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Saratoga a Delay-Tolerant Networking
convergence layer with efficient link utilization

Lloyd Wood, Weley M. Eddy, Will lvancic, Jim McKim and Chris Jacks

Abstract—Saratoga is a lightweight transport protocol based
on the User Datagram Protocol (UDP/IP). Saratoga wa
developed by Surrey Satellite Technology Ltd (SSTLYor file
transfers of imaging data recorded onboard the Intenet-
Protocol-based Disaster Monitoring Constellation (IMC)
satellites, and has been in operational use fromwo Earth orbit
since 2004. Saratoga focuses only on efficient comnication to
the next hop when link connectivity is available, ¥ filling the link
with packets sent at line rate. This ensures thatsamuch data as
possible is transferred to the peering node duringa twelve-
minutes-or-less pass over a satellite ground statioSaratoga uses
a minimal bandwidth-efficient negative acknowledgerant
mechanism to ensure reliable data transfer. We exaime how
Saratoga can be adapted to serve as an efficientu@rgence
layer for Delay-Tolerant Networking (DTN), by transferring
DTN bundles as well as files. This will allow DTN atworks to
increase efficiency of communication across brieflpavailable
disrupted links — for long-distance deep space lirkas well as for
short-distance terrestrial mobile ad-hoc networks.

Index Terms—UDP, Saratoga, Delay Tolerant Networking,
DTN

[. INTRODUCTION

Delay-Tolerant Networking was originally envisagas a
necessary part of the “Interplanetary Internet’stare-and
forward architecture able to cope with extremelydalelays
and intermittent connectivity [1]. As DTN is stoaed forward
in nature, it is often compared to Internet emkibwever,

to use effectively [2]. As a result, the DTN muse b
independent of TCP in the store-and-forward netwfok
which DTN is intended. For long-distance interplang

communications and for the mobile ad-hoc and sensor

networks for which the DTN architecture was lateurfd
suitable under the ‘disruption’ name [3], a tramsgaotocol
other than TCP is needed. However, the DTN canT@® or
another congestion-aware protocol, such as DCCFCAP, to
safely and fairly traverse the shared terrestrialerhet
between DTN nodes that may also be intermitterdhynected
to this other, different, ad-hoc or Interplanethrernet.

DTN calls the transport protocols that it uses twvendata
across different networksonvergence layersA convergence
layer should make best use of the intermittent @naporary
links in ad-hoc networks, by transferring as mucitadas
possible while the link between peering DTN nodesp and
available. Such a convergence layer will also herfedm
running over the Internet Protocol (IP), as IP isnast
universal, and many existing links support IP. Rogrover IP
avoids reinventing the wheel in re-implementing s for
DTN over many different media. TCP is unsuitable émd
inefficient in these networks due to its assumgi@bout
congestion. However, making the convergence layer
datagram-based enables widespread compatibility sl
UDP is an obvious starting point for an IP-baseddport that
does not need to be aware of traditional Intereigestion.
Designed with those constraints in mind, tisaratoga

email depends upon the Domain Name System (DNS}rend protocol outlined in this paper can be that DTNwgence

Simple Mail Transfer Protocol (SMTP) — which botepeénd
upon the Transmission Control Protocol (TCP). TERsgeful
for end-to-end communications across a shared steake
Internet where fairness between simultaneous
competing for link capacity and an awareness ofjestion is
the norm, and not for store-and-forward communiceti
across a single unshared link, which a lone TC®R ftounable
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layer.

Il.  OVERVIEWING SARATOGA

flows Saratoga is intended to provide a single flow betwavo

peers, multiplexing multiple separate sessions,os&cra
dedicated link outside the “fair competition” renof the
traditional shared Internet. Saratoga is designexdt
performance, to fill the link with traffic as effently as
possible. Link utilization is an explicit designaphandling
Internet congestion from competing flows is not.

Saratoga is a rate-based UDP file transfer protoaphble
of transferring large files. Saratoga has beerpirational use
since 2004 to move mission imaging data from theaBlier
Monitoring Constellation (DMC) remote-sensing slites to
ground stations. These satellites, built by Sur&stellite
Technology Ltd (SSTL), all use IP for payload
communications. Five satellites have been launchedar.
Four are currently operational in low Earth orbihda

—
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transferring imagery files, with ground sample amte (GSD)
resolutions of 32 metres or better [Fig. 1], towgrd [4].

False-colour imagery. Green is vegetation; red lsodled.

Full image taken is shown in corner thumbnail. Sigopto

the US Geological Survey by DMC International Inmagi
Fig. 1. Example DMC imagery - New Orleans, aftermdt
of Hurricane Katrina, NigeriaSat-1, 2 September 208.

b. front view showing interface ports and flexip&chbay.

Fig 2. CLEO ground-based testbed used for developme

Saratoga was originally designed to transfer fidesnly up
to 4GB in size, but has evolved to keep pace withrteeds of
higher-resolution, ever-larger, imaging files. Ténraore DMC
satellites, with higher-resolution imaging capdtal, are now
under construction. How the DMC satellites use B t
communicate with the ground is described elsewfe6.

Saratoga was originally developed to move largesffrom
these remote sensing satellites to ground statloriag a pass
of twelve minutes’ duration or less. This limitedntact time
drove a desire to transfer as much error-free dstpossible.
Saratoga relies on the UDP checksum for basic ehecking,
and can implement an end-to-end checksum..

Saratoga displaced an implementation of the CCSIE F
Delivery Protocol, CFDP [7], that was used previg(8].

Although Saratoga was originally developed for file
transfers, it was recognized that this protocol aia® useful
for DTN bundle exchange [9], by a simple mappingneen
bundles and files.

I1l. OTHER CONVERGENCE LAYERS

Another UDP/IP protocol intended as a DTN conveogen
layer and under development is the Licklider Traission
protocol (LTP) [10].

Saratoga and LTP share many of the same design
motivations [11]. The main design difference betwdd P
and Saratoga is that LTP transfers arbitrary unethbiobs of
data, while Saratoga transfers named files, inolydsome
degree of file metadata and directory listings.

CCSDS CFDP, which also includes file-based trassfer
may be used above LTP (or further above bundliogyrovide
a similar file-handling service. CFDP, first crechtey LTP’s
primary designer, included a file system to encgera
bitstream-oriented spacecraft payload designersowe to
adopting the decades-old computing filesystem pgnad
spacecraft and recorder bitstreams predate onlwoanguting.
Like bundling and LTP, CFDP is quite diverse in its
operational options. The Messenger mission to Megrés
only flying pieces of CFDP deemed immediately uké&iua
“CFDP-Lite” [12], while other parts of that protdcavere
rejected for use onboard Messenger.

There is clearly an opportunity for a UDP-basedgfar
protocol to act as a DTN convergence layer foratiehoc or
store-and-forward new Internet, including the Iptenetary
Internet. We believe that simplicity of specificati and
implementation, and efficiency for low-end onboard
processors, along with ease of use, will drive &dap

Other convergence layers have been suggested tmrsup
interfacing the DTN bundle layer directly to a litkyer, e.g.
directly over Bluetooth, or directly over 802.11hil¢ such an
approach may be able to include link-specific eagiing
optimizations, we believe that the per-link-layergmeering
required makes this approach prohibitive, and thatcost of
engineering and maintaining the resulting codeoisstalable
given the vast number of diverse link layers irsttice.

Many of these link layers already support IP, séRzbased
convergence layer requires little extra work fonew link
layer that already supports IP. The contrast batwee IP-
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based shim approach and a direct approach to thd DT

network stack is shown [Fig. 3].

IV. DEVELOPMENT HISTORY

The Saratoga protocol
implemented by SSTL for its dedicated 200MHz PoREr
processor computers flown as Solid State Data Recsr
(SSDRs). These run the RTEMS
operating system. SSDRs control imaging camerasboard
experiments.

Saratoga replaced an RTEMS implementation of CHB® a
written at SSTL, and previously used on orbit. st
operational experience, the implementation of ®gatwas
found to be more lightweight in both code footpriand
processor overhead, and, more importantly, to Bagmtly
outperform CFDP in transfer speed and the amourdatd
that could be copied to ground within a single litegass.

With an S-band downlink speed of 8.1Mbps,
650MB, or a CD-ROM'’s worth of data, can be transfdr
during a twelve-minute pass — but only if packe®s autput
continuously at line rate on the downlink. Saratogen
achieve this in the given limited hardware enviremt the
implementation of CFDP it replaced could not. TH&-DMC

was originally designed and

real-time embedded

3

DTN bundle layer

DTN bundle layer

IConvergence layer
(Saratoga/LTP)

Multiple link-specific
convergence layers

MAC/channel

MAC/channel

a. using IP as universal shim b. direct on link.
Fig. 3. Stack diagrams of convergence layer approhes

roughl3Some of the available convergence methods involsidg a

TCP connection with the associated startup andisssges, or
sending a bundle within a single UDP datagram téohito a
maximum of 64KB). We believe that useful bundledl Wwe
far larger than 64KB, and often larger than tengigébytes.
LTP code then available was written in Java andiitzisle

satellite’s onboard SSDRs have 1 and 1.5 GB of RA%rintegration with the RTEMS environment

respectively for storage, meaning that the in#i@B file limit
of Saratoga's early design is not reached.
Implementations of Saratoga have since been us2@ ad

It was soon recognized that the Saratoga protoaatldped
at SSTL had something new to offer as an efficient
convergence layer, and work began to focus on mgppirN

40 Mbps on the X-band downlink supporting the highpnqjes onto Saratoga and its filesystem support.

resolution panchromatic four-metre GSD imager oijirBe1,
the Chinese satellite in the DMC, again filling th@wnlink at
line rate.

While Saratoga was being implemented
preparations were being made to test CLEO, theoQiguater
in Low Earth Orbit, onboard the UK-DMC satellitd [5

Part of these preparations involved construction aof
ground-based testbed, containing a sister to thEQCtouter
assembly in orbit, alongside an SSTL SSDR [Fig. Tis
testbed, which interfaces to a PC acting as thepoten
running the satellite platform, was given to NASAefnh
Research Center, in order to allow them to becoameilifir
with the operational configuration of SSTL's comgnst The
sister router was set up to work with that confaion, via
experience with the testbed, making the most otdichaccess

to CLEO. NASA has a long history of testing IP-lthseuplink/downlink environment

technologies with SSTL, dating back to UoSAT-12 [6]
That testbed served CLEO successfully in a conditom
role, and allowed rapid setup on orbit. After theeaessful
testing of CLEO, we realized that the testbed cdaddised in
a new development role to test embedded softwarehi®
SSTL SSDRs. The compiler tools and build chain wads®
installed at NASA Glenn. This was seen as an oppdjyt to
work towards testing DTN bundle code operationallgrbit.
Within this work, a consideration of the availabhethods

V. DESIGN CONSTRAINTS

in 2004, As the UK-DMC satellite is effectively a stub netko

interfacing to few ground stations, and primarilglidering
data rather than receiving it and routing it elsexeh dynamic
DTN addressing and routing are outside the scopmipfirea
of focus. Large data files generated by the onbdaaabing
task can be encapsulated in bundles for deliverg ttatic
ground address. The bundle forwarding operationsists
entirely of using Saratoga to pass the bundles dovany in-
contact ground station.

Data is delivered to the ground station via theslitd's
8.1Mbps downlink, while commands are received oser
limited 9600bps uplink. The highly asymmetric
mandates efficiency, dan
Saratoga has a terse negative-acknowledgement aled h
filling strategy that is suitable for this 170:hli asymmetry.
(TCP is widely recognized to be unsuitable for $inkhere
asymmetry exceeds 50:1, due to congestion of therse path
by acknowledgements [13]. This is separate frond an
addition to, other congestion-aware design choisesh as
slow start, that prevent effective local link wdition by TCP.)

Some means of recovery of packets lost due toran
errors is needed, but these packet losses do nste cthe

for bundle convergence layers revealed that no gosegnding peer to decrease its sending rate.

candidates for long-distance space links were alvksl All
available DTN code was tailored for terrestrial ase testing,
and lacked any rate-based transfer options foelbrgdles.

High link utilization while connected is importaitt get the
most utility out of limited and sporadically-avdila periods
of connectivity.
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Fig. 4. Envisaged demonstration use of Saratoga

Congestion control to arbitrate fairly between ceting
traffic is not important, as nodes peer across aded links
without competition from other nodes, or
themselves thanks to multiplexing all sessions iwith single
flow. Any sharing of link capacity uses an explicibarse-
grained scheduling model, and not simultaneous etitign.
In this model, individual payloads take turns té dedicated
use of the link and deliver the information thaeyhhold,
before shutting up and shutting down to conserveepd5].

highest. This hybrid strategy, with dual complenaent
reliability mechanisms, is considered the bestaofichetween
choice of the constant added capacity overheadhealry
coding, or the added delays and windowing overheafds
heavy acknowledgement use. This also prevents kmelvn
potentially-problematic interactions between resraission
mechanisms present in the link layer and alsoghédxi layers.
Being in LEO at 686km altitude, with a five millisend
round-trip time from satellite to ground statiotipas use of
both FEC and ACK mechanisms. The longer delayseepd
space links encourage stronger FEC to minimiseotislosed-
loop control and the delay overhead that ARQ wamlpose.

VI.

Saratoga is being reworked for a public specifazatpost
the proof-of-concept implementations currently e un orbit
(all ‘version zero’ [14]). This new ‘version onef 8aratoga is
being prepared for demonstration in the space enrient
onboard the UK-DMC satellite [Fig. 5]. This demaasibn
aims to:
show Saratoga as the first efficient DTN convergenc
layer adapter for the space environment.

B. show large file and bundle transfers
fragmentation and reassembly.

WORK ON SARATOGA

even from

involving

C. show use of multiple independent ground statiomsafo
single file or bundle transfer.
D. demonstrate a lightweight DTN implementation

Only low-rate broadcast telemetry is multiplexedas well
while a payload delivers data. Thus, loss is guerth to

technique for “constrained” nodes, typical of senso
networks, and space networks, that is upwardly

never be due to congestion. In a shared wireleshoad
environment, allocation of channel

compatible with more full-featured code such as RTN

resources to esod This later version 1 is capable of running oveneitiPv4 or

becomes a MAC-layer function, rather than a trarispolPv6. The CLEO router in orbit was configured tm 1&v6 as

function, and so a similar consideration may apply.

This model has other ramifications: as there isy ae
flow containing all sessions traveling across aglgnlink,
Quality of Service (QoS) can be most effectivelyrieal out
by the sending bundle application interleaving pridritizing
an urgent session by sending that session’s paoktahead
of others. The differentiated services architectbezomes
irrelevant for a single hop; DiffServ’s strengthiispreserving
priority in delivery between competing flows acrossltiple
hops, and there is little useful work for it to doross a single
hop between peers with no competition,

Output and input queuing also become less impqgrtaset
Saratatoga-level retransmission mechanism can dioectly
from a file stored in main memory, and thus alloer f
shallower link queues and faster recovery than wingrayer
ARQ and its associate queues are heavily relied.upo

well as IPv4 [15]. This provides something onboardrbit to
test IPv6 compatibility against. Saratoga transfewsld be
carried out onboard between an SSDR running an aydbo
GPS reflectometry experiment and an imaging SSOR [5

Another significant addition to version 1 of Sagdds the
ability to coordinate Saratoga operations with ealoDTN
bundle agent. A flag in the Saratoga file metadstased to
indicate that a transferred file should be treagé bundle by
the receiver and passed to the bundle agent, rdthersimply
placed as a file in storage. In order to facilitdtis, we wrote a
“BundleFile” convergence layer adapter for the camiy-
used DTN2 bundle agent software [16] that takegtth of a
file on disk as input over a POSIX named-pipe, sctine file
data as a bundle, and unlinks the file from thesfistem,
freeing up this space for Saratoga to use for oi@ming
bundle files.

Forward error coding (FEC) to get the most reliable As shown in [Fig. 4], there are currently two difat

transmission through a channel is best left nearptysical

Saratoga implementations of this version that operate.

layer in the modem, and complements the simple ggackThe SSTL Saratoga server onboard the SSDR (in tHeOC

ARQ-based negative acknowledgement strategy used
Saratoga to deal with the errors not handled byngpdVhen

tmptbed, and, eventually, onboard the UK-DMC sigdglis a
slight adaptation of SSTL's flight code for Saratogersion 0,

in use with a non-adaptive modem using a fixed mgdi while the Perl Saratoga client, for use on the gdypuwvas

scheme, Saratoga sees and recovers from most atrohe
start and end of a pass over a ground station, Wiegatellite
is at its lowest elevations and the atmospherienatition is

written from scratch and used to help find the tmithat
needed to be clarified in the specification. A RyttSaratoga
version 1 client has also been written.
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Aside from Saratoga, another interesting facet loé t VIIl. CONCLUSIONS
demonstration shown in [Fig. 4] is the “dmc-buntileode We have presented and described Saratoga, a new
that is used to translate an image file into a bauride that convergence layer for Delay-Tolerant Networking.
Saratoga can use. Normally, a full-fledged bundjena such  garat0ga has the advantage of already being impledhe
as DTN2 or JPL’s Interplanetary Overlay Network MO tested and run operationally on mission-criticatadin a
handles this wrapping of application data unit0i@TN  gemanding environment — space. This experience with
bundles. These bundle agents provide many senvites garatoga as a mature, in-use protocol bodes wethking it
addition to the basic bundling of data through,lud®g ig the IETE with a public specification [17].
making forwarding decisions, and managing multiple \ye envisage a world where Saratoga can be used over
convergence layers and routing information souréesthe |ntemet protocols for DTN in ad-hoc, sensor anatesand
more limited case of a UK-DMC SSDR, there is onlyeo foryward networks. At the same time, DTN bundles | wil
suitable convergence layer available (Saratoga) &m {raverse the terrestrial fixed Internet as congestontrolled
routing information is essentially a binary link-tjink-down  fqws using TCP, DCCP, or similar. The convergeteer
signal that is provided to Saratoga rather thath& bundle adapts DTN not only for the link, but for the opévaal
layer. This results in dmc-bundler code that is/\&mple and assumptions within which the link is used.
feature-free in comparison to other bundling impdatations, Multiple DTN convergence layers can coexist over IP

with a very small code footprint. _ _within the different environments that the differen
The dmc-bundler code operates as a function withan convergence layers have been designed for.

shared memory model of RTEMS, while DTN2 and ION us
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