissionof NIL andNIX segmentsfor changing
�le sizeandp with RT T = 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 segmentstransmittedin the Initial State dependsonly
on the target throughput and the RTT and thus it is not
dependenton p. This overheadexists only in the beginning
of the connection.Although the NIL segment transmission
during Initial Statebringsoverhead,it alsoleadsto signi�cant
performanceimprovementas observed in Section IV-A. As
the NIX transmissionrate is equal to data rate and the
congestioncontrol is robust to link errors,the overheaddue
to NIX transmissionis also independentof p. The overhead
due to NIX transmissionexists after the Initial State until
the end of the connection.However, the congestioncontrol
decisionsupportprovidedby NIX segmentsleadto signi�cant
throughputperformanceimprovement.For 1GB �le size and
p = 10� 3, the overheadbecomesas low as 8.1 %, which is
quite low comparedto throughputimprovementwith a factor
more than103.

D. Blackout Conditions

Whena blackout is detected,TCP-Planetmovesto Blackout
State as shown in Fig. 2 in order to reduce its effect on
the throughput performanceas explained in Section III-C.
Throughput achieved by TCP-Planetfor different blackout
durationsis given in Fig. 14. Here, RTT = 120 seconds,
p = 10� 5 and the target datarate is assumedto be 50 KB/s.
The simulationsareperformedfor a durationof 600 seconds,
wherethe blackout occursat t = 250 seconds.

As in Fig. 14,throughputdecreaseswith increasingblackout
durationasexpected.This decreaseis observed in both of the
curvesrepresentingtheTCP-Planetoperationwith andwithout
Blackout Stateprocedure.However, Blackout Stateprocedure
improves the performancefor long blackout durations.For
evenablackoutof 150seconds,which is 1=4 of theentiresim-
ulation time, TCP-Planetachieves36.41packets/sthroughput
with the help of Blackout Statebehavior. This correspondsto
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approximately14% performanceimprovementover the case
without Blackout procedure.

E. BandwidthAsymmetry

In order to addressbandwidthasymmetryproblems,TCP-
Planet delays SACKs with a certain delayedSACK factor.
Simulationexperimentsare performedto show the effect of
bandwidthasymmetryon the performanceand the improve-
mentachieved by delayedSACK. Here,RTT = 120 seconds
p = 10� 4 and the simulation time is assumedto be 1200
seconds.Thetargetrateis setto 50 KB/s. In Fig. 15, two cases
with differentbandwidthasymmetryratio are investigated:

1) 100:1. In this case,forward and reverselink capacities
are100KB/s and1 KB/s, respectively. Sincetheratio of
the sizeof datapacketsandSACK packets is 25:1, the
actualasymmetryratio is 4:1 in this case.Therefore,the
throughputis notsigni�cantly degradedby asymmetrical
channel capacity of the deep space link. As shown
in Fig. 15, an increasein the delayed SACK factor
also leadsto an increasein the throughput.However,

throughputdecreasesfor bothcaseswith eithertoo high
or too small delayedSACK factorof d. This is because
if it is too small, reverse channel is congested.On
the other hand, if d is too large, the sourcereceives
less numberof SACKs than it expectswhich leadsto
performancedegradation.Thus, at d = 15, throughput
achieved increasesup to 52.02packets/s.

2) 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,
respectively. Thus, the throughput is dramatically af-
fectedby the bandwidthasymmetryin this case,where
the actual bandwidth asymmetry is 40:1. Therefore,
throughputimprovementwith delayedSACK methodis
more signi�cant for higher bandwidthasymmetry. For
the casewithout delayedSACK, throughputdecreases
to up to 1.99 KB/s. As in Fig. 15, throughputincreases
with increasingnumberof delayedSACKs. However,
this patterndoesnot last long sincevery high delayed
SACK factorscannotbe reached.This is becausea data
packet loss yields new SACK blocks, which requires
to be transmittedback to the sourceimmediately. For
delayedSACK factor of 15, throughput increasesup
to 21.37 KB/s which correspondsto 10 times increase
in the throughputperformancecomparedto the case
without delayedSACK, i.e., d = 1 in Fig. 15.

V. CONCLUSIONS

The inadequacy of the current TCP protocols in Inter-
planetaryBackboneNetwork has already been known and
the needfor new transportprotocol hasbeenpointedout in
[1]. In order to addressthis need,a new reliable transport
protocol,TCP-Planet,is developedin this paper. Theobjective
of TCP-Planetis to addressthe challengesposed by the
InterPlaNetaryInternetfor reliable datadelivery and achieve
highthroughputperformance.TCP-Planetdeploysarate-based
additive-increasemultiplicative-decrease(AIMD) congestion
control scheme.It runson top of InternetProtocol(IP) layer
and doesnot require any speci�c modi�cation to the lower
layersin thecurrentTCP/IPsuite.Performanceevaluationvia
simulationexperimentsrevealedthat TCP-Planetsigni�cantly
improvesthe throughputperformanceandaddressesthe chal-
lengesposedby deepspacecommunicationnetworks.

TCP-Planetreplacesthe inef�cient slow start algorithms
with a novel Initial State algorithm, which captures link
resourcesin a very fast and controlled manner. Simulation
experimentsshowed that TCP-Planetcan reach high initial
data rates very quickly. In order to addressthe challenges
dueto extremelyhigh propagation delay, TCP-Planetdeploys
an end-to-end rate-basedadditive-increase multiplicative-
decrease(AIMD) congestioncontrol,whoseAIMD parameters
aretunedto helpavoid throughputdegradation.A new conges-
tion control mechanism,which decouplescongestiondecision
from single packet loss events, is developed to minimize
the erroneouscongestiondecisionsdue to high link errors.
Consequently, TCP-Planetimproves throughputwith a factor
morethan103 comparedto thecurrentTCPprotocols.In order
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to reducethe effectsof blackout conditionson the throughput
performance,TCP-PlanetincorporatesBlackoutStatebehavior
into the protocol operation.By this way, it achieves up to
14% performanceimprovement in blackout conditions.The
bandwidthasymmetryproblemis addressedby the adoption
of delayedSACK options.As a result,TCP-Planetis a reliable
transport protocol equippedwith diverse set of algorithms
andfunctionalities,which canaddressthe requirementsof the
InterPlaNetaryInternet.

APPENDIX

The time-dependency of the transmissionrate, R(t), is
shown in Fig. 16. The rate-basedgenericAIMD schemeis
assumedto 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.
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Fig. 16. Dataratechangeof rate-basegenericAIMD congestioncontrol.

Let X (t) bethetotalnumberof packetstransmittedin [0; t),
which canbe calculatedby

X (t) =
Z t

0
R(� )d� (15)

For T(t) = X (t)=t being the throughputachieved in [0; t),
thesteady-statethroughputachievedby therate-basedgeneric
AIMD schemeis given by

T = lim
t !1

1
t

Z t

0
R(� )d� (16)

Let X i be the number of packets transmittedin the i th

loss cycle, LC i , which startsand endswith rate halving due
to congestiondecision. If the duration of LC i is D i , then
the throughputachieved in LC i is given by Ti = X i =Di .
Assuming the evolution of the transmissionrate R i to be
Markov Regenerative Processwith rewardsX i [19], then the
steady-statethroughputcanbe calculatedby

T = E[X ]=E[D ] ; (17)

whereE[X ] and E[D ] are the meansof X i and D i , respec-
tively. ThetransmissionratechangeduringLC i , i.e., thevalue
of the transmissionrateat k th RTT of the LC i , is given by

Ri;k = Ri � � + k � � (18)

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

at the endof the LC i is expressedby R i +1 = Ri � � + N i � � .
Hence,theexpectationof thei.i.d randomvariableR denoting
the transmissionrate, i.e., E [R], canbe calculatedas

E[R] =
�

1 � �
� E [N ] ; (19)

If LC i lastsfor D i = N i � � , where� = RTT, thenthe total
numberof packets transmittedduring LC i can be calculated
by

X i =
Z D i

0
Ri (t) � dt (20)

For rate-basedAIMD scheme,whoseratechangeis performed
with RTT granularity, this canbe calculatedby replacingthe
integrationwith the discretesummationandsubstituting(18)
into (21) as follows

X i =
N i � 1X

k=0

Ri;k � �

=
N i � 1X

k=0

(Ri � � + k � � ) � �

=
N i

2

h
2 � � � Ri + � � (N i � 1)

i
� � (21)

Thusfor mutually independentrandomvariablesof N andR,
themeanof X canbecalculatedby takingexpectationof both
sidesof (21) andsubstituting(19) as follows

E[X ] =
E[N ]

2
�

"
� 1 + �

1 � �

�
� E [N ] � 1

#

� � � � (22)

Ontheotherhand,thetotalnumberof packetstransmittedin
losscycle i canalsobecalculatedby n i + Ri;N i � 1 �� , wheren i

andRi;N i � 1 � � arethenumberof packetstransmitteduntil the
droppedpacket and in the last RTT, respectively. Therefore,
E [X ] canalsobe calculatedby

E[X ] = E[n] + E[R] � � ; (23)

wherethe expectationof the randomvariablen is given by

E[n] =
X

k

kP[ni = k]

=
1X

k=0

k(1 � p)k � 1p =
1
p

; (24)

wherep is thepacket lossprobability, if loss-basedcongestion
detectionis usedby the genericAIMD rate-basedcongestion
controlalgorithm.By substituting(19) and(24) into (23), and
equatingit to (22), we solve for E [N ] andobtainit asfollows

E[N ] =
3 � �

2 � (1 + � )

"

1 +

s

1 +
8 � (1 � � 2)

� � � � p � (3 � � )2

#

(25)

Thus, it follows from (17), (22) and (25) that the steady-
statethroughputof the rate-basedgenericAIMD congestion
control schemeas a function of rate-increaseand decrease
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paratemeters,i.e., � and � , and round-trip time, � , and the
packet lossprobability p, canbe expressedas follows

T(� ; � ; � ; p) =

� �

"

1 + � +

s

(3 � � )2 +
8 � (1 � � 2)

� � � � p

#

4 � (1 � � )
(26)
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