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ATSC Standard:
Physical Layer Protocol

1. SCOPE

This Standard describes the RF/Transmission of a physical layer waveform. This waveform
enables flexible configurations of physical layer resources to target a variety of operating modes.
The intent is to signal the applied technologies and allow for future technology adaptation.

1.1 Introduction and Background

The ATSC physical layer protocol is intended to offer far more flexibility, robustness and efficient
operations than the ATSC A/53 standard, and as a result it is non-backwards compatible with A/53.
This physical layer allows broadcasters to choose from among a wide variety of physical layer
parameters for personalized broadcaster performance that can satisfy many different broadcaster
needs. There is the capability to have high-capacity/low-robustness and low-capacity/high-
robustness modes in the same emission. Technologies can be selected for special use cases like
Single Frequency Networks, Multiple Input Multiple Output channel operation, channel bonding
and more, well beyond a single transmitting tower. There is a large range of selections for
robustness including, but not limited to, a wide range of guard interval lengths, forward error
correction code lengths and code rates.

Significant flexibility comes from a signaling structure that allows the physical layer to change
technologies and evolve over time, while maintaining support of other ATSC systems. The starting
point of this change is a physical layer offering highly spectral efficient operation with strong
robustness across many different modes of operation.

1.2 Organization
This document is organized as follows:
e Section 1 — The scope of this document and general introduction
e Section 2 — References and applicable documents
e Section 3 — Definition of terms, acronyms, and abbreviations used
e Section 4 — System overview
e Section 5 — The specification in detail for the Input Formatting part
e Section 6 — The specification in detail for the Bit Interleaved and Coded Modulation part
e Section 7 — The specification in detail for the Framing and Interleaving part
e Section 8 —The specification in detail for the Waveform Generation part
e Section 9 — The specification in detail for the Physical Layer Signaling
e Annex A- LDPC Codes
e Annex B- Bit Interleaver sequences
e Annex C- Constellation Definitions and Figures
e Annex D- Continual Pilot (CP) Patterns
e Annex E- Scattered Pilot (SP) Patterns
e Annex F- Number of Active Carriers in Subframe Boundary Symbols
e Annex G- Tone Reservation Carrier Indices
e Annex H- Preamble Parameters for Bootstrap
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e Annex |- Total Symbol Power

e Annex J- MISO

e Annex K- Channel Bonding of multiple RF channels
e Annex L- MIMO

e Annex M- PAPR Reduction Algorithms (Informative)
e Annex N- Transmitter Identification (TxID)

2. REFERENCES

All referenced documents are subject to revision. Users of this Standard are cautioned that newer
editions might or might not be compatible.

2.1 Normative References
The following documents, in whole or in part, as referenced in this document, contain specific
provisions that are to be followed strictly in order to implement a provision of this Standard.

[1] IEEE: “Use of the International Systems of Units (S1): The Modern Metric System,” Doc. SI
10, Institute of Electrical and Electronics Engineers, New York, N.Y.

[2] ATSC: “ATSC: A/321, System Discovery and Signaling,” Doc. A/321:2016, Advanced
Television System Committee, Washington, D.C., 23 March 2016.

[3] ATSC: “ATSC Standard: Link-Layer Protocol,” Doc. A/330:2016, Advanced Television
System Committee, Washington, D.C., 19 September 2016.

2.2 Informative References

[4] ATSC: “ATSC Candidate Standard: Scheduler and Studio-Transmitter Link,” Doc. A/324,
Advanced Television System Committee, Washington, D.C., 30 September 2016. (Work in
process.)

3. DEFINITION OF TERMS

With respect to definition of terms, abbreviations, and units, the practice of the Institute of
Electrical and Electronics Engineers (IEEE) as outlined in the Institute’s published standards [1]
shall be used. Where an abbreviation is not covered by IEEE practice or industry practice differs
from IEEE practice, the abbreviation in question will be described in Section 3.3 of this document.

3.1 Compliance Notation
This section defines compliance terms for use by this document:

shall — This word indicates specific provisions that are to be followed strictly (no deviation is
permitted).

shall not — This phrase indicates specific provisions that are absolutely prohibited.

should — This word indicates that a certain course of action is preferred but not necessarily
required.

should not — This phrase means a certain possibility or course of action is undesirable but not
prohibited.

3.2 Treatment of Syntactic Elements

This document contains symbolic references to syntactic elements used in the audio, video, and
transport coding subsystems. These references are typographically distinguished by the use of a
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different font (e.g., restricted), may contain the underscore character (e.g., sequence_end_code) and
may consist of character strings that are not English words (e.g., dynmg).

3.2.1 Reserved Elements

One or more reserved bits, symbols, fields, or ranges of values (i.e., elements) may be present in
this document. These are used primarily to enable adding new values to a syntactical structure
without altering its syntax or causing a problem with backwards compatibility, but they also can
be used for other reasons.

The ATSC default value for reserved bits is “1.” There is no default value for other reserved
elements. Use of reserved elements except as defined in ATSC Standards or by an industry
standards setting body is not permitted. See individual element semantics for mandatory settings
and any additional use constraints. As currently-reserved elements may be assigned values and
meanings in future versions of this Standard, receiving devices built to this version are expected
to ignore all values appearing in currently-reserved elements to avoid possible future failure to
function as intended.

3.3 Acronyms, Abbreviations and Mathematical Operators

The following acronyms and abbreviations are used within this document.
8K 8192 point FFT size

16K 16384 point FFT size

32K 32768 point FFT size

ACE Active Constellation Extension
ALP ATSC Link layer Protocol
AP Additional Parity

ATSC Advanced Television Systems Committee
AWGN  Additive White Gaussian Noise

BBP BaseBand Packet

BCH Bose, Chaudhuri, Hocquenghem
BICM Bit-Interleaved and Coded Modulation
BIL Bit InterLeaver

bpcu bits per cell unit

BPSK Binary Phase Shift Keying

BSID Broadcast Stream 1D

BSR Baseband Sampling Rate

CDL Convolutional Delay Line

CL Core Layer

Cod Code rate

CP Continual Pilot

CRC Cyclic Redundancy Check

CTI Convolutional Time Interleaver
dB deciBel

DC Direct Current

DRC Dedicated Return Channel
DSBSS  Direct Sequence Buried Spread Spectrum
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EL
FEC
Fl

Gl
FBSR
FDM
FFT
FIFO
HTI
IF
IFFT
ISO
U
L1
LDM
LDPC
LLS
LPF
LSB
Mbps
MHz
MIMO
MISO
Mod
MSB
msec
N/A
NoA
NoC
NUC
OFDM
OFI
OTA
PAM
PAPR
PH
PLP
PRBS
PTP
QAM
QPSK
RF

Enhanced Layer

Forward Error Correction
Frequency Interleaver

Guard Interval

FeedBack Shift Register
Frequency Division Multiplexing
Fast Fourier Transform
First-In-First-Out
Hybrid Time Interleaver
Interleaving Frame

Inverse Fast Fourier Transform
International Organization for Standardization
Interleaving Unit

Layer 1

Layered Division Multiplexing
Low-Density Parity Check
Low Level Signaling

Low Pass Filter
Least-Significant Bit
megabits per second
megahertz
Multiple Input Multiple Output
Multiple Input Single Output
Modulation

Most-Significant Bit
milliseconds

Not Allowed

Number of Active (cells)
Number of (useful) Carriers
Non-Uniform Constellation
Orthogonal Frequency Division Multiplexing
Optional Field Indicator

Over The Air

Pulse Amplitude Modulation
Peak-to-Average Power Ratio
Phase Hopping

Physical Layer Pipe

Pseudo Random Bit Sequence
Precision Time Protocol
Quadrature Amplitude Modulation
Quadrature Phase Shift Keying
Radio Frequency
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RFU Reserved for Future Use
SBS Subframe Boundary Symbol
SFN Single Frequency Network
SIMO Single Input Multiple Output
SISO Single Input Single Output
SNR Signal-to-Noise Ratio

SP Scattered Pilot

STL Studio-Transmitter Link
TBI Twisted Block Interleaver
TDM Time Division Multiplexing
TI Time Interleaver

TR Tone Reservation

TxID Transmitter ldentification
XOR eXclusive OR

[ x] The greatest integer less than or equal to X

3.4 Terms
The following terms are used within this document.
Base Field — The first portion of a Baseband Packet Header.

Baseband Packet — A set of Kpayload bits which form the input to a FEC encoding process. There
is one Baseband Packet per FEC Frame.

Baseband Packet Header — The header portion of a Baseband Packet.

Block Interleaver — An interleaver where the input data is written along the rows of a memory
configured as a matrix, and read out along the columns.

Broadcast Stream ID (BSID) — A 16-bit value that identifies the aggregate contents of a broadcast
signal. Each transmitted signal that is unique (has content that is different from another signal)
has a unique BSID; e.qg., a signal translated onto a different frequency has the same BSID.

Cell — One set of encoded 1/Q components in a constellation.

Cell Interleaver — An interleaver operating at the cell level.

Combined PLP — A PLP after processing by the LDM injection block.

Concatenated Code — A code having an Inner Code followed by an Outer Code.

Constellation — A set of encoded (I component/Q component) points in the 1/Q plane.

Core Layer — The first layer of a 2-layer LDM system. The only layer in a non-LDM system.

Core PLP — A PLP belonging to the Core Layer.

Data Payload Symbols — Data and Subframe Boundary Symbols (i.e. non-Preamble symbols).

Enhanced Layer — The second layer of a 2-layer LDM system.

Enhanced PLP — A PLP belonging to the Enhanced Layer.

Extension Field — The third portion of a Baseband Packet Header.

FEC Frame — A single Baseband Packet with its associated FEC parity bits attached, having a
total size of 64800 or 16200 bits (per FEC Frame).

FEC Block — A FEC Frame after mapping to cells.

Frequency Interleaver — An interleaver which takes cells and interleaves them over a particular
symbol.
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Interleaver — A device used to counteract the effect of burst errors.

Inner Code — One code of a Concatenated Code system.

Layered Division Multiplexing — A multiplexing scheme where multiple PLPs are combined in
layers with a specific power ratio.

ModCod — A combination of modulation and code rate that together determine the robustness of
the PLP and the size of the Baseband Packet.

Non-Uniform Constellation — A constellation with a non-uniform spread of constellation points.

Optional Field — The second portion of a Baseband Packet Header.

Outer Code — One code of a Concatenated Code system.

Physical Layer Pipe — A structure specified to an allocated capacity and robustness that can be
adjusted to broadcaster needs.

Preamble — The portion of the frame that carries L1 signaling data for the frame.

Systematic — A property of a code in which the code word is composed of the original data in its
sequential order followed by the parity data for the codeword.

Time Interleaver — An interleaver which takes cells and interleaves them over a particular time
period.

T1 Block — An integer number of FEC Blocks.

Twisted Block Interleaver — An interleaver that performs intra-subframe interleaving by
interleaving T1 Blocks.

reserved — Set aside for future use by a Standard.

4. SYSTEM OVERVIEW

4.1 Features

The ATSC physical layer protocol is intended to offer the flexibility to choose among many
different operating modes depending on desired robustness/efficiency tradeoffs. It is built on the
foundation of OFDM modulation with a suite of LDPC FEC codes, of which there are 2 code
lengths and 12 code rates defined. There are three basic modes of multiplexing: time, layered and
frequency, along with three subframe types of SISO, MISO and MIMO. Signal protection starts
with 12 selectable guard interval lengths to offer long echo protection lengths. Channel estimation
can be done with 16 scattered pilot patterns along with continual pilot patterns. Three FFT sizes
(8K, 16K and 32K) offer a choice of Doppler protection depending on the anticipated device
mobility.

Supported bit rates in a 6MHz channel range from less than 1Mbps in the lowest-capacity
most-robust mode, up to over 57Mbps when using the highest-capacity parameters. Data are
carried in Physical Layer Pipes (PLPs), which are data structures that can be configured for a wide
range of trade-offs between signal robustness and channel capacity utilization for a given data
payload. Multiple PLPs can be used to carry different streams of data, all of which are required to
assemble a complete delivered product. In addition, data streams required to assemble multiple
delivered products can share PLPs if those data streams are to be carried with the same levels of
robustness. Combinations of data streams necessary to assemble a particular delivered product are
limited to carriage on a maximum of 4 PLPs. These capabilities enable scenarios such as robust
audio, video, enhanced video, and application data each being sent on an individual PLP at
different robustness levels. For channel impairment mitigation, the time interleaver can be
configured for intra-subframe interleaving up to 200msec (up to 400msec in some limited modes
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using extended interleaving) and larger depths in inter-subframe interleaving for low-bit rate
streams. Frequency interleaving can be used throughout the channel bandwidth on a per symbol
basis to separate burst errors in the frequency domain.

These pieces of technology are combined in an order described in the next section. The purpose
of the physical layer is to offer a wide range of tools for broadcasters to choose the operating
mode(s) that best fits their needs and targeted devices. This toolbox of technology is expected to
grow over time and the ability to upgrade or swap out new technology is enabled with the extensive
and extensible signaling in the Preamble. Broadcasters will have the ability to try new technologies
out without breaking an existing service.

The bootstrap, as described in [2], shows that each frame can be different, including non-ATSC
related signals. The time of the next similar frame is signaled so that the existing service can
continue. This standard describes the physical layer downlink signals after the bootstrap.

4.2 System Architecture

A block diagram of the main data flow for the total transmitter system architecture is shown in
Figure 4.1. The system architecture consists of four main parts: Input Formatting, Bit Interleaved
and Coded Modulation (BICM), Framing and Interleaving, and Waveform Generation. For
simplicity, control and signaling information flow is not shown in this diagram.
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Figure 4.1 Block diagram of the system architecture for one RF channel.

In this specification, Input Formatting is described in Section 5, BICM is described in Section
6, LDM Combining in Section 6.4, Framing and Interleaving in Section 7, and Waveform
Generation in Section 8. The signaling required to configure all of the blocks is described in
Section 9. MIMO Precoding is described in Annex L.

Not all blocks are used in each configuration. In Figure 4.1 the solid lines show blocks common
to all configurations, dotted lines show blocks specific to LDM (MIMO blocks are not used) and
dashed lines show blocks specific to MIMO (LDM blocks are not used).

Although not shown in Figure 4.1, there is a SFN/STL distribution interface located between
the Scheduling and Baseband Framing blocks. The definition of interface format for SFNs and
transmission from the studio to the tower is defined in [4].

A key concept in the Input Formatting and BICM blocks is the PLP (Physical Layer Pipe)
which is a stream of data encoded with a specific modulation, code rate and length. Figure 4.2 and

7
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Figure 4.3 show simplified block diagrams when there is only a single PLP (Figure 4.2) and when
there are 4 PLPs (Figure 4.3), respectively. For each PLP a separate Input Formatting and BICM
block is used. It is noted that after the Framing and Interleaving block there is only one stream of
data, as the PLPs have been multiplexed onto OFDM symbols and then arranged in frames.

Bit Interleaved and
Input

—> P Coded Modulation P

Framing & N Waveform
Formatting (BICM)

Interleaving Generation

Over The Air (OTA) Interface

Figure 4.2 Block diagram (simplified) of a single PLP system architecture.
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Figure 4.3 Block diagram (simplified) of a multiple PLP system architecture.

Although there are multiple methods of multiplexing the input data supported in this standard,
two are described very briefly in this section, specifically Time Division Multiplexing (TDM) and
Layered Division Multiplexing (LDM). The system architecture block diagrams for these two
methods show how the overall system architecture diagram can be simplified for specific
configurations.

In the TDM system architecture there are four main blocks: Input Formatting, Bit Interleaved
and Coded Modulation (BICM), Framing and Interleaving and Waveform Generation. Input data
is formatted in the Input Formatting block, and forward error correction applied and mapped to
constellations in the BICM block. Interleaving, both time and frequency, and frame creation are
done in the Framing and Interleaving block. It is in this block that the time division multiplexing
of the multiple PLPs is done. Finally, the output waveform is created in the Waveform Generation
block. The TDM system architecture can be realized using the simplified block diagram shown in
Figure 4.3.
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Figure 4.4 Block diagram (simplified) of the LDM system architecture.

In the LDM system architecture, shown in the simplified block diagram in Figure 4.4, in
addition to the four blocks that have already been shown in the TDM system, there is an additional
block LDM Combining. Before this block there are two corresponding Input Formatting and
BICM blocks, one for each of the two LDM layers. After combining the data from each layer, the
data passes through the Framing and Interleaving block followed by the Waveform Generation
block.

This standard also offers the option to use multiple RF channels through channel bonding,
described in Annex K and shown graphically in Figure 4.5. Compared to the TDM architecture, at
the transmitter side there is an additional block, Stream Partitioning. The high data rate input
stream is partitioned in this block into two separate streams, each passing through a BICM,
Framing and Interleaving and Waveform Generation block. Each stream is output onto a separate
RF channel. At the receiver side, the outputs of the two RF channels are then combined to achieve
greater data rates than can be achieved in one RF channel alone.
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Figure 4.5 Block diagram (simplified) of a channel bonded system.

4.3 Central Concepts
This standard has two concepts at its core: flexibility and efficiency.
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For flexibility, the number of modulation and coding combinations offers a breadth of choice
for operating point that have not been available in any previous broadcasting standard. Multiple
multiplexing methods give options to the broadcaster to configure the transmission chain like never
before. Individual blocks may be turned on and off with an extensive set of signaling. Furthermore,
this standard has allowed “room to grow” as technologies evolve so that the standard may be
extended in the future.

For efficiency, new forward error correcting options with the adoption of non-uniform-
constellations has brought the operation of the BICM closer to the theoretical Shannon Limit;
offering over 1dB of gain compared to the use of uniform constellations using the same operating
parameters.

5. INPUT FORMATTING

The input formatting consists of three blocks: encapsulation and compression of data, baseband
framing and the scheduler. This is shown in Figure 5.1. The dotted line represents the flow of
control information, while the solid lines represent the flow of data.

The encapsulation and compression operation of data is described in detail in Section 5.1, the
operation of the scheduler is described in [4], and the Baseband Packet construction is described
in Section 5.2.

Input Formatting
e | Coi) (el
A A ‘
h 4
Encapsulation Baseband
Data > > and ALP Packets > ggoeband > P Packets
» » I . > »
F
Compression for PLPO ormatting for PLPO
v
Encapsulation Baseband
Data > > and ALP Packets ® > Baseband > > Packets
F tti
Compression R ormatting for PLP1
v
Encapsulation NP Baseband Baseband
Data > > and acxen @ —P . > P Packets
. for PLPn Formatting
Compression for PLPn

Figure 5.1 Block diagram of input formatting.

5.1 Encapsulation and Compression

Input data packets shall be formatted according to the [3] specification in this block, including all
necessary encapsulation and compression of the input data. The output packets are called ALP
(ATSC Link layer Protocol) packets.

10
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The length of each ALP packet is variable and can be extracted from the ALP packet header.
The maximum length of any single ALP packet, including all headers and data, shall be as defined
and constrained as in [3].

5.1.1 Number of PLPs

The maximum number of PLPs in each RF channel (6, 7 or 8 MHz) shall be 64. The minimum
number of PLPs in an RF channel shall be one. The maximum number of PLPs in a frame carrying
content requiring simultaneous recovery to assemble a single delivered product shall be four,
subject to the constraints described in Section 7.1.2.

5.2 Baseband Formatting

The baseband formatting block, shown in Figure 5.2, consists of three blocks, Baseband Packet
Construction, Baseband Packet Header Addition and Baseband Packet Scrambling. The baseband
formatting block creates one or more PLPs as directed by the Scheduler. At the output of the
baseband formatting block, each PLP consists of a stream of Baseband Packets and there is exactly
one Baseband Packet per defined FEC Frame.

Baseband Formatting

ALP Packets Baseband Baseband Baseband Baseband Packets
for PLPn P > Packet P Packet Header > Packet ——» for PLPn
Construction Addition Scrambling

Figure 5.2 Block diagram of baseband formatting.

The mapping operation of ALP packets to Baseband Packets is described in Section 5.2.1, the
Baseband Packet Header construction is described in Section 5.2.2 and the scrambling of the entire
Baseband Packet is described in Section 5.2.3.

5.2.1 Mapping ALP Packets to Baseband Packets

A Baseband Packet shall consist of a header, described in Section 5.2.2, and a payload containing
ALP packets, shown in Figure 5.3. Padding, if present, shall be added to the Baseband Packet
Header. Baseband Packets have fixed length Kpayioad, With the length determined by the outer code
type, inner code rate and code length chosen for the target PLP. For specific values of Kpayload , S€€
Table 6.1 and Table 6.2.

ALP packets shall be mapped to the payload part in the same order they are received. The
reordering of ALP packets in the Baseband Packet is not permitted. When the received ALP
packets are not sufficient to create a Baseband Packet of size Kpayload, padding shall be added to
the Baseband Packet Header to complete the Baseband Packet. See Section 5.2.2.3.2 for details.

When the received ALP packets are enough to fill the Baseband Packet but the last ALP packet
does not fit perfectly within the Baseband Packet, that ALP packet may be split between the current
Baseband Packet with the remainder of the ALP packet transmitted at the start of the next Baseband
Packet. When splitting is used, ALP packets shall be split in byte units only. When the final ALP
packet in the Baseband Packet is not split, padding shall be used in the extension field of the
Baseband Packet Header to completely fill the Baseband Packet. In Figure 5.3 the final ALP packet
is split between the current Baseband Packet and the next Baseband Packet.

11
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-

Baseband Packet

Header Payload

Base Field Optional Field

Figure 5.3 Baseband Packet structure showing Header, Payload and mapping
example of ALP packets to a Baseband Packet.

5.2.2 Baseband Packet Header

The Baseband Packet Header shall be composed of up to three parts, illustrated in Figure 5.3 and
with more detail in Figure 5.4. The first part is called the Base Field and appears in every packet.
The second part is called the Optional Field. The third part is called the Extension Field. The order
of the fields shall be Base, Optional and Extension. The Optional Field may be used to provide
signaling regarding the following Extension Field. When Extension Fields are used, the Optional
Field shall always be present.

12
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|
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No Extension Mode

Short Extension Mode
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EXT_TYPE
(3b)

EXT_LEN
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EXT_LEN (LSB)
(5b)

EXT_LEN (MSB)
(8b)

11 | NUM_EXT | EXT_LEN (LSB) EXT_LEN (MSB)

Mixed Extension Mode
(3b) (5b) (8b)

Figure 5.4 Baseband Packet Header structure details.

5.2.2.1 Base Field

Since ALP packets may be split across Baseband Packets, the start of the payload of a Baseband
Packet does not necessarily signify the start of an ALP packet. The Base Field of a Baseband
Packet shall provide the start position of the first ALP packet that begins in the Baseband Packet
through a pointer.

The value of the pointer shall be the offset (in bytes) from the beginning of the payload to the
start of the first ALP packet that begins in that Baseband Packet. When an ALP packet begins at
the start of the payload portion of a Baseband Packet, the value of the pointer shall be 0. When
there is no ALP packet starting within that Baseband Packet, the value of the pointer shall be 8191
and a 2 byte base header shall be used. When there are no ALP packets and only padding is present,
the value of the pointer shall also be 8191 and a 2 byte base header shall be used, together with
any necessary optional and extension fields as signaled by the OFI (Optional Field Indicator) field.

Signaling of the Base Field is as defined below:

MoDE - This field shall indicate whether the Base Field has a length of one byte (Mope=0) or two
bytes (Mope=1), and shall thus indicate the absence or presence of the upper 6 MSB bits of the
pointer field and the ori field.

When mobe=0 the pointer value shall be strictly less than 128 bytes. The pointer field length
shall be 7 bits and the value of the pointer shall be transmitted in Pointer_LsB only. Within
Pointer_LSB the bits shall be ordered from most significant bit to least significant bit. The
length of the Base Field shall be one byte and no Optional Field and Extension Field shall
be used.

When mobe=1 the pointer field length shall be 13 bits and the pointer field shall consist of a
concatenation of the fields Pointer LSB and pointer MSB in the base field. Within both

13
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Pointer_LSB and Pointer_MsB the bits shall be ordered from most significant bit to least
significant bit. The length of the Base Field shall be two bytes and the use of optional and
extension fields shall be allowed. Note the order of the concatenation shall be as shown in
Figure 5.4, with the lowest 7 bits (LSB) concatenated with the upper 6 bits (MSB). For
example, if the decimal value of the pointer is 130, mobe=1 and the lower 7 bits of the
pointer (0000010) shall be concatenated with the upper 6 bits of the pointer (000001) to
give the output of the Baseband Packet Header as 10000010 00000100, assuming oFi=0.

Pointer_LSB - This field shall be the 7 least significant bits of the pointer field.

Pointer_MSB - This field shall be the 6 most significant bits of the (13-bit) pointer field.

oFlI - This field shall indicate the Baseband Packet Header extension mode, specified in Table 5.1 .

Table 5.1 OFI Description

OFI Description

00 |No Extension Mode:

Absence of both optional and extension fields

01 |Short Extension Mode:

Presence of the optional field, with length equal to 1 byte.
10 |Long Extension Mode:

Presence of the optional field, with length equal to 2 bytes.

11 |Mixed Extension Mode
Presence of the optional field, with length equal to 2 bytes

5.2.2.2 Optional Field

The Optional Field shall only be present when oFi is set to *01°, “10° or *11°. When oFI=01 it is
known as Short Extension Mode and is defined in Section 5.2.2.2.1. When ori =10 it is known as
Long Extension Mode and is defined in Section 5.2.2.2.3. When orI =11 it is known as Mixed
Extension Mode and is defined in Section 5.2.2.2.3.

5.2.2.21 Short Extension Mode

The Extension Field shall be composed according to the exT_TyPe and ExT_LEN fields in the
Optional Field. When the actual length of the signaled extension type is shorter than what is
indicated by ExT_LEN, padding consisting of 0x00 shall be used to fill up the missing bytes as
defined in Section 5.2.2.3.2.

The following fields shall be present:

exT_TYPE: This field shall indicate the type of the extension transmitted in the extension field, as
defined in Table 5.2. Only one extension type per Baseband Packet shall be used.

exT_LEN: This field shall indicate the length in bytes of the extension field in the range 0-31 bytes.
When exT_LEN =0 this implies that no Extension Field is present.
5.2.2.2.2 Long Extension Mode

The extension field shall be composed according to the EXT_TYPE and EXT_LEN (LSB) concatenated
with ExT_LEN (vsB) fields in the optional field. When the actual length of the signaled extension
type is shorter than what is indicated by the concatenation of EXT_LEN (LSB) and EXT_LEN (MSB),
padding with 0x00 shall be used to fill up the missing bytes as defined in Section 5.2.2.3.2.
The following fields shall be present:
exT_TYPE: This field shall indicate the type of extension field, as defined in Table 5.2. Only one
extension type per Baseband Packet shall be used.

EXT_LEN (LsB): This field shall indicate the LSB part of the 13-bit EXT_LEN

14
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EXT_LEN (MsB): This field shall indicate the MSB part of the 13-bit ExT_LEN

The concatenation exT_LEN (13 bits) of the fields ExT_LEN (LsB) and EXT_LEN (MSB) in the
Optional field shall indicate the actual length in bytes of any Extension field in the range 0 bytes
to the end of the Baseband Packet. When exT_LEN indicates an Extension Field of O bytes this
implies that no Extension Field is present.

52223 Mixed Extension Mode

The extension field shall consist of N non-padding extensions (where 2 <N < 7) as well as any
padding. The structure of the Extension Field shall be as defined in Figure 5.5.

EXT_TYPE1 EXT_LEN1 EXT_TYPEN EXT_LEN N ) .
(_3b) (1_3b) ?3b) (I3b) Extension Payload 1 Extension Payload N Padding

Figure 5.5 Structure of extension field for the Mixed Extension Mode.

With N non-padding extensions there shall be one 2-byte header for each such extension, i.e.
a total header part of the extension field of 2N bytes. In the extension field all N headers shall first
be transmitted, followed by the N associated payload fields, following the same order, and finally
any padding.

In each 2-byte header the first byte shall consist of a 3-bit field, ExT_TYPE, indicating the
extension type followed by the 5-bit LSB part of the 13-bit exT_LEN field of the particular extension.
The second byte shall consist of the 8-bit MSB part of the same exT_LEN field, which is the
concatenation of the respective LSB and MSB parts. No header shall precede the padding bytes, if
present, at the end of the extension field. The position and length of padding is implicit from other
fields.

The following fields shall be present:

NUM_EXT (3 bits): This field shall indicate the number of non-padding extensions N (2<N<7) in the
extension field.

EXT_LEN (LsB) (5 bits): This field shall indicate the LSB part of the 13-bit EXT_LEN

EXT_LEN (MsB) (8 bits): This field shall indicate the MSB part of the 13-bit EXT_LEN

The concatenation exT_LEN (13 bits) of the fields ExT_LEN (LsB) and EXT_LEN (MSB) in the
Optional Field shall indicate the actual length in bytes of the Extension Field in the range 4 bytes
to end of Baseband Packet.

In the current version of the specification Extension Fields and associated EXT_TYPE entries
shall be as defined in Table 5.2. Later specification versions may define additional extension types.
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Table 5.2 ex7_typPE Field Description for Extension Mode

EXT_TYPE Description
000 Counter
A counter as defined in Section 5.2.2.3.1 shall be used
001-110 These fields are reserved for future extension types
111 All Padding
All bytes of the extension field are padded with 0x00 as defined in Section 5.2.2.3.2.

5.2.2.3 Extension Fields
The Extension Field types are defined below.

52231 Counter Type

When exT_1YPE =000’ an extension of length ExT_LEN bytes containing a counter shall be added.
The counter shall be of 2 bytes in length and shall immediately follow the Optional Field. The first
byte of the extension shall represent the most significant byte of the counter and the second byte
of the extension shall represent the least significant byte of the counter. ExT_LEN shall have a
minimum value of 2. Values of exT_LEN > 2 shall indicate the presence of padding following the
counter. Note that if a Baseband Packet with only padding needs to be sent, ExT_TyPe =111 shall
be used and use of the counter type is unnecessary.

The counter shall be initialized to 0 and shall increment linearly by one for each Baseband
Packet of the current PLP. Independent counters shall be used for each PLP. When the counter
reaches its maximum value, the next Baseband Packet counter value shall be reset to zero and the
counting process shall begin again.

For a PLP employing channel bonding, a single counter shall be used to add the value to the
Baseband Packet (see also Section K.1). This shall occur before the Baseband Packet is assigned
to the specified RF channel.

As an example, if oFi=*01" and exT_LEN =’5’, the counter will be 2 bytes in length and the
remaining 3 bytes of the extension will contain padding. The length of the Base Field is 2 bytes,
the length of the Optional Field is 1 byte and the length of the Extension Field is 5 bytes for a total
Baseband Packet Header length of 8 bytes.

5.2.2.3.2 All Padding Type
For orFi=01 and ori=10 an extension field may be entirely used for padding by setting EXT_TYPE
=111’ as described in Table 5.2. When one or more non-padding extensions do not entirely fill
the available Extension Field the last part of the Extension Field is filled with padding bytes, which
in all cases have the value 0x00. In this latter case there is no explicit padding signaling.

The use of oF1I="01’ together with an ext_LEN field indicating a 0-byte length of the extension
field is equivalent to introducing 1 byte of padding, compared to the orFi=00 case.

The use of oF1I="10’ together with an ext_LEN field indicating a 0-byte length of the extension
field is equivalent to introducing 2 bytes of padding, compared to the orFi=00 case.

5.2.3 Scrambling of Baseband Packets

In order to ensure that the data mapped to constellations is not assigned to the same point in an
undesirable manner (which might occur for example when the payload consists of a repetitive
sequence) the entire Baseband Packet, consisting of both the Baseband Packet Header and payload,
shall always be scrambled before forward error correction encoding.

The scrambling sequence can be generated by the 16-bit shift register shown in Figure 5.6.
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Figure 5.6 Shift register of the PRBS encoder for baseband scrambling.

The generator polynomial shall be:
G(X) = L+X+X3XO0+ X+ X+ X124 X 13+ X 10

The operation of the scrambling sequence shall be as follows:
1) The initial sequence (0xF180: 1111 0001 1000 0000) shall be loaded into the shift registers
at the start of every Baseband Packet.

2) Eight of the shift register outputs (D, D®, ..., D° shall be used as a randomizing byte,
which is then XOR’d bitwise (MSB to MSB and so on until LSB to LSB) with the
corresponding byte of Baseband Packet data.

3) The bits in the shift register shall be shifted once. Goto step 2 above.

The first values of the baseband scrambling sequence are 1100 0000 0110 1101 0011 1111 ...
(MSB first, or D, D¢, ..., D°, D7, DS, ...).

6. BIT INTERLEAVED CODING AND MODULATION (BICM)

A simple block diagram of the Bit Interleaved Coding and Modulation (BICM) block is shown in
Figure 6.1. The BICM block consists of three parts: The Forward Error Correction (FEC), the Bit
Interleaver and the Mapper. The BICM block operates per PLP.

BICM
FEC
Baseband FEC Frames Bit
aseban R Outer Encoder Inner for PLPn I g Cells for
Packets > > P Interleaver H» Mapper » >
for PLPN (BCH, CRC, Encoder (BIL) PLPn
none) (LDPC)

Figure 6.1 Block diagram of BICM.

6.1 Forward Error Correction (FEC)

The input to the FEC part is a Baseband Packet and the output is a FEC Frame. The construction
of the FEC Frame is described in Section 6.1.1, with the details of the forward error correction
described in Sections 6.1.2 and 6.1.3. It should be noted that the size of the input Baseband Packet
depends on the inner code rate and length and outer code type. The size of the FEC Frame depends
on the code length only.

6.1.1 FEC Frame Structure

A FEC Frame shall be formed by the concatenation of the Baseband Packet payload, an Outer
Code and an Inner Code. The FEC Frame has size Ninner, expressed in bits, where the size comes
from the length of the Inner Code.
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The Inner Code shall be a Low Density Parity Check (LDPC) code. There are two different
sizes of LDPC code defined: Ninner =64800 bits and Ninner =16200 bits. The use of one of the defined
Inner Codes is mandatory and is used to provide the redundancy needed for correct reception of
transmitted Baseband Packets. The length of the Inner Code parity Minner depends on the code rate
as well as Ninner. The choice of Inner Code type is signaled together with the Outer Code type using
the L1D_plp_fec_type field.

There are three options for the Outer Code: Bose, Ray-Chaudhuri and Hocquenghem (BCH)
Outer Code, a Cyclic Redundancy Check (CRC) or none. The Outer Code (BCH and CRC) adds
Mouter parity bits to the input Baseband Packet. When using BCH codes the length of Mouter shall
be 192 bits (for Ninner=64800 bit codes) and 168 bits (for Ninner=16200 bit codes), respectively.
When using CRC the length of Mouter shall be 32 bits. The resulting structure of the concatenation
of the payload, BCH or CRC parities and LDPC parities is defined as shown in Figure 6.2.

FEC Frame

Ninne
Nauter
Baseband Packet Outer Code Inner Code
(FEC Frame payload) Parity Parity
Kpayload Mouter Minner

Figure 6.2 Structure of FEC Frame when BCH or CRC is used as Outer Code.

When neither BCH nor CRC are used the length of Mouter is zero, and the structure of the FEC
Frame is as shown in Figure 6.3.

FEC Frame
Ninner
NUU[EI
Baseband Packet Inner Code
(FEC Frame payload) Parity
Kpaylnud M(’nner

Figure 6.3 Structure of FEC Frame when no Outer Code is used.
The size of Kpayload therefore, depends on the type of Outer Code used in addition to the code

rate and length. The size of Kpayload, as Well as Mouter, Minner and Nouter are shown in Table 6.1 and
Table 6.2.
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Table 6.1 Length of Kpayload (bits) for N. . = 64800

Iinner

Code Kpayload Mouter Kpayload Mouter Kpayload Mouter Minner Nouter
Rate (BCH) (BCH) (CRC) (CRC) (no outer) (no outer)

2/15 8448 192 8608 32 8640 0 56160 8640
3/15 12768 192 12928 32 12960 0 51840 12960
4/15 17088 192 17248 32 17280 0 47520 17280
5/15 21408 192 21568 32 21600 0 43200 21600
6/15 25728 192 25888 32 25920 0 38880 25920
7/15 30048 192 30208 32 30240 0 34560 30240
8/15 34368 192 34528 32 34560 0 30240 34560
9/15 38688 192 38848 32 38880 0 25920 38880
10/15 43008 192 43168 32 43200 0 21600 43200
11/15 47328 192 47488 32 47520 0 17280 47520
12/15 51648 192 51808 32 51840 0 12960 51840
13/15 55968 192 56128 32 56160 0 8640 56160

Table 6.2 Length of Kpayload (bits) for Ninner = 16200

Code Kpayload Mouter Kpayload Mouter Kpayload Mouter Minner Nouter
Rate (BCH) (BCH) (CRC) (CRC) (no outer) (no outer)

2/15 1992 168 2128 32 2160 0 14040 2160
3/15 3072 168 3208 32 3240 0 12960 3240
4/15 4152 168 4288 32 4320 0 11880 4320
5/15 5232 168 5368 32 5400 0 10800 5400
6/15 6312 168 6448 32 6480 0 9720 6480
7/15 7392 168 7528 32 7560 0 8640 7560
8/15 8472 168 8608 32 8640 0 7560 8640
9/15 9552 168 9688 32 9720 0 6480 9720
10/15 10632 168 10768 32 10800 0 5400 10800
11/15 11712 168 11848 32 11880 0 4320 11880
12/15 12792 168 12928 32 12960 0 3240 12960
13/15 13872 168 14008 32 14040 0 2160 14040

6.1.2 Outer Encoding

There are multiple choices for the Outer Code. The first is the BCH code and it provides additional
error correction as well as error detection. The second is the use of a CRC, which provides no
additional error correction, only error detection. As a third option, no Outer Code may be selected.

6.1.2.1 BCH

When BCH is used for the Outer Code, 12-bit correctable BCH codes are used. These are
determined as follows:

Let m(x) = moxKpavload-Lym, yKpayload-24  +mypayioad-1 be an information polynomial, whose
coefficients mo, ma, ..., Mkpayload-1 are information to be encoded, and let g(x) be the generator
polynomial of degree Mouter for BCH code where g(x) = g1(X)gz2(x)...g12(X). Then code bits so, S1,
..., SNouter-1 are induced as coefficients of a codeword polynomial of degree Nouter-1, $(X) = soxNouter-
LygpxNouter-2t  tonouter1 = m(x)xMouter - p(x), where p(x) is the residue polynomial of
m(x)xMeuter/g(x). The definitions of component polynomials gi(x) for each mode are shown in
Table 6.3.
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Table 6.3 BCH Polynomials

Code Length Ninner=64800

Code Length Ninner=16200

gu(x) [ xPexc+Hx3+x+1

XEX5+x3+x +1

g2(x) | XUExBExO+xEHxMHx+1

x4+ x1 x84 x6+1

ga(x)  [xBxlx0+xOHxB+xT X +x 3 +x2+1

XX 04+x9+x8+x2+x+1

ga(X) | XIOHXIEX 2RO+ X0+ XA+ x2+1

X1y 124 310438y T vy |

gs5(x) | XI0+x124xL+x 104X+ xB+x5+x3+x2+x+1

X434 1L O B KB+ XA X2+ 1

g6(X) | XUO+xISHxLA4K 134X 1245104 x4 x84 xT+X5+X4H4X2+1

X144 X133 xBxT+x3+1

g7(x) XlG+X15+X13+X11+X10+X9+X8+X6+X5+X2+l

Xl4+xl3+X11+X10+X7+X6+X5+X2+1

ga(x) [ XMxMxI3HxI2HxO+xB+xE+x5+x % +x+1

X1y 1y 3104594 3By y54 ]

ga(X) X643 104 x4 X 74X5+1

XX 10+ 0+x3+x2+x+1

g1o(X) [ XMo+xMAxI3+xI2Hx 0B HxT x5 +x2+x+1

14 4x124 %11 439+ x64x3+1

gua(x) [ xM+xB3+xI2HxMHxO+x5+x3+x3+1

Xl4+X12+Xll+X4+1

NI IV T TR ARV FINCINC I T |

gr2(x) [ XB+xI2xIxO X +xE+xC+x+1

6.1.2.2 CRC

When a CRC is used for the Outer Code, a 32-bit CRC shall be used. The CRC shall be computed
as illustrated in Figure 6.4 and shall implement a feedback shift register characterized by the CRC
code polynomial. The generator polynomial of degree n Gere(X) can be expressed as:

n n-1 n-2 2
Goe(X)=X"4+0, X" +0,,X"" +..... +0,X° +0g,x+1

Figure 6.4 Shift register for CRC-32.

Computation of the CRC-32 is carried out using a shift register circuit such as shown in Figure
6.4. At the beginning of the computation (before the first data bit is input) all register stage contents
are initialized to one. After applying the first bit (MSB first) of the data block to the input, the shift
clock causes the register to shift its contents by one stage towards bn-1 while loading the tapped
stages with the result of the appropriate operations. After the last data bit of the block is input, the
contents of the register stages are read out to provide the 32 CRC bits {bi, i = 0,1...31) that shall
then be appended to the data prior to inner encoding. The appended bits shall be ordered from the
most significant bit (bs1) to the least significant bit (bo). For the CRC-32 used, all values of gi =0
except for: gz1, gis, g112 Which have a value of one. Thus the actual generator polynomial is:

Gy (X) = X¥ + X + x® + x* +1

6.1.2.3 Selection of Outer Code Configuration

The outer BCH code is used to lower any potential LDPC error floor by correcting a predefined
number of bit errors. For the BCH codes chosen up to 12 bit errors may be corrected. BCH code
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provides both improved error correction as well as error detection. For improved efficiency, at the
cost of no additional error correction, the CRC may be chosen. CRC provides only error detection.
Finally, the Outer Code may be omitted if it is determined that the error correcting capability of
the Inner Code is sufficient for the application; however, no additional error correction or detection
is provided in this case.

6.1.3 Inner Encoding

LDPC codes are used to create parity bits which are appended to the payload in each Baseband
Packet. Cyclic-structured LDPC codes are employed. The indices list for each encoding can be
found in Annex A.

There are two different coding structures used. These are called Type A (defined in Section
6.1.3.1) and Type B (defined in Section 6.1.3.2). The type used for each code rate and code length
shall be as shown in Table 6.4. Type A has a code structure that shows better performance at low
code rates while Type B code structure shows better performance at high code rates.

Table 6.4 Structure of LDPC Encoding Used for Each of the Code Rates and

Lengths

Code LDPC Code Structure Type
Rate  INiyner=64800 Ninner=16200
2/15 A A

3/15 A A

4/15 A A

5/15 A A

6/15 B B

7115 A B

8/15 B B

9/15 B B

10/15 |B B

11/15 |B B

12/15 |B B

13/15 |[B B

6.1.3.1 Type A LDPC Encoding
Type A LDPC encoding shall be realized as follows.

An LDPC code is used to encode the information block S = (so, sy, .., Sn,,,,,,—1)- T0 generate
a codeword A = (49, Ay, ..., An,, .. —1) OF 1eNgth Nipner = Noyter + My + My, the parity bits P =
(o) P1, -+ » Pm, +m,—1) are calculated from S. The LDPC codeword is systematic and given by:

A = [Sg, 81, ) SNouter—12P0s P1s --» pM1+M2—1]

M, and M, are parity lengths corresponding to a dual diagonal matrix and an identity matrix,
respectively. The parity lengths depending on code rates shall be used as specified in Table 6.5
and Table 6.6. The detailed procedure to calculate parity bits shall be as follows:

i) Initialize A; = s; fori =0,1,... Nyyrer — 1

D; =0forj=01,..M;+M, -1
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i)

Vi)

vii)

viii)

Accumulate the first information bit, 4,, at parity bit address specified in the first row of
the tables in Annex A (Table A.1.1to Table A.1.4, Table A.1.6, Table A.2.1to Table A.2.4).

For the next 359 information bits 4, m = 1,2, ...,359, accumulate 4,, at parity bit
addresses, which are calculated as follows:

(x + mxQq) mod M; ifx <M,

where x denotes the address of the parity bit accumulator corresponding to the first bit Ao.
Q, = M, /360 and Q, = M, /360 are code rate dependent constants specified in Table 6.5
and Table 6.6.

For the 361st information bit 2360, the addresses of the parity bit accumulators are given
in the second row of the tables in Annex A. In a similar manner, the addresses of the
parity bit accumulators for the following 359 information bits 4,,, m = 361,362, ...,719
are obtained using the equation in step (ii) where x denotes the address of the parity bit
accumulator corresponding to the information bit A5,,, i.€. the entries in the second row
of the tables in Annex A.

In a similar manner, for every group of 360 new information bits, a new row from the
tables in Annex A is used to find the addresses of the parity bit accumulators.

After the codeword bits from 4, to Ay _, are exhausted, sequentially perform the
following operations starting with i=1.

pi=p; Ppi_fori=12,..,.M; —1

The parity bits from Ay to Ay, . u, -1, Which correspond to the dual diagonal
matrix, are obtained using the following interleaving operation:

ANoutET+36O ct+s — le - s+t fOI' 0 S s < 360,0 S t < Ql

For every group of 360 new codeword bits from Ay_ . to Ay, .. +m,-1,@NEW row from

the tables in Annex A and the equation in step (ii) are used to find the addresses of the
parity bit accumulators.

After the codeword bits from Ay t0 Ay ., -1 are exhausted, the parity bits from
ANgyor+My 10 AN, o . +m,-1, WhiCh correspond to the identity matrix, are obtained
using the following interleaving operation:

ANputer+Mi+360 - t+s = PMy+Q, - s+¢ for 0 <5 <360,0 <t < Q,
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Table 6.5 Coding Parameters for Type A: Ninner = 64800

Code Sizes

Rate M, M, Q1 Q:
2/15 1800 54360 5 151
3/15 1800 50040 5 139
4/15 1800 45720 5 127
5/15 1440 41760 4 116
7115 1080 33480 3 93

Table 6.6 Coding Parameters for Type A: Ninner = 16200

Code Sizes

Rate M, M, Q4 Q2
2/15 3240 10800 9 30
3/15 1080 11880 3 33
4/15 1080 10800 3 30
5/15 720 10080 2 28

6.1.3.2 Type B LDPC Encoding
Type B LDPC encoding shall be realized as follows.

Let so, S1, ..., Snouter-1 be information bits to be encoded and o, A1,.. ., Aninner-1 be code bits to be
calculated. Then for any k from 0 to Nouter-1, Ak Shall be set equal to sk, since the code is systematic.
For the remaining code bits, set Anouter + k = pk (0 < k < Minner) and these parity bits px shall be
calculated as follows. In the following, q(i, j, 0) denotes the j-th entry in the i-th row in the indices
list, see Annex A, and q(i, j, 1) = q(i, J, 0) + Qidpc:1 (Mod Minner) for 0<1<360, and all accumulations
are realized by additions in GF(2). Qidpc shall be defined as in Table 6.7.

i) Initialize px= 0 for 0<k< Minner.

ii)  For 0<k< Nouter, set i= | k/360, and I=k (mod 360). Now accumulate sk to pq, j, 1 for all j:
pq(i, 0= pq(i, 0,1) + Sk, pq(i, 1,0 = pq(i, 110 + Sk, pq(i, 2,) = pq(i, 2,1) + Sk, ..., pq(i, w(i)-1,1) = pq(i, w(i)-1, 1)

+ Sk,

where w(i) is the number of elements in the i-th row in the indices list in Annex A.

iii) For all 0<k< Minner, pk = pk + Pk-1.

From these steps, all code bits Ao, A1,..., Aninner-1 Shall be obtained.

Table 6.7 Coding Parameters for Type B

Code Rate Qldpc (Ninner=64800) Qldpc (Ninner=16200)
6/15 108 27

7/15 N/A 24

8/15 84 21

9/15 72 18

10/15 60 15

11/15 48 12

12/15 36 9

13/15 24 6
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6.1.3.3 Tradeoffs

Ninner=16200 bit LDPC codes have lower latency but worse performance. In general, Ninner =64800
bit codes are expected to be the first choice due to superior performance, however, for applications
where latency is critical, or a simpler encoder / decoder structure is preferred, Ninner =16200 bit
LDPC codes should be used.

6.2 Bit Interleavers

The bit interleaver block takes a FEC Frame as input. The output of the bit interleaver block is a
bit interleaved FEC Frame. The size of the FEC Frame does not change after the bit interleaving
operation.

The bit interleaver block consists of a parity interleaver followed by a group-wise interleaver
followed by a Block Interleaver. A block diagram giving the bit interleaver internal structure is
shown in Figure 6.5.

Bit Interleaver

. Bit Interleaved
Group-Wise - Block o
> » FEC Frames
Interleaver Interleaver Interleaver
for PLPn

FEC Frames Parity
for PLPn g

Figure 6.5 Bit interleaver structure.

The parity interleaver is described in Section 6.2.1, the group-wise interleaver in Section 6.2.3
and the Block Interleaver in Section 6.2.4, respectively.

6.2.1 Parity Interleaver

The parity interleaver shall be used for Type B codes only, and shall not be used for Type A codes.

The parity interleaver output is denoted by U= (uo, U, ..., UNinner-1). In the parity interleaver,
parity bits are interleaved as:

u; =A; for0 <i < N,y (information bits are not interleaved)

UNyyrer+360t+s = MgyrortQuapes+t 1070 =<5 <360,0 <t < Quapc

where Qidpc is defined in Table 6.7.

The role of the parity interleaver is to convert the staircase structure of the parity-part of the
LDPC parity-check matrix into a quasi-cyclic structure similar to the information-part of the
matrix.

6.2.2 Group-Wise Interleaver

The parity interleaved LDPC coded bits, (uo, U1, ..., Uninner-1), are split into Ngroup = Ninner /360
bit groups as follows:

X; = {1, 1360xj < k < 360%x( +1),0 < k < Noyrer } 0 < < Ngroup
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where Xj represents the j-th bit group. For 0< j < Ngroup, €ach bit group Xj has 360 bits, as illustrated
in Figure 6.6.

(Nouter) LDPC Information (Ninner — Nouter) LDPC parity bits
360 360 360 360 360 360 360
< pa > o N e . i R e S e
0™ bit group 1% bit group (Nouter/360 -1)" bit group (Ninner/360 -1)™ bit group

Figure 6.6 Parity interleaved LDPC codeword bit groups.
The parity-interleaved LDPC codeword is interleaved by the group-wise interleaver as follows:

Y, = Xp(jyfor 0 < j < Nyroup

where Yj represents the group-wise interleaved j-th bit group and 7z(j) denotes the permutation

order for group-wise interleaving. The corresponding group-wise interleaving is optimized for
each combination of modulation and LDPC code rate. Table series in B.1 and B.2 in Annex B

show the permutation order of the group-wise interleaving z(j) for code lengths Ninner=64800 and
Ninner=16200, respectively.

The group-wise interleaved LDPC codeword denoted by (vo, Vi, ..., Vnimer-1) IS the
concatenation of Yj as follows:

V= {YOr Yl, "y YNgroup_l}

6.2.3 Block Interleavers

There are Type A and Type B Block Interleavers for each Type A and Type B FEC and
constellation combination. Note that some Type A FEC and constellation combinations use a Type
A Block Interleaver while other Type A FEC and constellation combinations use a Type B Block
Interleaver, and similarly for Type B FEC and constellation combinations and Type A and Type
B Block Interleavers. That is, Type A FEC and constellation combinations are not necessarily
always paired with a Type A Block Interleaver, and Type B FEC and constellation combinations
are not necessarily always paired with a Type B Block Interleaver. The Block Interleaver type is
defined in Table 6.8 and Table 6.9. Type A Block Interleaver is described in Section 6.2.4.1 and
Type B Block Interleaver is described in Section 6.2.4.2.
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Table 6.8 Block Interleaver Type for Codes of Length Ninner= 64800 Bits

MODCR 2/15 3/15 4/15 5/15 6/15 7/15 8/15 9/15 10/15 11/15 12/15 13/15
2 A A A A A A A A A A A A
4 A A A B A A B B A A A A
6 A A A A A B A B B A A B
8 A A A B B B B A B B A B
10 A A A B A B A B B B A A
12 A A A A A B A A A A A A

Table 6.9 Block Interleaver Type for Codes of Length Ninner= 16200 Bits

MOCR 2/15 3/15 4/15 5/15 6/15 7/15 8/15 9/15 10/15 11/15 12/15 13/15
2 A A A A B B A B A A A A
4 A A A A B B A B A B A B
6 A A A A B B A B A A A A
8 A A A A B A A A A B A A

6.2.3.1 Type A Block Interleaver

Following the group-wise interleaver, the LDPC codeword is interleaved by the Block Interleaver
as shown in Figure 6.7. Each column of the Type A Block Interleaver is composed of a first part
and a second part. Part 1 and Part 2 are divided based on the number of columns of the Block
Interleaver and the number of bits of the bit group. In Part 1, the bits constituting the bit group are
written in the same column. In Part 2, the bits constituting the bit group are written in at least two
columns.

The data bits vi from the group-wise interleaver shall be written serially into the Block
Interleaver column-wise starting in Part 1 and continuing column-wise finishing in Part 2, and then
read out serially row-wise from Part 1 and then row-wise from Part 2, as shown in Figure 6.7.
Therefore, the bits from the same group in Part 1 are mapped onto the bits having the same bit
position in each modulation symbol.

Part 1 and Part 2 block interleaving configurations for each modulation format and code length
are specified in Table 6.10. The number of columns of the Block Interleaver is equal to the number
of bits constituting a modulation symbol. The sum of Nr1 and Nrz is equal to Ninner /Nc, and Nr1
(:[Ngmup/NC ]><360) is a multiple of 360, so that multiple bit groups are written into Part 1 of
Block Interleaver.

Table 6.10 Type A Block Interleaver Configurations

Modulation Rows in Part 1 Nr1 | Rows in Part 2 Nr2 Columns
Ninner = 64800 Ninner = 16200 Ninner = 64800 Ninner = 16200 |Ne

QPSK 32400 7920 0 180 2

16QAM 16200 3960 0 90 4

64QAM 10800 2520 0 180 6

256QAM 7920 1800 180 225 8

1024QAM 6480 N/A 0 N/A 10

4096QAM  |5400 N/A 0 N/A 12

The Block Interleaver is described as follows:
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The input bit vj with index i, for 0 < i < N.XN,,, shall be written to column cj, row rj of Part
1 in the interleaver, where:
=[x
er

r; = (i mod N, )

and then the input bit vj with index i, for N.XN,; < i < Niyner, shall be written to column cj, row
ri of Part 2 in the interleaver, where:

\ N ><er)|
Ci =

1 =Ny, + {(i = N:XN,;) mod N}

The output bit g with index j, for 0 <j<N. ., isread from row rj, column Cjs where:

inner?

[
= (jmod N, )

As an example, for 256QAM and N, ... = 64800, the output bit order of block interleaving
would be:

(90,91, 92, " » 963357> 963358 463359, Q633605 Q63361> """ » A64799) =
(Y0, V7920, V15840, ***» V47519 V55439, V63359, V63360, V63540, """ » V64799)-

A longer list of the indices on the right hand side, illustrating all 8 columns, is: 0, 7920, 15840,
23760, 31680, 39600, 47520, 55440, 1, 7921, 15841, 23761, 31681, 39601, 47521, 55441, ......
, 7919, 15839, 23759, 31679, 39599, 47519, 55439, 63359, 63360, 63540, 63720, 63900, 64080,
64260, 64440, 64620, ...... , 63539, 63719, 63899, 64079, 64259, 64439, 64619, 64799.
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Column 0 Column Nc-1 Column 0 Column Nc-1

Row O [ Row 0

Part1 Part1

Row N,1-1_ L | Row N,;-1

Row N,

I N R s s e 3
Part2 i Row Part2 | Row >
N,1#N,>-1 V ......... Y V N 1#N, -1
Column 0 Column Nc-1 Column 0 Column Nc-1

Figure 6.7 Write/Read operation of Type A block interleaving.

6.2.3.2 Type B Block Interleaver

After the group-wise interleaving, Type B block interleaving shall be performed using the
parameter Nocs_ic which is defined according to modulation order as shown in Table 6.11. Type
B block interleaving consists of Part 1 and Part 2 processes. Npart1 and Npart2 refer to the number of
bits processed in Part 1 and Part 2, respectively.

Table 6.11 Parameters for Type B Block Interleaver

Modulation Nqcs_ic Npart1 Npart2
Ninner = 64800 Ninner = 16200 Ninner = 64800 Ninner = 16200

QPSK 2 64800 15840 0 360

16QAM 4 64800 15840 0 360

64QAM 6 64800 15120 0 1080
256QAM 8 63360 14400 1440 1800
1024QAM 10 64800 N/A 0 N/A
4096QAM 12 64800 N/A 0 N/A

For Part 1, the Type B block interleaving process shall be performed with each set of Nqcs_ic
bit groups of the group-wise interleaver output. Part 1 process shall consist of writing and reading
the bits of the Nqcs_ic bit groups using 360 columns and Nqcs_ic rows. In the write operation, bits
from the group-wise interleaver output shall be written row-wise as illustrated in the example of
Figure 6.8. The read operation shall be performed column-wise to read out 1 bit from each row
and an example is shown in Figure 6.9.

For Part 2, the remaining bits excluded from the repeated operation in Part 1 (i.e. Npart2 bits)
shall be mapped to symbols sequentially without performing block interleaving.
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QcB
Qcs
Qcs
QcB
QcB
QcB
QcB
Qcs

360 bits
A

Vo V1V2V3Vy

/

P> V3sg Vasg

Vo V1V V3Vy

v

V358 V359

Vo V1V V3V

V3sg V359

Vo V1V V3V,

V3sg V3s9

Vo V1V2V3Vy
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Vo V1V2V3Vy

p V3sg V3sg

Vo V1VV3Vy

\

V3sg V359
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\J

V3sg V3s9

Figure 6.8 Write operation of Part 1 Type B block interleaving for 256 QAM.
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Mapped to 256-QAM

Figure 6.9 Read operation of Part 1 Type B block interleaving for 256QAM.

6.3 Constellation Mapping

This section describes the mapping of FEC encoded and bit interleaved bits to complex valued
quadrature amplitude modulation (QAM) constellation points on the 1Q plane. The input to the
constellation mapping block is a stream of bit-interleaved FEC Frames and the output is cells,
grouped as a FEC Block when necessary.

The mapper consists of a DeMultiplexer block which followed by a bit-to-1Q mapping block.
A block diagram of the Mapper is shown in Figure 6.10. The following sections describe the details
to map the input FEC Frame bits to the constellation. First, the bits comprising a FEC Frame shall
be demultiplexed into parallel streams as described in Section 6.3.3 to generate data cells. Next
the data cells shall be mapped to constellation values, this is described in Section 6.3.4. The details
for each type of modulation is described in Section 6.3.4.1 for QPSK, Section 6.3.4.2 for 16QAM
to 256QAM and Section 6.3.4.3 for 1024 and 4096 QAM.
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Figure 6.10 Mapper structure.

6.3.1 Constellation Overview

Six different modulation orders are defined: uniform QPSK modulation and five non-uniform
constellation (NUC) sizes; 16QAM, 64QAM, 256QAM, 1024QAM and 4096QAM respectively.
For each combination of NUC modulation order and code rate a different constellation exists.
However, the constellation does not vary with code length, the same constellation is used for both
Ninner=64800 and Ninner=16200 codes when the code rate and modulation order are held constant.
The same QPSK constellation is used for all code rates.

The QPSK constellation is a 1-dimensional QAM form.

The non-uniform constellations 16QAM, 64QAM and 256QAM are 2-dimensional (2D)
quadrant-symmetric QAM constellations and are constructed by symmetry from a single quadrant.
To reduce the complexity during QAM de-mapping at the receiver, the 1024QAM and 4096QAM
constellations are derived from non-uniform 1-dimensional (1D) PAM (pulse amplitude
modulation) constellations for both in-phase (I) and quadrature (Q) components.

6.3.2 Modulation and Coding Combinations

In order to reduce the implementation complexity, implementation of all the modulation and
coding combinations is not mandatory. Table 6.12 and Table 6.13 show the mandatory modulation
and coding combinations that must be implemented. Mandatory combinations are shown with a

check mark ¢/
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Table 6.12 Mandatory Modulation and Coding Combinations Ninner = 64800 Bits

Code Rate/ 2/ 3/ 4/ 5/ 6/ 7/ 8/ 9/ 10/ 11/ 12/ 13/
Constellation 15 15 15 15 15 15 15 15 15 15 15 15
QPSK v v v v v v v v v

16QAM v 4 v 4 v v

64QAM 4 v v v v v v v v

256QAM (4 v v v v v v v v
1024QAM v v v v v v v v
4096QAM v 4 v v v

Table 6.13 Mandatory Modulation and Coding Combinations Ninner = 16200 Bits

Code Rate/ 2/ 3/ 4/ 5/ 6/ 7/ 8/ 9/ 10/ 11/ 12/ 13/
Constellation 15 15 15 15 15 15 15 15 15 15 15 15
QPSK 4 4 v v v 4 4 v

16QAM v v 4 4 4

64QAM v v 4 4 v 4 4

256QAM v v 4 v 4 4 4 4

6.3.3 Demultiplexing Operation

The operation to map bits from each FEC Frame to parallel streams before constellation mapping
is known as demultiplexing. The number of output data cells for each FEC Frame input and the

effective number of bits per cell nvob is defined in Table 6.14.

Table 6.14 Parameters for Bit-Mapping into Constellations

Modulation muop No. output datq cells  No. output data_ cells
Ninner = 64800 bits Ninner = 16200 bits

QPSK 2 32400 8100

16QAM 4 16200 4050

64QAM 6 10800 2700

256QAM 8 8100 2025

1024QAM 10 |6480 N/A

4096QAM 12 |5400 N/A

The bit-stream g;j from the output of the block-interleaver within the bit interleaver shall be de-
multiplexed into nmop sub-streams, as shown in Figure 6.11. The output of the de-multiplexer is
a vector denoted as (Yos, ..., Yymon-15s), With the first index describing the bit-level position, and the
index s describing the discrete time index for enumerating all output data cells for one FEC<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>