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NON-TRADITIONAL USES OF THE CCSDS SPACE LINK 
EXTENSION (SLE) PROTOCOL 
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CVG/Avtec Systems, Inc. 

ABSTRACT 

Space Link Extension (SLE) is a set of Consultative Committee for Space Data Systems 
(CCSDS) recommended standards for extending the space link from ground stations to other 
spaceflight mission ground facilities over a ground network, allowing distributed access to space 
link telecommand and telemetry services. The currently defined and implemented SLE 
recommendations are oriented around a traditional CCSDS telecommand and telemetry protocol 
set, which uses discrete telecommand frames that are encapsulated in Communication Link 
Transmission Units (CLTUs) for transport over the ground segment, and telemetry data 
encapsulated in Transfer Frames at the spacecraft. 

This paper discusses several non-traditional uses of the SLE services. The applications addressed 
within lie outside the discrete packet telecommand/telemetry subset of the SLE 
recommendations that are fully defined by CCSDS. This paper will focus on the use of the 
currently implemented SLE model to enable the transport of other forms of data, which may be 
subject to various transmission constraints, across the ground segment.   
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INTRODUCTION 

Consultative Committee for Space Data Systems 

The Consultative Committee for Space Data Systems (CCSDS), founded in 1982, is an 
international organization composed of various space agencies and associated groups. Its mission 
is to develop standardized solutions to the various problems of cross-agency support and space 
mission data exchange. 

CCSDS has developed a large number of recommended standards for spacecraft communications 
formats and protocols, some of which have been simultaneously adopted by groups such as the 
International Standards Organization (ISO) and the Internet Engineering Task Force (IETF).  
These standards include both recommendations for the space link (such as telemetry formatting 
and coding and commanding protocols), as well as recommendations for various components of 
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the associated ground networks through which data is transmitted from the ground stations to its 
eventual end users. 

Space Link Extension 

The SLE is a collection of CCSDS recommended standards that define a series of protocols, 
referred to as SLE services, for extending the space link to other terrestrial users. The 
standardized link extension format allows multiple users, sites, and organizations to utilize the 
telemetry, telecommand, and Advanced Orbiting Systems (AOS) capabilities of a shared ground 
station.  The intent of the standards is to allow multiple partners to interoperate without the need 
for mission-specific or site-specific communications protocols on the ground network. 

SLE is oriented around a two-party model of interaction.  The ground station acts as an SLE 
provider, exposing a portion of its capabilities to external parties that act as SLE users.  The SLE 
standards include data transfer services that define the transmission of uplink and downlink data 
between users and providers, as well as management services that control the data transfer 
capabilities of the link. 

SLE Transfer Services 

The SLE recommendations define two broad groups of transfer services that a link may support. 
The first group addresses the forward services, which implement the transmission of data from a 
user through a ground station to a spacecraft. The second group addresses the return services, 
which implement the transfer of data from a spacecraft through a ground station to a user. 

The forward service group currently includes two services; characterized by the type of data that 
each receives from users for uplink to the spacecraft. These services include: 

• Forward Space Packet (FSP) [1], which receives raw command packets, and 
• Forward Communications Link Transmission Unit (FCLTU) [2], which receives prebuilt 

Communications Link Transmission Unit (CLTUs). 

A number of additional forward services, such as Forward Telecommand Virtual Channel 
Access (FTCVCA), Forward Telecommand Frame (FTCF), and Forward Coded Transfer Frame 
are included in the Cross Support Reference Model, Part 1: SLE Services Recommended 
Standard [3] but have not been fully defined. 

The return service group currently includes three services, characterized by the type of data that 
each extracts from the space link and provides to users. These services include: 

• Return All Frames (RAF) [4], which extracts all telemetry from a single space link, 
• Return Channel Frames (RCF) [5], which extracts telemetry frames from particular 

master or virtual channels, and 
• Return Operational Control Field (ROCF) [6], which extracts Operational Control Fields 

(OCFs) from particular channels. 
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A number of additional return services, such as Return Frame Secondary Header (RFSH) and 
Return Space Packet (RSP), are included in the Cross Support Reference Model but have not 
been fully defined. 

SLE History 

The definition of SLE services began in the early 1990s, leading to the formal adoption of the 
CCSDS Cross Support Reference Model, Part 1: SLE Services (a.k.a. the SLE Reference Model) 
in 1996. The charter implementations of the FCLTU, RAF, and RCF data services took place 
circa 2000 for an October 2002 launch date of the INTEGRAL program. The European Space 
Operations Centre (ESOC) and The Jet Propulsion Laboratory (JPL) both implemented the 
standard and tested for interoperability. At this time, the SLE recommendations were in draft 
Red Book state and under review by the CCSDS. Modifications made during the implementation 
phase were not rolled into a final Blue Book version until 2004. 

Since the charter implementations were written to the Red Book recommendations, the version 
number of the Blue Book recommendations was incremented from ‘1’ to ‘2’ to ensure backward 
and forward compatibility between the two versions.  Provisions in the SLE protocol allow for a 
version auto-negotiation; since the SLE BIND operation and response contain the SLE version, 
implementations may automatically switch to a lower SLE version to match the version 
supported by a peer implementation. 

SLE is currently widely used in the international space community. ESA has led the way by fully 
embracing SLE and replacing all legacy ground data interfaces between operational nodes. The 
Canadian Space Agency (CSA), France, Russia, China, and India are using SLE. Major 
implementations in the Unites States include JPL’s Deep Space Network (DSN) as well as the 
International Space Station (ISS). The U.S. Department of Defense is considering the adoption of 
SLE for internal ground interfaces as well as for external interfaces with civil agencies. 

TRADITIONAL USES OF SLE 

Forward Link 

The traditional forward link, as envisioned by the SLE standards, consists of discrete spacecraft 
commands that are encapsulated into CLTUs at the control center and transmitted across the 
FCLTU service to the ground station.  Each CLTU may optionally be marked with earliest and 
latest radiation times, which indicates a window during which the CLTU is to be transmitted to 
the spacecraft. Each CLTU may also be marked with a minimum delay to force a minimum 
spacing between successive CLTUs. 

The ground station is responsible for inserting these CLTUs into a continuous telecommand 
stream according to the radiation time constraints and the selected Physical Layer Operation 
Procedure (PLOP) mode.  Two PLOP modes are currently defined. These modes include: 

• PLOP-1, in which the carrier is unmodulated between CLTUs and each CLTU is 
preceded by an acquisition sequence inserted by the user, and 
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• PLOP-2, in which the carrier is modulated between successive CLTUs. 

It is important to note that the production element of the FCLTU service provider radiates the 
contents of the CLTU without modification; the PLOP mode is only intended to specify the 
bridging idle pattern between CLTU transmissions. 

Return Link 

The traditional return link consists of CCSDS telemetry frames – either conventional Packet 
Telemetry Transfer Frames or AOS Transfer Frames – that are acquired by the production 
element at the ground station and transferred through RAF or RCF services to the control center.  
Each frame carries annotation metadata, including the Earth Receive Time (ERT), as well as 
possible error detection and correction results. 

AFSCN ADAPTATIONS 

The Air Force Satellite Control Network (AFSCN) is a legacy U.S. Department of Defense 
infrastructure consisting of Space Operations Centers (SOCs) that control spacecraft via 
communications links through one or more Remote Tracking Stations (RTSs). Legacy interfaces 
include proprietary signal multiplexers that operate over ATM-based network architectures. 
Recent upgrades of this architecture include a transition to IP-based networking as well as efforts 
to prototype interfaces with civil ground stations using SLE. 

AFSCN commanding typically uses Space Ground Link System (SGLS) Ternary modulation, 
which utilizes three tones corresponding to ‘one‘, ‘zero’, and ‘space’ symbols. The 
communications protocol must transfer these command symbols from a SOC to an RTS with a 
known and constant latency.  The protocol also has a provision to echo commands from the RTS 
back to the SOC.   

The telemetry received by an AFSCN ground station is received in binary form, but is source 
encrypted by the spacecraft, and must be transferred in such encrypted form until it reaches the 
source decryption device at the SOC.  For this reason, frame time tagging must be performed on 
the plaintext side of the decryption device at the SOC by transferring an Inter-Range 
Instrumentation Group (IRIG) time signal across the ground interface, along with the source 
encrypted telemetry, and recreating it at the SOC with a tight Time Data Correlation (TDC). 

These conditions make use of the traditional SLE model infeasible without making some 
deviations from the recommended standard.  To allow the use of SLE with such constraints, two 
SLE AFSCN adaptation standards have been developed under the sponsorship of the American 
National Standards Institute (ANSI) [7], [8]. 

The overall SLE AFSCN adaptation architecture is shown in Figure 1.  Three adaptations are 
used to achieve full compatibility with the existing AFSCN model. These adaptations are as 
follows: 
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• A command adaptation that transfers time-critical SGLS Ternary commands from the 
SOC to the RTS via the FCLTU service, 

• A command echo adaptation that returns SGLS Ternary command echoes from the RTS 
to the SOC via the RAF service, and 

• A telemetry adaptation that transfers one or more encrypted telemetry from the RTS to 
the SOC via the RAF service and then reconstitutes the timing of the original telemetry 
stream relative to a time reference signal. 
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Figure 1. SLE AFSCN Adaptation Architecture  

Command Adaptation 

The SGLS tri-tone command symbols used by the AFSCN are typically passed over serial 
interface capable of carrying the tri-tone symbols (e.g., a 4-line ternary interface containing 0, 1, 
and S, and clock). The command adaptation is responsible for accepting a stream of SGLS 
command symbols over a ternary interface at the SOC, and using the SLE FCLTU service to 
reproduce these symbols with a fixed and known forward latency over a ternary interface at the 
RTS. The SGLS tri-tone symbols are converted for transfer by encoding each tri-tone symbol as 
a dibit – a two-bit symbol – prior to sending the command to the FCLTU service.  The standard 
conversion set used by the command adaptation is shown in Table 1. The command production 
at the RTS must also support the translation from dibit back to SGLS tri-tone symbols. 
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Table 1. SGLS Dibit Conversion According to the ANSI Command Adaptation Standard 

SGLS Symbol Dibit 
1 11 
0 00 
S 01 

Null 10 

This command adaptation standard also defines two new PLOP types that control the content of 
fill data sent when no commands are buffered. 

• SGLS-PLOP-1, in which ‘null’ symbols are used as fill. This type is assumed when 
PLOP-1 is selected as the SLE FCLTU production parameter. 

• SGLS-PLOP-2, in which ‘S’ symbols are used as fill. This type is assumed when PLOP-2 
is selected as the SLE FCLTU production parameter. 

Finally, the adaptation describes the means for obtaining Time Critical Commanding (TCC). 
TCC requires that a fixed and known forward latency be maintained between the SOC and RTS 
physical interfaces. This forward latency must be sufficient to absorb the latency over the 
network interface. The adaptation defines two algorithms that take advantage of the optional 
earliest-radiation-time parameter passed by the SLE FCLTU service with each command. 

The first, and simplest, of these algorithms is called ‘Streaming Mode’. This mode accepts a 
stream of arbitrary symbols and forms fixed-sized segments for transfer over SLE. The segment 
size should be selected to limit the collection latency. For example, it takes 8 seconds to receive 
8000 symbols from a 1000 symbol-per-second serial link. If the desired forward latency were 3 
seconds, the segment size would have to be much less than 3000 symbols. 

Streaming Mode works by sending the first segment of dibit symbols with an ‘earliest-radiation-
time’ equal to the current time plus the forward latency defined by the system parameters. This 
requirement prompts the FCLTU production to hold the data and release them at the proper time 
to achieve the desired forward latency. Subsequent segments are sent with the ‘earliest-radiation-
time’ set to null such that they are sent immediately after previous segments with no gap. 

Streaming Mode implements simplicity at the expense of performance. It takes advantage of 
identical clock rates at the SOC and RTS to maintain constant forward latency, and any variation 
in this rate will compound over time.  If the clock at the RTS is even slightly higher, the buffer 
will gradually decrease to the point of data underflow. If the clock rate at the RTS is even 
slightly lower, the buffer will gradually grow and increase the latency outside of specifications. 
This mode also continuously sends command symbols, even during idle periods, which is not an 
efficient use of network bandwidth. 

To address these performance issues, the command adaptation specification defines another 
mode called ‘Discrete Mode’. This mode also streams data using the technique used in 
Streaming Mode, but it stops sending data during periods of inactivity and resumes when 
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commands are again detected. This mode also takes extra precautions to preserve the spacing 
between commands. 

Commands are typically sent as a sequence of short commands separated by a fixed number of 
idle symbols. This sequence of commands is referred to as a ‘Batch Command’. Since certain 
space vehicles may be sensitive to the number of idle symbols between each command of a 
Batch Command, Discrete Mode will treat an idle period, of up to a set number of symbols 
following a command, as a continuation of the same command. As long as the number of idle 
symbols between commands does not exceed this parameter, the Discrete Mode will continue to 
stream segments of the Batch Command, preserving the inter-command spacing. Once the 
number of consecutive idle symbols exceeds this parameter, the Discrete Mode assumes the 
Batch Command is complete and stops sending command segments. 

Discrete Mode not only solves the network bandwidth issue, but it also resets the buffer at the 
beginning of each Batch Command by resending the ‘earliest-radiation-time’ parameter. In 
Discrete Mode, the latency caused by differences in the clock rates can only drift over the period 
that Batch Commands are being sent. Since commands are typically sent in short bursts, there is 
very little time for the clock drift to accumulate to measurable values. 

Command Echo Adaptation 

The command echo is transmitted through the RAF service in dibit form.  Because the command 
echoes are not CCSDS telemetry frames, it is not possible to use the frame-dependent aspects of 
the return service, so a raw transmission mode must be used to send the non-frame data to the 
SOC.  The command echo adaptation, having received the command echo, reverses the dibit 
encoding performed by the command adaptation to recreate the original SGLS symbols. Since 
the command echo stream is not a critical interface, the buffering and latency control is 
implementation-specific. 

Telemetry Adaptation 

The encrypted telemetry is also transferred using the RAF service. Since the telemetry downlink 
is still encrypted as is passes through the SLE service, the telemetry path does not use CCSDS 
frames. Thus, the telemetry is transmitted as raw data across the ground network.  However, no 
dibit conversion is performed, as the telemetry is typically a binary stream throughout. 

The second aspect of the telemetry adaptation is the timing regeneration. For reference, a 
diagram of the time tagging comparisons between civil (non-encrypted) and DoD (encrypted) 
downlinks is shown in Figure 2. Fixed-sized blocks of encrypted telemetry symbols are time-
tagged with an IRIG signal tied to the Earth Receive Time (ERT) as they are received by the 
RTS. These time tags are received by the telemetry adaptation through the metadata present in 
the RAF service. In order to transfer the ERT data across the decryption device, a delayed IRIG 
signal – i.e., an IRIG carrying a time with some known offset in the past – is generated by the 
telemetry adaptation system.  The encrypted telemetry is then correlated with this delayed IRIG 
signal; each frame is transmitted to the decryption device at the same time that the delayed IRIG 
signal indicates its original ERT.  A system on the far side of the decryption device then time-
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tags the decrypted telemetry frames relative to the delayed IRIG, re-generating the ERT time 
tags aligned with actual decrypted telemetry frames. 
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Figure 2. Civil vs. Department of Defense (DoD) Time Tagging Comparison 

AOS UPLINK 

The SLE FCLTU service is tailored towards the CCSDS telecommand standards where non-
continuous, asynchronous commands are sent to the space vehicle according the PLOP modes. 
However, the AOS recommendations allow for the bi-directional transport of AOS frames. The 
AOS uplink is currently used in systems requiring high uplink bandwidth such as manned space 
travel, space networking, and bent-pipe communication links. 

Because AOS expects that a stream will purely consist of AOS frames – with the inclusion of fill 
frames to cover gaps in the stream – the traditional PLOP modes no longer apply. Thus, the 
forward service no longer carries a sequence of discrete telecommand frames, but rather a 
continuous stream of AOS frames that cannot be interrupted. Attempting to do so over an SLE-
based ground network introduces several new complications. The Cross Support Reference 
Model for SLE Services Blue Book includes other services for forwarding AOS-type data, but 
these recommendations have yet to be defined. 

ANSI Streaming Approach 

As previously discussed, the ANSI RAF Adaptation and Conversion Specification addresses a 
similar problem of maintaining a continuous stream of command symbols over the FCLTU 
service. The solution has been to maintain a sufficient buffer at the ground station to ensure that 
network latency did not cause buffer underflows at the RTS. Since this approach relies on 
identical data rates at each end of the ground network, it has an inherent difficulty with 
eliminating buffer drift. Whereas the ANSI standard solved this issue by defining a Discrete 
Mode of operation, a continuous AOS stream does not have this option. Therefore, this approach 
is not viable unless very stable data rates can be guaranteed at each end of the SLE interface. 
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ISS Rate-Matching Approach 

An alternative to a fixed-buffer rate-matching approach is to actively monitor the CLTU 
production buffer level and adjust the frame output rate on the user side of the interface. The 
ground links supporting the International Space Station (ISS) use an AOS uplink over SLE 
FCLTU. The ISS has a very low latency requirement such that only a few frames may be 
buffered in the FCLTU production buffer at any given time. The ISS Mission Control Center 
monitors the CLTU production buffer size returned by the CLTU-TRANSFER-DATA response 
message, and adjusts the user-side frame output rate when the average buffer level crosses pre-
determined thresholds. The implementation also has provisions for manually adjusting the uplink 
rate at the ground station, using the CLTU-THROW-EVENT operation, when switching between 
high and low rates. 

The disadvantage of this technique is a lack of SLE standardization of the FCLTU production 
buffering algorithm. Some implementations may not report one or more CLTUs that are buffered 
in hardware, causing variations in latency between vendor implementations. Also, the parameters 
of the CLTU-THROW-EVENT were intentionally left unspecified as a means for adding 
project-specific production adjustments during the SLE provision period. There is currently no 
mechanism for projects to collaborate on common functions (e.g., uplink rate adjustment), so any 
project reliance on the CLTU-THROW-EVENT is project-specific, by definition. 

PLOP-3 Approach 

Yet another option would be to regard the fill frames required by the AOS uplink as merely 
another type of inter-command behavior within the scope of the PLOP modes.  A proposed new 
mode, PLOP-3, would add AOS fill frames as necessary to cover gaps in the uplink stream; this 
would remove the need for the fill to be transferred through SLE, as it would automatically be 
generated by the ground station itself. 

This solution has several advantages including reduced network utilization, minimum buffer 
latency, and implementation simplicity, to name a few. However, adding the fill frames at the 
ground station also introduces a few complications. 

The first of these is the insert field data. The purpose of this field is to deliver information that is 
required on a fixed period. If the fill frames are added at the ground station, then either the insert 
field content must be sent to the ground station by some other means, or the fill frames must not 
contain valid insert data, defeating the purpose of the field. Other complications would include 
minor changes to the SLE specification and current implementations. 

Custom Production Approaches 

The SLE FCLTU standard states that the commands received by the service shall be forwarded 
to the space link without modification; however, there are some cases where custom production 
techniques have been implemented or considered. The adoption of such deviations should 
consider the implications of interoperability with standard implementations. 



 10

One such deviation is the FCLTU production of AOS frames for ISS. This production 
implementation adds the AOS sync marker and correction codes at the ground station. Another 
deviation under consideration is to multiplex two or more instances of the SLE FCLTU service 
into a single AOS uplink stream. The FCLTU service assumes that there is a single service per 
uplink stream. Since AOS streams typically consist of multiplexed data types over virtual 
channels, the use of the FCLTU service requires that this multiplexing be performed at the 
control center before being forwarded to SLE. However, virtual channels could certainly be 
transferred and buffered over individual FCLTU instances and multiplexed with a pre-
determined priority. 

CONCLUSIONS 

Prior to the 1990s, the CCSDS transfer protocols concentrated on space links. Transfer protocols 
between ground segments of a space system were a collection of agency-specific and ad hoc 
implementations. The interoperability enjoyed between various CCSDS-based space vehicles 
and ground stations did not translate to the ground elements. The SLE Reference Model defines a 
suite of SLE services for various known CCSDS date types. The currently implemented SLE 
services target the typical telecommand and telemetry model. This model is applicable to a 
majority of CCSDS-based ground protocols. 

The success of SLE is well known and documented. As its popularity increases, the scope of 
projects also increases. Some of these projects do not fall into the exact model of currently 
defined and implemented services, requiring some change to the original specification. These 
projects have the choice of either using a non-traditional SLE implementation, working with the 
CCDSD to adopt official changes to existing services, or working with the CCSDS to define a 
new service. Unfortunately, due to project schedules and resources, the latter two choices may 
not be feasible.  

An obstacle to the adoption of standards is the creation of standards with high implementation 
overhead. For example, the implementation of a new SLE service requires that the entire service 
be implemented from the ground up. In retrospect, a better SLE design would have been to 
define low-level SLE transfer message layer that all SLE services may utilize. The CCSDS is 
developing a Toolkit for Cross-Support Transfer Services [9]. This toolkit may be used as a 
model to accelerate the definition and implementation of future SLE services by simply defining 
the mapping from the service into the toolkit messaging. This may make the rapid definition and 
implementation of new SLE services more obtainable, reducing the necessity of non-traditional 
SLE implementations, and increasing interoperability between agencies and vendor equipment. 
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