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1 INTRODUCTION
1.1 PURPOSE

The purpose of this Recommended Standard is to specify the channel coding and
synchronization schemes for free space optical communications systems used by space
missions.

operating conditions is not precluded.

In photon-starved links, the photon-efficiency of the link is of primary concern. When provided
with a set of CCSDS transfer frames produced by the Data Link Protocol Sublayer (as specified
in reference [1], [2], or [8]), this specification allows one to determine the binary vector to be
provided to the Physical Layer. The ‘ones’ and ‘zeroes’ of the binary vector indicate the slots
that are to be pulsed and non-pulsed, respectively, in the optical transmission. The physical
characteristics of such transmissions are addressed in Optical Communications Physical Layer
(reference [3]).

1.2 SCOPE

This Recommended Standard defines Coding and Synchronization Sublayer schemes in
terms of the signal characteristics and procedures involved in the encoding and
synchronization of the optical signals. It does not specify

a) individual implementations or products;
b) the methods or technologies required to perform the procedures; or

c) the management activities required to configure and control the system.
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1.5 DOCUMENT STRUCTURE

This document is divided into five numbered sections and five annexes:

a)

b)

section 1 presents the purpose, scope, applicability, rationale, document structure,
definitions, nomenclature, conventions, and references;

section 2 provides an overview of the architecture and summary of functions of the
optical Coding and Synchronization Sublayer;

section 5 specifies HPE beacon and optional Advanced Orbiting Systems (AOS)
transfer frame signaling;

section 7 lists the managed parameters;
annex A is the Protocol Implementation Conformance Statement (PICS) proforma;

annex B defines the service provided to the users;

annex E discusses security, SANA, and patent considerations;
annex F lists abbreviations and terms used within this document;

annex G provides a list of informative references.

1.6 DEFINITIONS

16.1

DEFINITIONS FROM THE OPEN SYSTEM INTERCONNECTION BASIC
REFERENCE MODEL

This Recommended Standard makes use of a number of terms defined in reference [4]. The
use of those terms in this Recommended Standard is to be understood in a generic sense, that
is, in the sense that those terms are generally applicable to any of a variety of technologies
that provide for the exchange of information between real systems. Those terms are

a)
b)
©)
d)

Data Link Layer;
Physical Layer;
service; and

service data unit.
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1.9 REFERENCES

The following publications contain provisions which, through reference in this text,
constitute provisions of this Recommended Standard. At the time of publication, the editions
indicated were valid. All documents are subject to revision, and users of this Recommended
Standard are encouraged to investigate the possibility of applying the most recent editions of
the documents indicated below. The CCSDS Secretariat maintains a register of currently
valid CCSDS documents.
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TM Space Data Link Protocol. Issue 23. Recommendation for Space Data System
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2045Q0ctober 2021.

AOS Space Data Link Protocol. Issue 34. Recommendation for Space Data System
Standards (Blue Book), CCSDS 732.0-B-34. Washington, D.C.: CCSDS, September
20450ctober 2021.

Optical Communications Physical Layer. Issue +2. Recommendation for Space Data

System Standards (Blue Book), CCSDS 141.0-B-12. Washingten,—D-C-—CESDS;

Information Technology—Open Systems Interconnection—Basic Reference Model: The
Basic Model. 2nd ed. International Standard, ISO/IEC 7498-1:1994. Geneva: ISO, 1994.

Information Technology—Open Systems Interconnection—Basic Reference Model—
Conventions for the Definition of OSI Services. International Standard, ISO/IEC
10731:1994. Geneva: 1SO, 1994.

TC Synchronization and Channel Coding. Issue 34. Recommendation for Space Data
System Standards (Blue Book), CCSDS 231.0-B-34. Washington, D.C.: CCSDS,

TM Synchronization and Channel Coding. Issue 34. Recommendation for Space Data
System Standards (Blue Book), CCSDS 131.0-B-24. Washington, D.C.: CCSDS,

September20+7April 2022.

Unified Space Data Link Protocol. Issue +2. Recommendation for Space Data System
Standards (Blue Book), CCSDS 732.1-B-+2. Washington, D.C.: CCSDS, October
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2 OVERVIEW
2.1 ARCHITECTURE

Figure 2-1 illustrates the relationship of this Recommended Standard to the Open System
Interconnection (OSI) reference model (reference [4]). Two sublayers of the Data Link Layer
are defined for CCSDS space link protocols. The Data Link Protocol Sublayer provides
functions for producing transfer frames; possible Space Data Link Protocols using optical
communications are the Telemetry (TM) Space Data Link Protocol (reference [1]), the AOS
Space Data Link Protocol (reference [2]), and the Unified Space Data Link Protocol (USLP)
(reference [8]). The Optical Communications Coding and Synchronization Protocol specified
in this Recommended Standard provides the functions of the Synchronization and Channel
Coding Sublayer of the Data Link Layer for transferring transfer frames over an optical space
link.

OSI Layers CCSDS Layers CCSDS Protocols

Network and Network and
Upper Layers Upper Layers

Data Link
Protocol TM, AOS, or USLP
Sublayer

Data Link Layer _
Synchronization and HPE Optical
Channel Coding Coding &

Sublayer Synchronization

Physical Layer Physical Layer HPE Optical
Physical Layer

Recommended
Standard Content
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Data Link
Protocol TM, AOS, or USLP
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Data Link Layer )
Synchronization and Optical

Channel Coding Coding &
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Figure 2-1: Relationship with OSI Layers

2.2 SUMMARY OF FUNCTIONS

The optical Coding and Synchronization Sublayer provides the following functions for
transferring transfer frames over an optical space link:

a) channel coding;
b) synchronization; and

c) telemetry transfer frame validation.

This Recommended Standard includes a specification for the transmission of telemetry
transfer frames, AOS transfer frames, or fixed-length USLP transfer frames, and a separate
specification for beacon and optional transmission of AOS transfer frames or fixed-length
USLP transfer frames. In a typical implementation, telemetry signaling would occur from
space to ground (downlink), and beacon and optional AOS/USLP transfer frame signaling
would occur from ground to space (uplink), but this Recommended Standard does not
prescribe the link direction or geometry. These transmissions occur simultaneously and
continuously at opposite ends of the link during each communications session.
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The telemetry link specification defines the relationship between input CCSDS transfer

frames and output putsed—slots—For-the HPE-appheation—this—specificationsignal. This

of AOS/USLP transfer frames. The specification defines the relationship between sending-
end input frames (from upper layer) and output pulsed slots (to lower layer). The
specification includes functions to: 1) provide a reference beacon, 2) aid synchronization, and
3) support an AOS/USLP transfer frame transmission capability.

The overall architecture of the optical communications system is shown in figure 2-2.

Terminal A.

This Recommended Standard specifies the coding and synchronization features of the
Terminal A and Terminal B transmitters, and a few details of the functions required at the
receivers, including frame validation. In a typical application, Terminal A on the ground
transmits an uplink beacon and optional AOS/USLP transfer frame data to Terminal B in
space, and Terminal B transmits a downlink telemetry signal to Terminal A.
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Terminal B

Transmitter Receiver

Beacon
and (Optional)
AOS or USLP
Transfer Frames

Telemetry
Data

Receiver Transmitter

Terminal A

Terminal B

Transmitter Receiver

Telemetry Optional
Data Beacont

Receiver Transmitter

Terminal A

TIf HPE, beacon may optionally be accompanied
by AOS or USLP Transfer Frames.

Figure 2-2: Overall Architecture of the Optical Communications System
2.3 INTERNAL ORGANIZATION OF TELEMETRY SIGNALING AT THE
CODING AND SYNCHRONIZATION SUBLAYER
2.3.1 TELEMETRY SIGNALING AT THE SENDING END

Figure 2-3 shows the internal organization of the Coding and Synchronization Sublayer of
telemetry signaling at the sending end. This figure identifies functions performed by the
sublayer and shows logical relationships among these functions. The figure is not intended
to imply any hardware or software configuration in a real system.
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From Data Link
Protocol Sublayer

‘ Transfer Frames

Coding and
Synchronization

Functions

#

Binary vector to
Physical Layer

Figure 2-3: Internal Organization of Telemetry Signaling at the Sending End

At the sending end, the Coding and Synchronization Sublayer accepts transfer frames of
fixed length and constant rate from the Data Link Protocol Sublayer (see figure 2-1),
performs functions selected for the mission, and delivers a binary vector to the Physical

2.3.2 TELEMETRY SIGNALING AT THE RECEIVING END
2.3.2.1 General

Figure 2-4 shows the internal organization of the Coding and Synchronization Sublayer for
telemetry signaling at the receiving end. This figure identifies functions performed by the
sublayer and shows logical relationships among these functions. The figure is not intended to
imply any hardware or software configuration in a real system. Organization of CCSDS
optical communications sublayering differs from that of the CCSDS protocol specifications for
Radio Frequency (RF) communications in that the demodulation function is specified at the
Coding and Synchronization Sublayer (this document) rather than at the Physical Layer
(reference [3]).
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Receiver Output

¢ slot measurements

Demodulation, Synchronization,

Decoding, and Validation

Functions

l Transfer Frame

Quality Indicator
Sequence Indicator

To Data Link Layer

Figure 2-4: Internal Organization of Telemetry Signaling at the Receiving End

outputs from the Physical Layer and performs functions selected for the mission. The
receiver outputs are slot measurements, which are receiver estimates of the intensity of light,
number of photons observed, or related statistic, for each slot of the received transmission.
Among these functions is codeword synchronization and Serially Concatenated
convolutionally coded Pulse Position Modulation (SCPPM) decoding, from which
Synchronization-Marked Transfer Frames (SMTFs) are recovered. Synchronization Markers
present in the SMTF allow synchronization and recovery of each transfer frame, which is
delivered to the Data Link Protocol Sublayer along with a quality indicator and sequence
indication.

2.3.2.2 Telemetry Transfer Frame Validation

After SEPPM-decoding and transfer frame recovery is performed, the upper layers at the
receiving end also need to know whether or not each recovered transfer frame can be used as a
valid data unit; that is, an indication of the quality of the received frame is needed. This
function is called transfer frame validation and produces the quality indicator.

The SEPPM-decoder can determine, with a very high probability, whether or not each SCPPM

correctly decoded SEPPM-codewords are marked valid; transfer frames recovered from one or
more incorrectly decoded codewords are marked invalid.

NOTE - The Frame Error Control Field defined in reference [1], [2], or [8] may also be
used for additional frame validation in the Data Link Protocol Sublayer.
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2.3.2.3 Synchronization

This Recommended Standard specifies a method for synchronizing telemetry transfer frames
using an Attached Synchronization Marker (ASM) (see 4.3.3).

2.4 INTERNAL ORGANIZATION OF BEACON AND AOS/USLP TRANSFER
FRAME SIGNALING AT THE CODING AND SYNCHRONIZATION
SUBLAYER

241 INTRODUCTION

2.4.2 AOS/USLP TRANSFER FRAME SIGNALING AT THE SENDING END

Figure 2-5 shows the internal organization of AOS/USLP transfer frame signaling at the
Coding and Synchronization Sublayer of the sending end. This figure identifies functions
performed by the sublayer and shows logical relationships among these functions. The figure
is not intended to imply any hardware or software configuration in a real system.

From Data Link
Protocol Sublayer

AOS or USLP
Transfer Frames

Coding and
Synchronization

Functions

l

Binary vector to
Physical Layer

Figure 2-5: Internal Organization of AOS/USLP Transfer Frame Signaling at the
Sending End

At the sending end, the Coding and Synchronization Sublayer accepts AOS or USLP fixed-
length transfer frames from the Data Link Protocol Sublayer (see figure 2-5). It then
performs functions selected for the mission and generates Low-Density Parity-Check
(LDPC) encoded Synchronization-Marked Codewords (SMCWs). These SMCWs are
PPM) symbols. Two guard slots are inserted to the 2-PPM symbol stream and sent to the
Physical Layer.
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4 O3K TELEMETRY SIGNALING
41 OVERVIEW

This Recommended Standard operates by taking CCSDS TM, AOS, or USLP transfer frames
as input and producing a binary vector as output to the Physical Layer. The binary vector
indicates which OOK symbols are to contain light pulses.

No intervening slots (data or fill) are added to this output. The functional blocks of the
architecture at the sending end are shown in figure 4-1, along with the notation used in the
following subsections that defines these functions mathematically. It should be understood
that the functions need not be implemented explicitly as defined here; any implementation
producing the proper binary vector complies with the standard.

As shown in figure 4-1, optional transfer frames adaptation is performed (4.3). An ASM is
prepended to each transfer frame, forming an SMTF. The stream of SMTFs is sliced into
information blocks (4.3.4) which are provided as input to the channel encoder (4.4).

Two different encoders are described, a Reed-Solomon (RS) (255,223) code (4.4.2) and rate
1/2 and 9/10 LDPC codes (4.4.3). Codewords are then channel interleaved (4.5), optionally
repeated (4.6), and randomized (4.7).

The sync layer framing is performed (4.8): the SLFRAME header, composed of a sync
marker and additional signaling fields (in-band signaling, interleaver signaling), is prepended
to each major code frame. Each OOK symbol is then optionally repeated (4.9). The variation
of the symbol rate provides another scheme to perform variation of the data rate.

At the receiving end, two levels of synchronization are required: SLFRAME
synchronization (identified by the SLFRAME header sync marker) and transfer frame
synchronization (identified by the ASM). SLFRAME synchronization is achieved by
recognizing the specific symbol pattern of the header sync marker in the symbol stream. This
synchronization is then verified by making further checks.

CCSDS 142.0-P-1.1 Page 4-1 November 2023
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From Data Link Protocol Sublayer

CCSDS Transfer Frames ‘ a®,a', ... at!
Transfer Frame
Adaptation
Y AN AR
RS or LDPC Encoder
! q%q', ..., qC!
Channel Interleaver
Y POt L rRTI
Repeat (4.6)
Y o, al, .. ok
Pseudo—Randomizer
Y AR, ..., pR=L
Frame Synchronization
Y s, st 80T — Sync Layer Framing
In-Band Signaling
y et
Repeat (4.9)
AN AR A
Modulation Mapping
l Wyl R
To Physical Layer

Figure 4-1: O3K Telemetry Signaling
NOTE - For each functional block, lower-case symbols identify the different types of

input and output vectors, while upper-case letters represent the number of such
vectors.
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4.2 CCSDS TRANSFER FRAMES

The input to the Coding and Synchronization Sublayer shall be a sequence of CCSDS
transfer frames as described in 3.2.

4.3 TRANSFER FRAME ADAPTATION

43.1 OVERVIEW

Transfer frame adaptation is the process of attaching synchronization markers, and slicing the
SMTF stream into blocks of an appropriate length for the channel encoder. This produces the
correct information block size at the input of the encoder regardless the size of the input
transfer frame. When the Data Link Protocol Sublayer provides transfer frames having a
length corresponding to the information block size, transfer frame adaptation is not required.

4.3.2 USE OF TRANSFER FRAME ADAPTATION

Transfer frame adaptation may be used for O3K. A managed parameter indicates if transfer
frame adaptation is used.

4.3.3 ATTACHED SYNCHRONIZATION MARKER

If transfer frame adaptation is used, an ASM shall be prepended to each transfer frame,
resulting in an SMTF, as described in 3.3.

434 SLICER
If transfer frame adaptation is used, the sequence of SMTFs shall be sliced into information

blocks of length k, where k is determined by the code type and code rate (see table 4-1),
which are managed parameters. The last information block may be less than £.

Table 4-1: Information Block Sizes

Code Code Information block
Type Rate size in bits
r k
RS 223/255 1784
LDPC 1/2 15360
LDPC 9/10 27648

NOTE — The Data Link Protocol Sublayer ensures that the cumulative size of the transfer
frames to be transmitted is compatible with the size of the encoder input.
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44 CHANNEL CODING

44.1 GENERAL

Either an RS encoder or an LDPC encoder shall be used. A managed parameter indicates the
code type to be used.

442 REED-SOLOMON ENCODER

When the RS encoder is used, codeblocks shall be computed from the input blocks as
described in section 4 of reference [1], using parameters E = 16 and Q = 0.

NOTES
1 E = 16 corresponds to the (255, 223) RS code.
2 Q = 0 means that a shortened codeblock is not used.

3 Reference [1] specifies symbol interleaving with allowed interleaving depths of
[1=1,2,3,4,5,and 8.

4 The ASM described in subsection 4.3.10 of reference [2] is not attached to the
codeblock.
5 The input to the encoder is I information blocks each of size k = 1784 bits (see

table 4-1). The output codeblock has size 255 X [ X 8 binary digits. The maximum
length is equal to 255 X 8 X 8 = 16320 binary digits.

6 In the notation of figure 4-1, the input blocks f = f°, f1, ..., f¢1, with
fi=fh fl o, fii—1» are encoded and interleaved to produce codeblocks

— 0 1 c-1 : i — [ [
q - q s q 5 "ty q ’ Wlth ql - q(l)a qia o qéSSXIXB'

443 LOW-DENSITY PARITY-CHECK ENCODER
4431 Overview

This specification includes two Quasi-Cyclic (QC) LDPC codes:
— arate 1/2 Protograph-Based Raptor-Like (PBRL) LDPC code;
— arate 9/10 Accumulate-Repeat-Accumulate (ARA) LDPC code.

The input to the LDPC encoder is an information blocks of size k = 15360 bits for the rate
1/2 code and k = 27648 bits for the rate 9/10 code (see table 4-1). For either rate code, the
output codeword is n = 30720 binary digits. The code rate r is handled by an in-band
signaling protocol. The codes are systematic before puncturing is applied and not systematic
after puncturing, with the parity-check binary digits appended after the systematic bits.
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A QC-LDPC code can be defined by a Parity-Check Matrix (PCM) of size m, L X n,L. The
PCM of a QC-LDPC will be denoted hereafter H, and can be written as an m;, X n, array

h0,0 hO,nb—l
H — . . :
hmb—l,o hmb—l,nb—l

where each submatrix h;;, 0<i< (m,—1),0<j< (n,—1), is an L X L circulant
permutation matrix that can be described as an integer power a of the cyclic group generator Z
defined as

0 1 0 - - 0
00 1 0 =~
Z=|, 1 0
0 0 1
1 0 - o - 0

Thus, we have h; ; = Z%J with —1 < a;; <L —1. Z°=1, is the identity matrix of size
L x L.By convention, Z~' = 0, will denote the all-zero matrix of size L X L. Integer a; ; is
referred to as the exponent of the associated circulant h; ;.

Associated with the PCM H, we define the exponent matrix H,, of size m;, X n, as follows

Xo0 Xo,np—1
H, = : : .
amb—l,o amb—l,nb—l

The specification of Hy, therefore, is sufficient to construct H, and thus the code.

4.4.3.2 Basic LDPC Code Used in Construction

4.43.2.1 The parity check matrix for the LDPC codes shall be formed by using an m;, X n,,
array of L X L square circulants, where my,, n,, and L are given in table 4-2.

Table 4-2: LDPC Code Parameters

Code Rate my, n, L
12 140 260 128
9/10 36 252 128

NOTE - The full myL X n,L parity-check matrix H can be constructed from the
associated m,, X n, exponent matrix H with the following procedure:
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fori=0TOm, — 1
forj=0TOn, —1
HGL:(i + 1)L —1,jL: (j + DL — 1) = ZHp(&))
endfor
endfor

where H(i;: i, j;:j,) is the submatrix spanning row indexes i; to i, and column

indexes j; to j, within matrix H.

4.4.3.2.1 shall be as represented in annex C.

NOTES

1
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In particular, annex C has one table for the rate 1/2 code, and one for the 9/10 code.
Each row of the table has m;, lines. Each row in the table enumerates the position and
exponent of all non-zero circulants in the corresponding row of Hj. Accordingly,
each row i € {0,...,my — 1} of the table contains at most n, entries where each
entry is a pair (j, @; ;) with j € {0, ..., n, — 1} being the column index in Hj, and

a; j being the exponent of the associated non-zero circulant hy ;.

The following procedure may be used to construct Hy,. First, each exponent matrix Hy,
is initialized with ‘=1’ in each of the m;, X n; entries. Let n; denote the number of
pairs (j, a; ;) in row i of the table. There are 2n; total entries in row i of the table.

Then the exponent matrix can be built as follows:

fori=0TOm, — 1
forj=0TOn, —1
endfor

endfor

The structure of the resulting parity-check matrix is as shown in figure 4-2, where the
size of the non-zero submatrices A to F for each supported code rate are listed in
table 4-3. Submatrices E and F are identity matrices. Submatrix D has the form of a
bidiagonal matrix but with the second diagonal starting at line L. For ARA type, the C

matrix, F matrix, and the all-zero matrix above F are not used.
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Figure 4-2: General Structure of the Parity-Check Matrix H
Table 4-3: Size of Each Submatrix within H
LDPC
Code Size of Size of Size of Size of Size of Size of
Rate matrix A matrix B matrix C matrix D matrix E matrix F
r (Mmga, ny) (mp, ng) (me, ne) (mp, np) (mg, ng) (mp, ng)

1/2 40L x 120L 20L x 20L 80L x180L 40L x40L 20L x20L 80L x80L
9/10 24L x 216L  12L X 12L Not used 24L x 24L  12L X 12L Not used

4.4.3.3 Encoding from H
4.43.3.1 The encoder shall accept as input a block of bits of length k as per table 4-1.

4.4.3.3.2 Codewords consistent with the parity-check matrices in 4.4.3.2.1 shall be
produced by the following algorithm.

With u! = u,, ..., Up, -1 denoting the sequence of codewords resulting from encoding of f,
where n,L is the LDPC code length before puncturing, vector u‘ can be written as
ul (&', p)), with p' = (Picc, Plrg» PLae) being the vector of myL parity-check bits to
compute, where subvectors p.., P4, and pi,, have length nzL bits, npL bits, and nzL bits,

respectively (see table 4-3). The systematic encoding of u by H can be realized in four steps,
as described below:

1 phec = ehee X Bt is computed, where vector fiioe = fg, fi's ..., friz1—1 is formed of the
first ngL bits of input frame f*;
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2 pl.=4q'x (DY is computed, where q° = e! x A;
3 Dexe = (€', Phee Pira) X C' is computed;

4 the codeword ul = (€, plcc, Plrg» Phxe) is formed.

NOTES

1 In step 1 above, ng refers to the number of columns of matrix B, and not the number
of columns of the exponent matrix, which is n,,.

2 Because of the particular bidiagonal structure of D, simple back-substitution can be
used instead of explicitly calculating the inverse (D).

3 The symbol X denotes the matrix product.

4.4.3.4 Puncturing

The LDPC codewords shall be reduced to length n = 30720 binary digits by puncturing the
first P systematic bits, with P as given in table 4-4.

Table 4-4: Number P of Punctured Bits

Code Rate P
1/2 2560
9/10 1536

NOTE - LDPC encoding produces a systematic codeword of total length n,L. As
illustrated in figure 4-3, the first P code bits in the LDPC codeword u’ are
discarded and not transmitted in order to form the codeword

i — 0 i
q - uP, LEEIETY unBL_ln

Each q' is called the LDPC codeword.
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Encoder Output:

npL .
Systematic Bits Parity
P k' m

Transmitted Symbols:

Systematic Bits

Parity

A

n=30720

v

Figure 4-3: Format of the LDPC Codeword after Puncturing

45 CHANNEL INTERLEAVER

45.1 GENERAL

45.1.1 The sequence of RS codeblocks or LDPC codewords q = q°, q*, ...

c-1
» q

shall be

channel-interleaved with a block interleaver as shown in figure 4-4 and described herein.

O L o rafrlh row 0 | A0r@leerdl, TRl o e
row 1 qu&,qil,q%.,qzl,l """ * rowl | fll';éf%'r-'-'-rg%,l 67,%;;61;,;4 T

e ’ k-"/— -~
il i i I _ gl i [ A A T

row i kg g *  rowi | abrabmeal, b A

i L-"’/. o e /_,—’
B —T S SRSV VAR s e B s MO I s
] t v

WRITE READ
Figure 4-4: Block Channel Interleaver

NOTE - Each codeblock or codeword q*, composed of L bits q* = q¢,q5 , ..., qj—1, 1S

written row-wise in the interleaver, and the output is obtained by reading the
interleaver column-wise by blocks of length K.

45.1.2 The interleaver shall be parameterized with three parameters: K, the number of
binary digits per interleaver symbol; N, the number of rows in the channel interleaver; and L,
the number of columns in the interleaver.Block interleaver parameters.

45.1.3 The values of K, L, and N shall satisfy the constraints in table 4-5.
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Table 4-5: Constraints on Block Interleaver Parameters

Code K L N
RS Multiple of 8; factor of L 2040 x I Atmost 223 — 1
LDPC {64, 128, 256, 512, 1024} 30720 At most 218
NOTES
1 L here is not related to the L used in the definition of the LDPC encoder.
2 The parameter K allows more efficient access to memory, compared to a bitwise

block interleaver. This can be important in for high-throughput data transfer.

3 N is an integer. The maximum allowable value of N is a compromise between
memory hardware constraints onboard and on-ground, and the maximum interleaving
time. The maximum N is lower for LDPC than for RS because soft decision decoding
at the receiving end requires quantization of the symbols, which takes more memory
than the hard-decisions the RS decoder uses.

4 N can be chosen in accordance with the repeat factors SF' (see 4.6) and q4 (4.9.1) in
order to have an interleaving time which is similar for all the selected repeat factors
during a mission phase

45.2 NUMBER OF ROWS IN THE INTERLEAVER

When RS coding is used, the number of rows in the interleaver, N shall equal either Ny or
Ny/qq; when LDPC coding is used, N shall be signaled by in-band signaling as specified in
4.8.2.6.4.7.

453 CHANNEL INTERLEAVER INPUT NOTATION

The sequence of RS codeblocks or LDPC codewords g = q°, ¢, ..., q¢~* shall be a vector
of vectors that can be viewed as a single vector of interleaver binary digits,

~

q = o> 91> > qLxc-1>

where for i € {O, 1, ..., C— 1} andj € {O, 1, ..., L— 1}, Quxi+j = q]l
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454 CHANNEL INTERLEAVER OPERATION
45.4.1 \Write Order and Read Order

The input interleaver binary digits § shall be serially written into the interleaver row-wise,
and then, the interleaver symbols of K binary digits are serially read out column-wise.

4.5.4.2 Input and Output Relationship

The correspondence between r]-i, the jt" bit of the i" interleaver output frame, and g} the
k" bit of the I*" interleaver input frame shall be:

| T Ok l
rjl:qll‘WIthl:lﬁJ’and}:IEJKN-I_K(l_lNJN)_*—k’

where LxJ denotes the integer part of x

4.5.4.3 Reindexing Channel Interleaver Output to Form Interleaved Codewords

The sequence 7* may be re-indexed into R = C/N blocks each containing L X N binary digits:

where for i € {O, 1,..,R— 1}, the it" block is denoted 1% = ¢, ri, ..., 1}yy_1, and for
jef{0,1,..,LxN—1},

i _ &
Ty = TLxNi+j.

NOTE - Each rt is called an interleaved block.

45.4.4 Transmission Closure

The Data Link Layer shall ensure that the cumulative size of the transfer frames to be
transmitted is compatible with the size of the interleaver.

46 REPEAT
4.6.1 When RS coding is used, no repeat shall be applied at this stage (equivalently, SF = 1).

4.6.2 When LDPC coding is used, each interleaved block binary digit shall be repeated so
that it appears SF times, SF' € {1, 2, 4, 8, 16}, as follows:
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4.7.1

a) forj € {0, 1, .., SF(RXLXN)— 1}, thejth symbol at the output of the repeater shall

be
@ = 1j/sr);

where | x | denotes the integer part of x;

b) the sequence a shall be composed of R blocks each containing SF X L X N binary
digits:

a=a’ at, .., af?
where for i € {0, 1, .., R— 1}, the i block is denoted a® = a, at, ..., alryixn-1-
and forj € {0, 1, .., SF XL xN—1},
0(} = éZSFxL><N><i+j.
NOTES

Each a' is called a repeated interleaved block.

SF refers to ‘spreading factor’. The repetition, combined with the mandatory pseudo-
randomizer (4.7), is a spread spectrum technique. The bit repetition contributes to the
Variable Data Rate method as described in 4.8.2.6.2.

When LDPC coding is used, the value of SF is handled by inline communications
protocol.

4.7 PSEUDO-RANDOMIZER

RANDOMIZATION OF REED-SOLOMON CODEBLOCKS

4.7.1.1 Each interleaved RS codeblock shall be pseudo-randomized by performing the
digit-wise modulo-2 addition with a pseudo-random sequence, as shown in figure 3-4
described in 3.5 and herein.

4712 Forie {O, 1, ..., R— 1}, the " pseudo-randomized interleaved block is denoted
Bi= B Bi, ..., Birsxn—1, Where for j € {0, 1,..,SFXLXN — 1}, thejth symbol of the i"

block is

B} = a}®p;,

where @ represents modulo-2 addition and p;is defined in 3.5.2.

NOTE - Each B! is called an RS major code frame.
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4.7.2 RANDOMIZATION OF REPEATED INTERLEAVED BLOCKS OF LDPC
CODEWORDS

4.7.2.1 Description

Each interleaved repeated block of LDPC codewords shall be pseudo-randomized by
performing the digit-wise modulo-2 addition with a pseudo-random sequence, as shown in

figure 4-5 and described herein.
o bits »G?—» B bits

Pseudo-random

x* XY e XB ] X[ e X —» x* veduenee
r ot ot r 1
( Initialize to ‘0x5ASB’ state prior to feeding in repeated interleaved block.
Re-initialize after each L binary digits.
Figure 4-5: Pseudo-Randomizer
NOTES
1 For i € {0, 1,.., R— 1}, the " pseudo-randomized interleaved block is denoted
Bi=Bh. B, ... Birxixn—1, where for j€{0, 1, .., SFXLxN—1}, the j"
symbol of the i" block is
,8} = 06} Dy;,
where @ represents modulo-2 addition, and y; is defined in 4.7.2.2.
2 As mentioned before, L = 30720 binary digits.
3 Each ! is called an LDPC major code frame.
4 The pseudo-randomizer defined in this section ensures sufficient randomness and

sufficient bit transition density to allow proper synchronization of the decoder.
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4.7.2.2 Sequence Specification

The pseudo-random sequence ¥y, ¥1, ---» ¥30720—1 Shall correspond to the first 30720 bits of
a truncated PRBS15 sequence generated by the monic polynomial:

gD)=D" +D" +1.
NOTE - The output bit of the sequence is the Least Significant Bit (LSB) of the linear
feedback shift register. In figure 4-5, the LSB of the LFSR is denoted x?.
4.7.2.3 Sequence Initialization

4.7.2.4 This sequence shall begin at the first digit of the repeat interleaved block and the
sequence generator shall be reset after each L binary digits. The sequence is continuously
repeated until the end of the repeat interleaved block is reached, as illustrated in figure 4-7.

4.7.2.5 The sequence generator shall be initialized with initialization pattern = Ox5A5B.

Index | x° | x| x| x| X' | X' | X | X | X | ¥ | X | X |X|X|X

Value 1 0 1 1 0 1 010 1 0 1 1 0 1 |1

0x 5 A 5 B

Figure 4-6: Pseudo-Randomizer LFSR Initialization

NOTE - The first output bits after initialization, using transmission convention (first is
MSB) are: 1101 1010 0101 1010 1101 1000 1101 1001 0010 0001 0010 0011.

Initialize Initialize Initialize Initialize

' ' ' '

Randomizer ON | Randomizer ON Randomizer ON
L bits L bits L bits

Major code frame

SF x L x N bits

Figure 4-7: Pseudo-Randomizer Initializations Each L Bits
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48 SYNC LAYER FRAMING
481 SYNC LAYER FRAMING FOR REED-SOLOMON
4.8.1.1 Sync Layer Subframes

Each RS major code frame of 2040 I N binary digits shall be split into Ngg subframes, each
of length 2040 I N;, binary digits, where N is a multiple of ;.

NOTES

1 Nj, is a managed parameter.

2 Ngg is computed as Ngg = N/N;, where N is the number of rows of the channel
interleaver.

4.8.1.2 Sync Layer Framing with No Subframes (N, = N, i.e., Ngg = 1)

48.1.2.1 General

When N = N, that is, when the major code frame is not split into multiple subframes
(Nsg = 1), then the sync layer frame shall comprise an attached sync layer frame marker as

defined in 4.8.2.3.2, followed by the major code frame.

4.8.1.2.2 Sync Layer Frame Marker

The Sync Layer Frame Marker (SLFM) shall comprise a Frame Synchronization Marker
(FSM), which corresponds to the ASM as defined in 3.3.2.

4.8.1.3 Sync Layer Framing with Subframes (N, < N, i.e., Ngg > 1)

4.8.1.3.1 General

When N;, < N, that is, when the major code frame is divided into subframes (Ngg > 1), the
sync layer frame shall comprise an SLFM, followed by subframe 0, followed by a sequence of
Secondary SLFM (SSLFM) and subframe pairs, totaling Ngp subframes, as shown in
figure 4-8.
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| Major Code Frame (2040 I N bits) |

Subframe 0 Subframe 1 Subframe 2 . Subframe Nsr — 1
(2040 1 N, bits) (2040 1 N, bits) (2040 I N, bits) (2040 1 N, bits)

IFS FSM IFS
Subframe 1 (24 bits)

(24 bits) | | (32 bits)
—— >
SLEM SSLFM SSLFM

(SI;SI;/{S) IFS Subframe 0 FSM

(24 bits) (32 bits) Subframe N~ 1 |

Sync Layer Frame for N> Nv (32 Nsr + 24 Nsr + 2040 I N) bits
Sync Layer Frame for N = Ni (32 Nsr + 2040 I N) bits

Figure 4-8: Sync Layer Frame for O3K-RS
4.8.1.3.2 Sync Layer Frame Marker

When Ngr > 1, the SLFM shall comprise an FSM, which corresponds to the ASM as defined
in 3.3.2, followed by an optional Interleaver Frame Signaling (IFS) field, composed of 24 bits:
23-bit counter set to zero (23 zeroes) and one-bit parity set to zero, followed by an optional IFS
field, composed of 24 bits: 23-bit counter set to zero (23 zeroes) and one-bit parity set to zero.

NOTE - The presence or absence of the counter is indicated by a managed parameter.

4.8.1.3.3 Secondary Sync Layer Frame Marker

When Ngp > 1, the SSLFM shall comprise an FSM, which corresponds to the ASM as
defined in 3.3.2, followed by an optional IFS field composed of 23-bit counter and 1-bit
counter parity. The value of the counter shall be i in the SSLFM immediately preceding
subframe i.

4.8.2 SYNC LAYER FRAMING FOR LOW-DENSITY PARITY-CHECK
4.8.2.1 Sync Layer Subframes

Each major code frame of SF 30720N binary digits shall be split into Nsg subframes, each of
length 30720 N;, binary digits, where SF - N is a multiple of N

NOTES
1 N, is a managed parameter.
2 Ngg is computed as Ngg = SF - N/N;, where N is the number of rows of the channel

interleaver, and SF the repeat factor described in 4.6.

4.8.2.2 Sync Layer Framing with No Subframes (N, = SF - N, i.e.,, Ngg = 1)
When Ngp = 1, that is, when the major code frame is not split into multiple subframes, then

the sync layer frame shall comprise SLFM as defined in 4.8.2.3.2, followed by the major
code frame, as shown in figure 4-9.
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Major Code Frame (SF30720N bits)

SLFM Subframe 0

A

»
>

v

<
<

SLFM (6144 bits) (SF30720N bits)

Sync Layer Frame (6144 + SF30720N) bits

Figure 4-9: Sync Layer Frame for O3K LDPC with No Subframes

NOTE - In this situation, there are no SSLFMs in the sync layer frame.

4.8.2.3 Sync Layer Framing with Subframes (N, < SF - N, i.e., Ngg > 1)
4.8.2.3.1 General

When Ngg > 1, the sync layer frame shall comprise a SLFM, followed by subframe 0,
followed by a sequence of SSLFM and subframe pairs, totaling Ngg subframes, as shown in
figure 4-10.

Major Code Frame (SF30720N bits)

Subframe 0 Subframe 1 Subframe 2 Subframe Nsr — 1

FSM [ IBS | IBS Subframe 0 FSM | IBS | IFS Subframe 1 FSM| IBS | IFS

(2048 bits) | (2048 bits) | (2048 bits) (2048 bits) | (2048 bits) | (2048 bits) (2048 bits)| (2048 bits) | (2048 bits)

Subframe Nsr — 1

> <
> <

v

> <
> <

" SLEM (6144 bits) (30720N_bits)  SSLEM (6144 bits)

> < >
>4

(30720N. bits) "SSLFM (6144 bits) (30720N. bits)

v

<
<

Sync Layer Frame (Nsp6144 + SF30720N) bits

Figure 4-10: Sync Layer Frame for O3K-LDPC with Multiple Subframes

4.8.2.3.2 Sync Layer Frame Marker

48.2.3.2.1 General

When Ngg > 1, the SLFM shall comprise an FSM, a first In-Band Signaling (IBS) field, and
a second IBS field, as described in the subsections below.

4.8.2.3.2.2 Frame Synchronization Marker

The FSM shall be shall be the 2048-bit sequence defined in annex D, using the initial
condition 4 = 2.
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NOTES
1 The sequence represented in hexadecimal notation is:

0xC0173D2255032836E2ACAA887EF8668EA64A6911AS89AE2E498EC979215A
54575C3D8D71AC679AFBED06D9DAB4B6084B80EC4B3EB7A1A94BD976EE6
7C5612D41813096A8DB50A22B67514E0F90E78F36626E79971105791522CF17C
83374CF7EAD26C7CBA86750F130D1A4D5405141BB35C04BB25EA4F91FEO06A
644956088E35E7EB4D510D5842651CFBSCF4039BD2FD4641FF9B47E1453FCl1
C7861ES10E56BA12A6B5D94CE69346846AFFC4375FB8D4B252F97895A170D2
CDF92F52A6A9F8F1A9ADDCF3C45CB041B3F2FFOA4FEBOSDA4DFC793DD14
9ES9AC61A76421D7B8FA210071EE4E15F1E199692AER0B47E933E42CDAC123
FSEFB4561B4D1569CE71840

with the left-side bit being the MSB of the FSM to be sent first.

2 This FSM may appear long compared to the traditional CCSDS synchronization
marker described in [7]. This length is justified by the need to have a robust start-of-
frame synchronization when the repeat factor SF' (4.6) for the VDR spread spectrum
technique is used (see VDR in 4.8.2.6.4.7).

4.8.2.3.2.3 First In-Band Signaling Field

The first IBS field shall be the sequence defined in 4.8.2.6.5.

4.8.2.3.2.4 Second In-Band Signaling Field
The second IBS field shall be identical to the first IBS field.

NOTE — This repeated IBS field indicates the start of a major code frame.

4.8.2.3.3 Secondary Sync Layer Frame Marker

The SSLFM shall be identical to the SLFM defined in 4.8.2.3.2, except that the second in-
band IBS field shall be replaced by an IFS field, defined as the 2048-bit sequence defined in
annex D, using the initial condition A = 6.

NOTES

1 This IFS field indicates all the subframes of a major code frame that are not the first
subframe.

2 The SSLFM includes no counter to indicate the position of the subframes inside the

block interleaver, as in the RS coding case. It is up to the receiver to detect the
beginning of the sync layer frame, signaled by two IBS fields.
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4.8.2.4 IDLE Sync Layer Subframes
48.24.1 General

IDLE Sync Layer (ISL) Subframes (ISLFs) may be generated when needed by the coding and
synchronization sublayer to maintain synchronization process at sync layer frame level. When
used, they shall have the structure defined in the following subsections and shown in
figure 4-11.

FSM | IIBS | IIBS ISL Frame

(2048 bits) | (2048 bits) | (2048 bits)

&
<

ISLFM (6144 bits) (30720N;, bits)

v

Figure 4-11: IDLE Sync Layer Subframe

4.8.2.4.2 Frame Synchronization Marker
48.24.21 General

The FSM shall be the 2048-bit sequence defined in annex D, using the initial condition A = 2.

4.8.2.4.2.2 First IDLE In-Band Signaling Field

The first IDLE In-Band Signaling (IIBS) field shall be the 2048-bit sequence defined in annex D,
using the initial condition A = 4.

4.8.2.4.2.3 Second IDLE In-Band Signaling Field

The second IIBS field shall be identical to the first IIBS field.

4.8.2.4.2.4 IDLE Sync Layer Subframe Payload

The ISLF payload shall be a vector computed using the pseudo-randomizer defined in 4.7.2.
The vector corresponds to the output of the pseudo-randomizer (B bits) when the all ‘zeroes’
vector of length 30720V, is provided at the input of the randomizer (a bits).

4.8.2.5 Discussion

The resulting sync layer frame y = y° y!, ..., yB*D=1 comprises a combination of
9 =9° 9%, ..., "1 sync layer data frames and Y210 = Vidie » ml, s Yoale " ISLF,
ordered in a monotic way, but where the occurrence of ' and y,4;, cannot be known in
advance.
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An illustration of ISLF insertion is provided by figure 4-12, in which ISLFs are inserted
between two consecutive major code frames.

SSLFM S‘]‘\?frarlne ISLFM | ISLFrame | ISLFM |ISLFrame | +++ | ISLFM |ISLFrame | SLFM S“bgame SLFM S“btl“‘me
SF—

Figure 4-12: IDLE Sync Layer Subframes Inserted between Two Major Code Frames

The mechanism of ISLFs can be used to ease ground receiver synchronization during
acquisition or reacquisition of the link. At the receiver end, ISLFs are discarded.

4.8.2.6 In-Band Signaling
4.8.2.6.1 Overview

In-band signaling is a method to communicate dynamically changing signal parameter values
to the receiving end, using the communications link itself. The in-band signaling can be
detected at the receiving end, which allows the receiver to recover the parameter values and
properly configure itself to receive the remainder of the transmission.

The in-band signaling is accomplished with the IBS. The IBS comprises 2048 binary digits
that contain the Mode ID as defined in 4.8.2.6.4, which identifies the emitter configuration
table. The IBS is generated using the Gold codes defined in annex D. The set of allowable
transmission modes is cataloged in an emitter configuration table known to both the sender
and receiver.

In-band signaling is only supported by O3K LDPC coding, where dynamic links are
expected. It is not used with HPE. Where dynamic HPE links exist, dynamically changing
transmission parameter values could be supported by requiring the receiving end to perform
blind acquisition of the changing values, for example, a shift in the PPM order or repeat
factor. This is possible within the framework of the HPE standard without utilizing in-band
signaling. It is not used by O3K RS either. Where dynamic O3K RS links exist, dynamically
changing the symbol rate is supported by requiring the receiving end to perform blind
acquisition of the changing value qq , the repeat factor defined in 4.9.1.

4.8.2.6.2 Use of In-Band Signaling

In-band signaling shall be used when LDPC coding is used. It shall not be used when RS
coding or SCPPM coding is used.

4.8.2.6.3 Signaled Parameters
When in-band signaling is used, it shall be used to indicate the code rate (r), the repetition

factor (SF), the number of rows of the channel interleaver (N), and the size of the channel
interleaver block (K).
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4.8.2.6.4 Emitter Configuration Table

48.2.6.41 General

Each distinct parameter set (r, SF, N, K) used in transmission shall be represented in a row
of the emitter configuration table.

NOTES

1 The emitter configuration is defined as a set of parameters that can change
dynamically during a mission phase and which values are to be sent to the receiver.

2 The table is a managed parameter known to the transmitting and receiving ends of the
link, and held fixed during each mission phase.

4.8.2.6.42 Mode ID

Each row of the emitter configuration table shall have a unique numeric Mode ID associated
with transmission parameter values (r, SF, N, K).

4.8.2.6.4.3 Description

Each row of the emitter configuration table shall have a textual description of the mode.

4.8.2.6.4.4 CodeRate

Each row of the emitter configuration table shall include a code rate » € {1/2, 9/10}.

4.8.2.6.4.5 Repetition Factor

Each row of the emitter configuration table shall include a repetition factor SF' € {1, 2, 4, 8,
16}.

4.8.2.6.4.6 Number of Rows in Channel Interleaver

Each row of the emitter configuration table shall include a number of rows of the channel
interleaver N, an integer ranging inclusively from 1 to 2'%.

4.8.2.6.4.7 Size of the Channel Interleaver Block

Each row of the emitter configuration table shall include a size of the channel interleaver
block K € {64, 128, 256, 512, 1024}.
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NOTES

1

The in-band signaling is compatible with a static data rate used during the whole
mission, a constant data rate used for a specific overflight or mission phase, a
dynamic data rate that is predetermined (preprogrammed) based on elevation profile,
and a dynamic data rate that is modified in a near real-time fashion to react to
observed channel conditions in order to maximize data return.

The Mode ID identifies the current configuration of the emitter. If the number of
emitter configuration modes defined for a mission phase is high, the IBS detection
algorithm may be less robust. During a pass, having only two code rates and 5
different repeat factors, it is not relevant to define more than 6 different
configurations.

Example emitter configuration tables are given in table 4-6, for the case of a constant
data rate, and in table 4-7 for a dynamic data rate scenario.

Table 4-6: Example 1 of Emitter Configuration Mode Table for O3K Optical

Communications Using LDPC Coding

Repeat | . Channel Number of
Mode .. interleaver .
Description Code rate r factor rows in the
ID block .
SF K interleaver N
0 PL Frame Y 1 128 262144

Table 4-7: Example 2 of Emitter Configuration Mode Table for O3K Optical

Communications Using LDPC Coding

Mode Repeat | Channel Number of
D Description Code rate r factor | interleaver | rows in the
SF block K | interleaver N
8192
1
0 PL Frame2 SF16 Va 16 128 (65536/3)
16384
1
1 PL Frame2 SF8 Va 8 128 (65536/4)
16384
1
2 PL Frame2 SF4 Va 4 128 (65536/4)
3 PL Frame2 SF2 s 2 128 65536
4 PL Frame2 SF1 V2 1 128 65536
61 PL Frame9 SF1 9/10 1 128 65536
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4.8.2.6.5 In-Band Signaling Sequence Specification

When Mode ID m is used, 0 <m < 61, the IBS field shall be the 2048-bit sequences
defined in annex D, using the initial condition A = 2(m + 4).

NOTE - For example, with the emitter configuration table of table 4-7, the initial
conditions A to generate the gold sequences, which identify the configuration, are
given in the table 4-8.

Table 4-8: Example of Initial Condition A

Mode ID 0 1 2 3 4 61

Initial condition A 8 10 12 14 16 130

49 REPEAT
49.1 REPEAT FORRS

4.9.1.1 When RS coding is used, each coded OOK symbol shall be repeated so that it
appears g, times, where ¢, is the repeat factor.

49.12 Forje€ {0, 1, ..., Sync_Layer_Frame_length — 1}, thejth symbol at the output of
the repeater shall be

t = Yij/aal>
where LxJ denotes the integer part of x.
NOTES
1 The minimum slot width of the mission phase is given by the managed parameter T,

the telemetry signaling slot width (reference [3]). The repeat factor q; will make it
effectively longer by a factor of 2%, with 0 < w < (13 —log,(T x 10 X 109)).
After repetition, the resulting effective slot width is one of the slot widths defined in
reference [3], subsection 5.7.

2 The repeat factor used by the transmitter is recovered by the receiver itself, and
therefore no in-band signaling or management is required.

3 The subset of allowable repeat factors that a mission phase uses is known at the
receiving end. This enables the receiver to search over a smaller subset instead of the
entire set of allowable repeat factors. This subset is a managed parameter, the Repeat
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4 The interleaver length can be affected by the repeat factors. The number of rows of
the interleaver, N, is defined in the managed parameter and detailed in 4.5.1.2. Its
value can either be kept constant, N = Ny ax, or it can be scaled with respect to the
repeat factors, that is, N = Nyax/q4. For example, if the maximum data rate selected
in the Physical Layer is 10 Gb/s and repeat factors list in the managed parameter is
Ja = {1, 4, 8}: this means that the maximum data rate of 10 Gb/s is transmitted and
data rate variation scheme can be used to lower the data rate to 2.5 Gb/s (using

qqa = 4) and 1.25 Gb/s (using g4 = 8).

49.2 REPEAT FOR LDPC

When LDPC coding is used, g, shall be equal to 1, which means that no repetition is applied.

410 OOK MODULATION MAPPING

OOK modulation mapping shall be performed by directly mapping the coded binary digits to
Non-Return-to-Zero (NRZ)-OOK symbols: coded binary digit 0 gives an NRZ-OOK symbol 0,
and coded binary digit 1 gives an NRZ-OOK symbol 1.

411 TRANSFER FRAME VALIDATION
411.1 OVERVIEW
41111 O3KRS

The receiving end of the telemetry transmission detects the symbol rate, obtains timing
synchronization, and uses the FSMs to obtain codeword synchronization. After removal of the
FSMs, the major code frames are recovered, derandomized, and deinterleaved, and the RS
codewords are decoded.

411.1.2 O3K LDPC

The receiving end of the telemetry transmission obtains a sync layer frame, and then uses the
FSMs to obtain frame synchronization. The IBS of the SLFMs indicates the emitter configuration
mode. The IFS of the SSLFMs indicates the presence of a sync layer subframe. The IIBS of the
IDLE Sync Layer Subframe Markers (ISLFMs) indicates the presence of an ISLF.

After removal of the sync layer frame markers, SLFM and SSLFM, of the frames containing data,
the major code frames are recovered, derandomized, despread, and deinterleaved, and the LDPC
codewords are decoded. If frame adaptation is performed, the resulting sequence of SMTFs
is synchronized by identifying the ASMs, which are removed, yielding the transfer frames.

ISLFs are discarded by the receiver.
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4.11.2 QUALITY INDICATOR

A transfer frame shall be marked valid if it is recovered from one or more correctly decoded
codewords (RS or LDPC); a transfer frame shall be marked invalid if it is recovered from one
or more incorrectly decoded codewords.

4.11.3 OPTIONAL FRAME ERROR CONTROL FIELD IN TRANSFER FRAME

The FECF defined in reference [1], [2], or [8] is optional, and the system designer may
choose to use it for additional frame validation in the Data Link Protocol Sublayer.

412 SEQUENCE INDICATOR

A Sequence Indicator shall be ‘zero’ when a transfer frame is the direct successor of the
previous one, and ‘one’ when a gap has been detected.
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6 OPTICAL RANGING
6.1 OVERVIEW

This Recommended Standard specifies a method to determine the range between a reference
point on the ground and a reference point on the spacecraft. This is accomplished by having
the optical terminal track a ground-to-space (uplink) signal and transmit a corresponding
optical space-to-ground (downlink) signal in such a way that a two-way light-time delay, and
thus range, can be discerned.

In the simplest case, the ground transmits what is called a ranging codeword, and the
spacecraft receives it and then synchronizes its downlink transmission to the uplink ranging
codeword. The ground can then determine the two-way light time by computing the
difference between the time the uplink synchronization marker was transmitted and the time
the downlink synchronization marker was received (referred to as ‘time difference
computation’). This is known as the ‘synchronous mode’ of operation.

This Recommended Standard also specifies an ‘asynchronous mode’ of operations. In this
mode, the spacecraft does not synchronize its downlink transmission with the stream of
received uplink ranging codewords. Instead, it measures the phase of the received uplink
signal every time a downlink ranging codeword departs. This value is then communicated to
the ground, where it can be subtracted from the time difference computation, which achieves
the same mathematical result as in the synchronous mode. In the asynchronous mode, care
must be taken to ascertain which ranging codewords should be involved in the range
computation. Ranging Codeword Identifiers (RCIDs) are used for this purpose.

6.2 UPLINK SIGNAL

The ground station shall transmit one of the following signal types:
a) HPE telemetry signaling in accordance with section 3;
b) O3K telemetry signaling in accordance with section 4;
c) an HPE beacon with accompanying data transmission in accordance with section 5;
d) an RF data signal in accordance with reference [7] or [6]; or

e) an RF signal consisting of a PN sequence in accordance with reference [9].
NOTES

1 An HPE beacon signal without accompanying data is not an allowed transmission for
optical ranging.

2 The use of an RF uplink in the synchronous mode of operations is not allowed.
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6.3 DOWNLINK SIGNAL

The spacecraft shall transmit one of the following signal types:
a) HPE telemetry signaling in accordance with section 3;
b) O3K telemetry signaling in accordance with section 4; or

c) an HPE beacon with accompanying data transmission in accordance with section 5.

NOTE - Use of an RF downlink is not allowed in optical ranging.

6.4 RANGING CODEWORD
6.4.1 BACKGROUND

A ranging codeword is composed of a given number of synchronization-marked codewords
as shown in figure 6-1.

Ranging Codeword

A

v

Synchronization-Marked Codeword

»

A

Sync. Marker Data Codeword(s) | Sync. Marker | Data Codeword(s) | | Sync. Marker Data Codeword(s) |

Figure 6-1: Ranging Codeword

The format of a ranging codeword depends on the format of the transmitted signal according
to table 6-1.
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Table 6-1: Ranging Codeword Structure
Coding and
Synchronization Type of
Sublayer Data Codeword Ranging Codeword Structure
HPE Telemetry Interleaved | csM | Interleaved SCPPM CW |...[ CSM | Interleaved SCPPM CW |
O3K Telemetry Interleaved | SLFM | Frame/Subframe/ISL Frame | | SLFM | Frame/Subframe/ISL Frame |
HPE Beacon + Data | Non-Interleaved | CSM | LDPC Codeword | | CSM | LDPC Codeword |
HPE Beacon + Data | Interleaved | CSM | Interleaved LDPCCW |...[ CSM | Interleaved LDPC CW |
™ Convolutional Coded (*) | ASM | Transfer Frame | | ASM | Transfer Frame |
™ RS Coded | AsM | RS Codeblock  |..| ASM | RSCodeblock |
™ Concatenated Coded (¥) | | ASM | RS Codeblock |...[ AsM | RS Codeblock |
™ Turbo Coded | ASM | Turbo Codeword | | ASM | Turbo Codeword |
™ LDPC Coded (of a |ASM |  LDPCCodeword  |..[ ASM [  LDPCCodeword |
transfer frame)
LDPC Coded (of a

™ stream of SMTFs) | CSM | LDPCCodeblock  |..[ CSM |  LDPCCodeblock |
TC BCH Coded | sS | BCHCodeblock+Tail |..| SS | BCH Codeblock + Tail |
TC LDPC Coded | ss | LDPC Codeblock+ Tail |...[ SS [ LDPC Codeblock + Tail |
NOTES

1 In table 6-1, entries marked with an asterisk (*) indicate that the structure of a ranging

codeword is the convolutionally-coded version of the diagram shown in the third
column of table 6-1.

2 When the uplink signal consists of a PN sequence, the ranging codeword is not
defined.
3 When convolutional or concatenated codes are used, ranging codewords are delimited

by the convolutionally-coded form of the ASM.

4 The RCID is the Codeword Identifier (CWID) of the first SMCW in a ranging
codeword. The CWID contains the first S non-repeated (or non-PN-spread) symbols
after the first synchronization marker of any given SMCW, where S is determined by
the format of the uplink signal according to table 6-2.
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Table 6-2: RCID Symbol Size

Space Coding and
Data Link | Synchronization
Sublayer Sublayer Number of symbols S
™ ™ 32
AOS ™ 48
USLP ™ 112
TC TC 40
™ HPE Telemetry [32/log, M|
AOS HPE Telemetry [48/log, M|
USLP HPE Telemetry [112/log, M]
AOS HPE Beacon 48
USLP HPE Beacon 112
™ O3K Telemetry 32
AOS O3K Telemetry 48
USLP O3K Telemetry 112

NOTES

1

2

When the uplink signal consists of a PN sequence, the RCID is not defined.

With HPE telemetry or HPE beacon with accompanying data, the RCID is the block
of S PPM symbols immediately following the first codeword synchronization marker
in a ranging codeword.

With O3K telemetry, the RCID is the block of S binary symbols immediately
following the SLFM.

With an RF signal, the RCID is a block of S binary symbols after each
synchronization marker or start sequence, which varies depending on the
synchronization and coding sublayer technique used (see table 6-1).

The receiver implementation might record RCIDs using hard-decision channel
symbols (before channel decoding) or symbols reconstructed from first decoded and
then re-encoded codewords.
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6.42 NUMBER OF CODEWORDS PER RANGING CODEWORD

6.4.2.1 There shall be N, uplink synchronization-marked codewords per uplink ranging
codeword, where N, is a managed parameter that shall be fixed during any given ranging
session but may vary across ranging sessions.

6.4.2.2 There shall be Ny downlink synchronization-marked codewords per downlink
ranging codeword, where N4 is a managed parameter that shall be fixed during any given
ranging session but may vary across ranging sessions.

NOTES

1 In any given ranging session, N, may be different from Ng.

2 The values of N, and Ny are selected to meet a mission’s range ambiguity
requirements.

6.5 MODE OF OPERATION

The optical ranging system may operate in asynchronous or synchronous mode. A managed
parameter controls whether the system operates in asynchronous mode or synchronous mode.
6.6 ASYNCHRONOUS MODE

6.6.1 OVERVIEW

In the asynchronous mode of operations, the duration of an uplink ranging codeword need
not be related to the duration of a downlink ranging codeword.

6.6.2 MEASUREMENT OF THE RANGING BIT FIELD TIME

6.6.2.1 The spacecraft shall record a ranging bit field a fixed duration after the first
synchronization marker in a downlink ranging codeword is transmitted. The format of the
ranging bit field is specified in 6.6.3.

6.6.2.2 The ranging bit field shall be transmitted to the ground station in downlink transfer
frames.

NOTES

1 An implementation may aggregate several ranging bit fields and transmit them to
Earth later, after the ranging activity has concluded.

2 The procedures for placing the ranging bit field in transfer frames is an
implementation matter outside the scope of this specification.
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6.6.3 RANGING BIT FIELD
6.6.3.1 General

6.6.3.1.1 The spacecraft shall record a ranging bit field using 38 octets as shown in figure 6-2.

8 octets 15 octets 15 octets

A
v
A
v
A
v

E RCIDy RCIDd

Figure 6-2: Ranging Bit Field

6.6.3.1.2 The first two fields of the ranging bit field shall be formed according to the type
of uplink transmission, as indicated in table 6-3.

Table 6-3: First Two Fields of the Ranging Bit Field

Uplink Format E RCID,
HPE Telemetry
Integer and fractional number of slots elapsed
O3K Telemetry since the start of the uplink ranging codeword. | RCID of the uplink ranging
HPE Beacon + data codeword arriving at the
receiver when the first field of
™ Integer and fractional number of binary the uplink phase is measured.
symbols elapsed since the start of the
TC uplink ranging codeword.

Integer and fractional number of chips

elapsed since the start of the PN sequence. Undefined

PN sequence

6.6.3.2 The Uplink Ranging Phase, E

6.6.3.2.1 The uplink range phase E shall be a numerical value that relates to the time
elapsed since the spacecraft started to receive an uplink ranging codeword or a PN sequence.

6.6.3.2.2 The uplink range phase shall be encoded in the first 8 octets of the ranging bit
field.

6.6.3.2.2.1 It shall record the number £ of slots, symbols, or chips elapsed since the start of
the current ranging codeword or PN sequence, times 2%, rounded to the nearest integer, with
bit 0 being the MSB and bit 63 being the LSB, and zero padded from the left as necessary.

6.6.3.2.2.2 If the result of E times 228, in binary form, requires more than 8 octets, then the
spacecraft shall only encode the 64 least significant bits and discard the rest.
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NOTES

1 At the start of a ranging session, the spacecraft receiver is free to choose which uplink
codeword is the first codeword within an uplink ranging codeword. A new uplink
ranging codeword will begin every N, codewords thereafter.

2 At the start of a ranging session, the spacecraft receiver is free to choose which
downlink codeword is the first codeword within a downlink ranging codeword. A
new downlink ranging codeword will begin every Ny codewords thereafter.

3 An implementation may find it useful to set the value of £ equal to the measured uplink
phase plus a phase offset that has been determined during calibration at the start of the
ranging session. This phase offset measures the time delay on board the spacecraft between
the arrival of an uplink ranging codeword and the departure of a downlink ranging
codeword.

6.6.3.3 The Uplink Ranging Codeword Identifier

6.6.3.3.1 The next 15 octets of the ranging bit field shall record the Uplink Ranging
Codeword Identifier (RCID,) (the RCID of the arriving uplink ranging codeword), zero
padded on the left as necessary.

6.6.3.3.2 The number of bits needed to encode each symbol in the RCID depends on the
format of the uplink signal according to table 6-4, with bit 0 being the MSB and bit 7 being
LSB.

6.6.3.3.3 Symbols shall be placed in the bit field in the same order they are read from the
ranging codeword.

6.6.3.3.4 If no ranging codeword is present on the uplink, then these 15 octets shall be set to
zZero.

Table 6-4: Bits per RCID Symbol

Synchronization
and Coding
Sublayer Bits per Symbol
™ 1
TC 1
HPE Telemetry log, M
HPE Beacon 1
O3K Telemetry 1
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NOTE - If the uplink uses 256-PPM, HPE Telemetry, the RCID
{1,5,100, 255}

is encoded as a sequence of octets {s;, s,...,5;4}, such that
— 5=00000000ifi e {1,2,...,10};
- 811,512,8513,814= 00000001 00000101 01100100 111111171,

6.6.3.4 The Downlink Ranging Codeword Identifier

The last 15 octets of the ranging bit field shall be used to record the Downlink Ranging
Codeword Identifier (RCIDy) (the RCID of the downlink ranging codeword) that triggered
latching mechanism that records the uplink phase E, encoded using the same convention as
6.6.3.2.

6.7 SYNCHRONOUS MODE
6.7.1 UPLINK AND DOWNLINK SIGNALS

In the synchronous mode of operations, the uplink and downlink signals shall be
a) HPE telemetry signaling in accordance with section 3; or
b) O3K telemetry signaling in accordance with section 4; or

c) HPE beacon with accompanying data transmission in accordance with section 5.

6.7.2 RANGING CODEWORD DURATION

The duration of an uplink ranging codeword shall equal the duration of a downlink ranging
codeword, both measured at the spacecratft.

NOTES

1 The managed parameters N, and Ny are used to control the duration of uplink and
downlink ranging codewords, respectively.

2 The values of N, and N4 can be estimated as follows:

— the duration of an uplink CSM-marked codeword 7, and the duration of a
downlink CSM-marked codeword Ty are calculated;

— the minimum duration of a ranging codeword Ty, as the least common multiple
of the uplink and downlink CSM-marked codeword duration is calculated:
Tin = lem(Ty, Ty);
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— with A denoting the desired range ambiguity, the multiplicative constant m as
[A/Tpin] is calculated;

— Nyas m T/ Ty and Ny as m- Tmin/ T4 are calculated.

6.7.3 RANGING CODEWORD SYNCHRONIZATION

During a ranging session, the spacecraft shall synchronize the uplink and downlink signals in
such a way that the start of transmission of a downlink ranging codeword occurs a fixed
duration after the leading edge of the first synchronization marker in a received uplink ranging
codeword.

NOTE - Spacecraft may measure this fixed offset at the beginning of each ranging session
and transmit its value using the ranging bit field defined in 6.7.5.

6.7.4 RANGE SYNCHRONIZATION MARKERS

6.7.4.1 If an uplink ranging codeword is composed of more than one uplink codeword
(Ny>1), then the ground station shall periodically replace the CSM in the uplink signal with
an alternate pattern, called the Range Synchronization Marker (RSM). The periodicity of
RSM replacement, measured in number uplink synchronization-marked codewords, is V.

NOTES

1 In the synchronous mode, one uplink RSM-marked codeword together with N,—1
CSM-marked uplink codewords form an uplink ranging codeword.

2 The system implementer should ensure that the spacecraft’s frame synchronizer
operates correctly when CSMs are periodically replaced by RSMs.

6.7.4.2 If a downlink ranging codeword is composed of more than one downlink codeword
(Ng>1), then the spacecraft shall periodically replace the CSM in the downlink signal with an
RSM. The periodicity of replacement, measured in number of downlink synchronization-
marked codewords, is Ny.

NOTES

1 In the synchronous mode, one downlink RSM-marked codeword together with Ny—1
CSM-marked downlink codewords form a downlink ranging codeword.

2 The system implementer should ensure that the ground station’s frame synchronizer
operates correctly when CSMs are periodically replaced by RSMs.
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6.7.4.3 If an uplink ranging codeword is composed of more than one uplink codeword
(N.>1), and O3K telemetry is used, then the ground station shall periodically replace the
FSM portion of the SLFM with an RSM. The periodicity of RSM replacement, measured in
number uplink synchronization-marked codewords, is V.

6.7.4.4 If a downlink ranging codeword is composed of more than one uplink codeword
(Ng>1), and O3K telemetry is used, then the spacecraft shall periodically replace the FSM
portion of the SLFM with an RSM. The periodicity of RSM replacement, measured in
number uplink synchronization-marked codewords, is Ng.

6.7.4.5 A link using HPE telemetry shall use the RSM specified in table 6-5.

Table 6-5: RSM for Links Using HPE Telemetry

PPM Order RSM Value
4 3,0,2,2,3,0,1,1,2,3,1,3,1,3,0,2, 2, 0, 3, 3,0, 3, 1,2
8 1,4, 6,3,3,0,7,2,6,0,5,7,3,4,1, 6
>16 10,9, 10, 10, 8, 7, 1, 4, 5, 6,15,13,0,7, 6, 8

6.7.4.6 A link using HPE beacon with the (128, 64) or (512, 256) LDPC code shall use an
RSM of 16 binary symbols. The value of the RSM shall be EDSF, in hexadecimal.

6.7.4.7 A link using HPE beacon with the (2048, 1024) LDPC code shall use an RSM of 64
binary symbols. The value of the RSM shall be 9D44FF6F8D8FA936, in hexadecimal.

6.7.4.8 A link using O3K telemetry with RS encoding shall use an RSM of 32 binary
symbols. The value of the RSM shall be 5069DA33, in hexadecimal.

6.7.4.9 A link using O3K telemetry with LDPC encoding shall use an RSM of 2048 binary
symbols. The value of the RSM shall be, in hexadecimal:

95CB EFFA AB86 AC1D D85C FFOE 78A7 A91B BF79 42F8 BFAC CBFF
AEA8 DDES 4806 4E38 C32F 6FFE EB92 6A72 0943 EAD9 75E6 12A2
31AD 59B5 828F 6206 A842 D674 6CFB 1C3B 980C 6CO0 B2EE 0968
7E19 80FD AE82 D864 C792 29A5 32C9 2B1A 4DD3 EFDF AOB3 BD85
01B5 3DB6 9D93 C179 1EF9 12F3 018A 19FC D350 302E 5E58 1051
33C0 A433 47E2 E9E2 26DB 8B40 AEF9 7826 7949 6F11 D45F 2C80
7F86 0427 405B 8B92 12E1 EA3B 914C 9F08 168A A823 BCE2 9A20
DC31 9A9D 50B1 AEAD 8BBF 1EC6 EA24 A5F7 0357 C02D 72CE E66D
3DA0 D174 BE60 B5S1E 3EO6 8A6F 56EA 13B1 7B8C BC15 8956 C69C
CC3D A57F 5CDE CACA 55D5 FE42 6CCA 5F6B F55D 22BF D457 CBAF
2EBF FABE AA24 919D 4695 5B75 9612 D2EO
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6.7.5 RANGING BIT FIELD

6.7.5.1 In the synchronous mode of operations, the ranging bit field is optional. Use of the
field shall be controlled by a managed parameter.

NOTE - In the synchronous mode of operation, the ranging bit field can be used encode
the phase or time offset between the arrival of an uplink ranging codeword and
the departure of a downlink ranging codeword, measured on board the spacecraft
at the beginning of the ranging session.

6.7.5.2 The ranging bit field shall be formatted according to 6.6.2.1.

6.7.5.3 The ranging bit field shall be transmitted to the ground station in downlink transfer
frames.

NOTE - The procedures for placing the ranging bit field in transfer frames is an
implementation matter outside the scope of this specification.

6.8 GROUND MEASUREMENTS
6.8.1 UPLINK TIMING MEASUREMENTS

The Earth station shall record the Earth-transmit time of each uplink synchronization-marked
codeword with sufficient accuracy to meet mission specific ranging requirements.

6.8.2 DOWNLINK TIMING MEASUREMENTS

The Earth station shall record the Earth-receive time of each downlink synchronization-
marked codeword with sufficient accuracy to meet mission specific ranging requirements.

6.8.3 UPLINK CWID MEASUREMENTS

If operating in asynchronous mode, the Earth station shall record the CWID of each
departing uplink synchronization-marked codeword and associate its value with the
measurements of 6.8.1, unless the uplink signal is a PN sequence in accordance with
reference [9], in which case the uplink CWID is undefined.

6.84 DOWNLINK CWID MEASUREMENTS

If operating in asynchronous mode, the Earth station shall record the CWID of each received

downlink synchronization-marked codeword and associate its value with the measurements
of 6.8.2.
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Managed Parameter. Allowed Values
TM/AOS/USLP transfer frame length (octets) | Integer (max 65536)
Symbol Interleaving Depth (/) 1,2,3.4.5.8
Repeat factor list Ga.={0a0: 90,153 9an )

with0 <n <13 and

Interleaver block size K Multiple of 8 and factor of L

Nominal number of interleaver rows Ny Integer in the range 1 to Nvax
(27:23-1)

Number of rows in the interleaver N Nx; NN/ga

Transfer frame adaptation Used, not used

IES field (counter) Used, not used

Number of blocks in a sync layer subframe N,
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layer subframe, /V, TR
Number of rows of the Integer, 1 to 62
emitter configuration table

NModeTable
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7.3 MANAGED PARAMETERS FOR AOS/USLP TRANSFER FRAME SIGNALING

The managed parameters for a HPE AOS/USLP transfer frame signaling shall be those

specified in table 7-4.

Table 7-4: AOS/USLP Transfer Frame Signaling

Managed Parameter

Allowed Values

AOS/USLP transfer frame length (octets)

Integer (max 65536)

Input block length, £

64, 256, 1024

PN spreading factor, g,

1,2,3,4,8, 16,32, 64

Channel interleaver

Used, not used

Number of rows in channel interleaver, N,

Shift register length increment in channel
interleaver, B,

BN, shall be a
multiple of 128, which
in turn shall be a
multiple of NV,.

7.4 MANAGED PARAMETERS FOR OPTICAL RANGING

Uplink and downlink

ranging codeword In the synchronous mode of operations. &, and
Ny shall be positive integers such that Ny, 7, is
equal to Ny Tq.

Mode of operation Asynchronous, synchronous

Ranging bit field in
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ANNEX C
EXPONENT MATRIX TABLES FOR LDPC CODES

(NORMATIVE)

This annex provides the exponent matrix tables for each of the supported QC-LDPC codes.

Table C-1: Exponent Matrix Table for LDPC Code Rate r = 1/2

10 106 24 97 36 124 50 0 7242 76 47 78 76 84 42 104 32 108 28 110 114 141 0
114125383745517973877725794885111051310926 111108 14101420
12426 104 38 89 52 94 74 20 78 99 80 40 86 75 106 67 110 98 11226 1420 143 0
1399271033982530613675123799987531072 111113 113 86143 01440

14 37 28 38 40 36 54 58 62 76 76 18 80 47 88 103 108 126 11239 114 118 1440 1450
15101216629 885578 6156307711589 107109 71 113 100 11519 1450 146 0
16104228430 1556 109 62 13 64 108 78 101 90 48 110 68 114 77 116 102 146 0 147 0
1778238319257616396590799291112111221157411748 14701480
189624 743215810564 11667880289273 11211811622 1189214801490

19 382558338759 186187659667459342 113123117 311191201490 1500
20108 26 120 34 94 60 2 62 6 66 66 68 123 94 46 11439 118 81 120 17 1500 151 0
110927 383571414763 736729691995221013411536119015101520
211328263611542964 8168770939698 1022211651 12061 15201530
364297037 66438365676930712797109 10110103 1191172715301540
4107 304538984499 66 18 70 81 72 88 98 78 102 50 104 46 118 4 154 0 1550
57331883950454067 527140739799 50103241057 1194215501560
6803250403046 1136872722746 100510459 10623 12044 1560 1570
778219332847569 6873119759581 14101191059 107 8115701580
829226234 5548347043 7412076 358241 102 60 106 80 108 1 158 0 159 0
95823133538493971108 7511177 9834110365107 68 109 68 1590 160 0
1279118108931 1550255949605 6660818391809299113 7316001610
2116102 1115322041124 51 98 6043 67 30 82 106 92 124 93 66 11435161 0 162 0
3821168127233304144421185210468 12783193 7894107 1151221620163 0
49512261383348421074373 5310869 81 8430942595107 116111163 01640
5114 1341450358543 4044 126 54 6570 70 8590 95 112 96 100 117 70 164 0 165 0
66414106 1549365844 11945110557571 3886549612197 62118561650 166 0
7751521161273767456746 1135636727387 11797529858 1196 1660167 0
867162817638734610647915748 7391 88107 985999 81 12088 167 0 168 0
9271784 1846392147 1174811758 113742089 1899591009 101 107 168 0 169 0
1080 1849 19 77 40 41 48 34 49 51 59 68 75 54 81 104 90 127 100 36 102 57 169 0 170 0
1163 1993207721149 5050386020 7641 8184827491101039517001710
1611210320592297414750251787712382818320921161048517101720
1312491312023 134212551103 52347892 8328847293 841055917201730
29431031426244643452127532579658410785121941121067217301740
342462 151102554449 53 6754748070852861279561072817401750
460512016 11926 8545 54 5494 55105 61 64 86 77 87 4296 76 108 80 175 0 176 0
5846921752275546355592565062 1178711088 1279719109 1017601770
62877218542860475561175711763 72884989459810711011817701780
7218105191129 6448857 1035826642989115901999551117317801790
81189102200 305649 66 589 59 109 651690139194 10012 112517901800
511712571210

69613301220

72914811230

871151111240

93116441250

10171721260

116118951270

12919791280

1311120571290

120141101300

24115821310

328161171320

47417331330

52318301340

6219351350

7119201231360

1258991370
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21099891380

31410271390

48511131400

8125128843 088124153 561591051810
972135244 11489 118 154 16 160 96 182 0
1083 14394511990 79 141 126 155110 183 0
11127 15102464291 111 14210 156 87 184 0
12100 16 37 47 69 92 41 143 69 15794 1850
1310517 12048 47 93 12 144 0 158 30 186 0
14 56 18 12 49 84 94 29 145 86 159 29 187 0
1548 19 97 50 60 95 57 146 23 160 115 188 0
16 652027 51 106 96 98 141 120 1470 189 0
1501752523297 14 142 60 148 101 190 0
2101 18 105 53 106 98 118 143 10 149 61 191 0
3481925412699 501442615094 1920
410820 8 5554 10022 14537 15124193 0
1113574564281 81146 121 15279 194 0
2786305747824214713 153331950
381766584783 5014826 154611960
434810159 818478149 70155241970
559912060 758594 1502 156 99 198 0
692103941 6186118 1519815722199 0
745115842 758742152 52158352000
18 78 47 0 56 90 100 78 173 123 201 0
19204828 57109 81 51 174 123 202 0
206249 67 58 36 8230 17599 203 0

1350 100 59 28 83 55 176 38 204 0
2335186602784117177 1182050
34141225211785115178 402060
47542925348863117969 2070
5204333542987 13180802080

61444 48 55120 88 63 161 72209 0
710945155656894162732100
842466157490104 163912110
98547258349171641082120
1065484259113 9230165112130
117049 56 60 66 93 108 166 123 214 0
1245419950114 94 81 167 1092150
1362428351119954168872160
1412543 5452123 96 118 169 91 217 0
155544125333971170572180

16 11045104 5426 98 83 171 76 219 0
174846 55579934172232200
1221917265793 102 132 84 155108 221 0
131220282763 947013343 156292220
1141412428 859597 1349515777223 0
281157229596 70 13561 15812240
3601611430319720 136107 159 1182250
4118174731108 984 137 124 160 26 226 0
5951844329699 8 138 97 141 812270
610019 56 33 14 100 51 139 39 142 47 228 0
782010934681341407 1431012290
1518913534824512187 1441272300
21109 7436 80 83 59 122 70 145 67 231 0
314101837 1108422123 65146942320
415112838 112853312441147492330
56112 8139428640 12547 148 342340
615131124044 875126 58 149 36 2350
76514882143 88107127 76 150 73 236 0
864 151182268949 128 117 151 1222370
98816122349903 129 104 152 80238 0
1087 17472456916 1308 153202390
112918 56251209248 131 110 15496 240 0
1261411245984 941146152410
134742 6760995123 147482420
1486411243696 61 148 452430
15954223447097 3914962440

16 1543 90452798 124 150 88 2450
1724484463799 123 15142460

183 4555477010083 152101 2470
1917467548281 119 153 60248 0
20424712149 104 82 112 154 104 249 0
1804885070 8329 155422500
2111495751848421156992510
312150952368571571012520

48151 885368867415812530
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546 5284 5433 87 64 159822540

678 53 103 55 109 88 106 160 114 2550
711854205648 8978 141 1112560

8 6855235739079 14262570
9975655899919 143272580
107957 110 59 68 92 83 144 75 259 0
11109 58 36 60 102 93 105 145 108 260 0

Table C-2: Exponent Matrix Table for LDPC Code Rate r = 9/10

65013 101 15109 16 30 29 102 38 49 39 33 40 64 49 46 61 71 62 63 63 95 82 39 87 42 89 56 96 100 107 32 109 96 111 50 113 9 131 124 13597 139 101
144 119 152 103 157 37 158 78 159 107 173 84 181 88 184 78 188 119 195 65 205 36 209 113 212 105 229 0

781458167817 10630 11639 7140394157 50 30 62 125 63 74 64 27 83 69 85 37 88 090 74 108 120 110 81 11299 114 78 132 31 133 63 136 5 140 105
15343 15826 159 33 160 112 174 64 182 83 185 43 189 108 196 52 206 69 210 96 213 122 229 0 230 0

85315861718 18313193404941 6142485168 632864765105842386128924911199781 1115111323 1153 1216513413 13716 141101
154109 159 25 160 33 161 110 17542 183 107 186 49 190 17 197 15 207 69 211 121 214 62 230 0231 0

91231699 184519 1253211041 6424743 325298 64 98 6557 66 46 7322 87 189041927798 115112126 114 87 116 73 12223 135121 138 104
142 53 155120 160 52 161 45 162 0 176 68 184 113 18743 191 25 198 101 208 5212221546 231 02320

102617 103 19 127 20 25 33 40 42 65 43 42 44 15 53 84 65 34 66 102 67 116 74 34 8844 91 22938199 119 113 11 11572 117 126 123 43 136 47 139 56
143110 1562 161 16 162 15 163 61 177 85 185 110 188 34 192 89 199 102 209 105 213 35 216 125 2320233 0

111187201121533411443484469 45118 5439 663567 84689775938912692869410410016 11477 1167 118 52 12425 137 19 140 24 144 51
145124 162 26 163 31 164 53 178 13 181 58 186 115 189 54 200 113 205 82 210 52 214 97 233 0 234 0

1251198821 1192282358444 1144510046 37 555267 58 68 89 69 20 76 90 90 74 93 8595 110 101 123 11584 117 107 119 40 125 102 133 0 138 92
141 93 146 65 163 46 164 46 165 110 179 50 182 28 187 12 190 110 201 29 206 55 211 89 215 21 2340 2350

1117203322 11123 11136 109 4528 462547 118 56 123 68 120 69 101 70 61 77 9591 594 88 96 36 102 63 116 31 118 2 120 66 126 55 134 67 139 106
142 118 147 65 164 94 165 73 166 124 180 113 183 85 188 108 191 83 202 76 207 97 212 27 216 40 235 0 236 0

23921302310924652514461547 7948122573069 5770 88 71 33 78 74 8533 92349541 103 118 109 98 117 49 119 108 127 3 135 15 140 79 143
15148 59 165 97 166 107 167 29 169 26 184 98 189 116 192 30 203 49 205 112 208 54 213 123236 02370

3123 1328221202427262237214711548805849705718572827988861993 11796 112104103110 118118 109 12081 128 13 13693 141 94
144 100 149 85 166 76 167 114 168 95 170 123 181 9 1859 190 51 204 31 206 80 209 86 214 95237 0238 0

410613 141436231427 183723388948103591961437165722807385478779423105610963 11110311967 12925133 26 13748 142 109
15070 157 100 167 30 168 2 171 35 182 68 186 97 191 125 193 42207 42 210 86 215 69 238 0239 0

52014931553248628 113710385539 116608861 1162124721 81101 8691 8839695108 10671 110103 11241 12033 1300 13475138 114 143
84 151 1515740 1580168 7 172 93 183 25 187 29 192 76 194 35208 108 211 102 216 4 239 0240 0

7801171212717 11262628 72355442104 53 11456 5557 16 68 1773 5477 1780 095 19 99 79 103 101 106 123 119 74 121 85 124 119 129 125 144
231514154127 15562161 13 170 57 173 73 176 26 186 18 196 28 201 102 203 29 206 110 240 0241 0

1428221294 1811127 10129 63 3643 43 69 54 96 57 38 58 125 69 115 74 62 78 26 81 51 96 87 100 115 104 57 107 110 120 7 1224 125 77 130 12 133
127152 56 155 110 156 55162 106 171 91 174 11 177 17 187 114 197 125 202 7 204 88 207 119 241 0242 0

1502369 581949254028 18305344 11555120584659477072754679 708228576101 60 105 103 108 10 109 26 123 101 126 83 131 20 134 112
14550 153 99 156 123 163 26 17224 175104 178 76 188 118 193 117 198 126 203 45 208 11 242 0243 0

291330103820602612629 119311274576 56 66 59 98 60 68 71 22 76 105 80 54 83 51 86 99 97 77 102 44 106 50 110 37 124 85 127 35 13242 135 17
14583 146 44 154 77 164 38 173 90 176 56 179 5 189 18 194 19 199 10 204 51 209 17 243 0244 0
3111411110121432794301932684612149375774601127207748813984558739981410390107 11511169 121 81125125128 86 136
108 146 4 147 11 15583 16597 174 18 177 19 180 73 190 18 193 39 195 100 200 63 210 63 244 02450
411456812792294285631443353473649835093 586061 1373378458220884399 8910412108 125112 10512263 1264129 58 137 61
147 87 148 52 156 35 166 88 169 76 175 30 178 119 191 56 194 36 196 22 201 39 211 34 2450246 0

113545677239329493211234104889 5037511065969 6222743279102 837289 1029778100106 105 64 113 32123 57 127 18 130 85 138 20
145 46 148 107 149 76 167 50 170 5 176 64 179 29 192 10 195 22 197 44 202 19 212 103 246 0 247 0
2726871142489301833935673763519252926011963 787513806 844490159829 1013610661 11424124111 12841 13187 139 41 146
125149 14 150 23 168 32 171 86 177 14 180 5 181 89 196 63 198 84 203 87 213 113247 0248 0

3937798751378311934293615381549 9652325390064 637312176338144916699491021107 1111513 1253912927 1321214024 1477
15034 151 12 157 59 169 82 172 126 178 65 182 18 197 119 199 12 204 127 214 67 248 0249 0
428889125147251223210935539395011353585410265237437774282139212210043103 113108 117 116 19 12172126 71 130 35 141
92 148 59 151 26 152 13 158 123 170 55 173 117 179 106 183 34 193 47 198 46 200 6 215 107 249 0 250 0

51019491033 158926523333369340275105420552766937511678 7783589318974 10159 10472117 751222012756 13140 14240 149
18 15275153 123 159 109 171 62 174 57 180 21 184 60 194 31 199 107 201 21 216 59 250 0 251 0
637108511871670257427134641915237554556124679176679 18413944498 11310242105 113 118 87 123 11 128 62 132 84 143 32 150
110 153 117 154 126 160 70 169 119 172 105 175 121 185 55 195 101 200 65 202 113 205 82 251 02520

278121132170

11103812180

23641002190

313542200

4256562210

51097382220

6448132230

7929572240

8461022250

911711782260

10 108 12 96 227 0

18511262280
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ANNEX D
GENERATION OF GOLD CODES
(NORMATIVE)

D1 GOLD CODES DEFINITION

D11 A Gold code generator shall be used as shown in figure D-1. It corresponds to the Gold code
generator used for the real part of non-coherent return PN standardized in subsection 5.3 of
reference [9].

Register A % * * * * * * * * * *
Stage Numbers 1 2 3 4 5 6 7 8 9 10 1 Gold Codes
Register B o(ofo|jo0o|J0O0O]J]O)|J0O]|J0O0O]J]0O]|]0]1

Figure D-1: Gold Sequence LFSRs in CCSDS 415.1-B-1 Publication (Real Part)

D1.2 This circuit shall comprise 2 single-shift registers of length 11, with associated code
generator polynomials:

ga(D) =D +D?*+1
gs(D) =D +D>+D3+D +1

D1.3 A zero shall be appended to the length-2047 Gold sequence to create a sequence of
length 2048.

D1.4 The initial condition of register B is fixed; its value shall be [00000000001].

D1.5 The initial condition of registers A shall be defined to produce 65 preferred
sequences. The 65 initial conditions correspond to the first 65 even decimals 2, 4, 6, ... , to
130, that converted in bits are: [00000000010], [00000000100], [00000000110], ... to
[00010000010].
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NOTES

1 The first sequence, with initial condition of registers A = [00000000010] is reserved
for the FSM defined in 4.8.2.

2 The second and third sequences, with initial condition of registers A respectively
equal to [00000000100] and [00000000110], are reserved for Physical Layer framing
as defined in 4.8.2.6.5.

3 The sequences from number 8§ to 130 by step of 2 are the 62 sequences that are used
for frame signaling as defined in 4.8.2.6.5.

4 The first 40 binary digits of the first Gold sequence (register A init = 2) are: 1100 0000
0001 0111 0011 1101 0010 0010 0101 0101. The first 40 binary digits of the second
Gold sequence (register A init = 4) are: 1010 0000 0001 1000 1100 0011 0100 0100
0000 1111.

5 The provided generator polynomials are shift register polynomials. As explained in

reference [G2], various conventions are used to map the polynomial terms to register
in this annex has the output at the cell with the highest number. If the cell numbering
were reversed, the shift register and the output pattern would be the same, but the
polynomial representation would be different: g4,(D) =D +D%+1 and
gp,(D) = D1 + D'° 4+ D8 + Db + 1. If the numbering convention is misinterpreted,
a reverse pattern will be generated.
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ANNEX F
ABBREVIATIONS AND TERMS
(INFORMATIVE)

F1 OVERVIEW

This annex lists key acronyms and terms that are used throughout this Recommended
Standard to describe synchronization and channel coding.

F2 ABBREVIATIONS

2-PPM binary. pulse position modulation
ADU .. AOS/USLP data unit

AOS Advanced Orbiting Systems
ARA ... accumulate-repeat-accumulate
ASM attached synchronization marker
BCH ... Bose-Chaudhuri-Hocquenghem
CRC cyclic redundancy check

CSM codeword synchronization marker
CW._ ... codeword

CWID ... codeword identifier

FECF frame error control field

ESM. ... frame synchronization marker
HPE high photon efficiency
IBS........._..In-band signaling

IBS. ... IDLE in-band signaling

IES. ... Interleaver frame signaling

ISL ... IDLE sync layer
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most significant bit

non-return-to-zero

Open System Interconnection

optical telemetry

pseudo-random noise

pulse position modulation
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SCPPM serially concatenated convolutionally coded pulse position modulation
SE ... repeat factor/spreading factor
SLFM . sync layer frame marker

SMCW synchronization-marked codeword
SMTF synchronization-marked transfer frame
SSLEM ______secondary sync layer frame marker
™ telemetry

USLP Unified Space Data Link Protocol

F3 TERMS

channel symbol: The unit of output of the innermost encoder.

code rate: The average ratio of the number of binary digits at the input of an encoder to the
number of binary digits at its output.

codeword: Of an (n,k) block code, a sequence of n channel symbols that are produced by
encoding a sequence of £ information symbols.

Coding and Synchronization Sublayer: That sublayer of the Data Link Layer used by
CCSDS space link protocols, which uses a prescribed coding technique to reliably transfer
transfer frames through the potentially noisy Physical Layer.

constraint length: In convolutional coding, the number of consecutive input symbols needed
to determine the value of the output symbols at any time.

convolutional code: A code in which a number of output symbols are produced for each
input symbol. Each output symbol is a linear combination of the current input bit and some
or all of the previous k—1 input bits, where £ is the constraint length of the code.

slot measurement: Receiver estimate of the intensity of light, number of photons observed,
or related statistic in a slot of the received transmission.

synchronization-marked transfer frame, SMTF: The data unit that consists of the ASM
and the transfer frame.
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ANNEX G
INFORMATIVE REFERENCES

(INFORMATIVE)

[G1] B. Moision and J. Hamkins. “Coded Modulation for the Deep-Space Optical Channel:
Serially Concatenated Pulse-Position Modulation.” IPN Progress Report 42-161
(May 15, 2005).

NOTE - Normative references are listed in 1.9.
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