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ATSC Recommended Practice
Guidelines for the Physical Layer Protocol

1. SCOPE

This documentprovides recommended practiceer the ATSC 3.0 physical layer protocol
standardsspecified by A/321 [2] and A/322[3]. The intent of this document is to make
recommendationr physical layeoperating modes so that readers can make informed decisions
aboutphysical layer configurations. Also, this document provides sorpiementation guidelines

to aidwith flexible configurations of physical layelesignresourcesn transmitter and receiver
manufacturers’ equipment

1.1 Introduction and Background

The ATSC 3.0 physical layer protocol is designed to provide a toolbox of technology that allows
flexible operating modefor avariety of harsh channel conditions (eigdoor or mobilewhile
maintainingefficient use of spectrum resourcelisildocumenprovides recommended parameter
and technologyhoicesin A/321 [2] and A/322[3] so thatbroadcastersan optimally deliver
intended servigs). It also containsdetailed guidelines for transmitter and receidesign
implementations based on engineering studies of the latest technologies in the ATSCi&aD phys
layer. Guidelines fobroadcastersmobile servicés) are provided with operating modes and
parameter choices of A/323] in aspecs of robustness and power consumption. The ATSC 3.0
system performancandrecommended service examptaw/eraspects of real field experiences
and are intended to provide practical guidance for all readers.

1.2 Organization

This document is organized as follows:

Sectionl — The scope of this document and general introduction

Section2 —References and applicable documents

Section3 — Definition of terms, acronyms, and abbreviatiossd

Section4 — System overviewnd guidelines for physical layer parameter choices
Section5 — Guidelines imetailfor transmitteimplementation

Section6 — Quidelines in detail foreceiverimplementation

Section7 —Guidelines for mobile services

Annex A — ATSC 3.0ystem performanceSimulation, laboratory and field test results
Annex B — ATSC 3.0 receiver C/N models

Annex C —ATSC 3.0 service examples

X X X X X X X X X X

2. REFERENCES

All referenced documents are subject to revision. Users ofReBsmmended Practicare

cautioned that newer editions might or might not be compatible.

The following documents, in whole or in part, as referenced in this document,ncepégific

provisions thashouldbe followed in order tdacilitate implemerdtion and applicationf this

Recommended Practice

[1] IEEE: “Use of the International Systems of Units (SI): The Modern Meyste®h,” Doc. Sl
10, Institute of Electrical and Electronics Engineers, New York, NY.
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[2] ATSC: “ATSCStandardSystem Discovery and Signaling,” Doc. A/32122004 Advanced
Television System Committee, Washington, DC, 3 April 2024.

[8] ATSC: “ATSC Standard:Physical Layer Protocol,” Doc. A/322024-04 Advanced
Television System Committee, Washington, DC, 3 April 2024.

[4] ATSC:“ATSC Standard: LinK-ayer Protocol,” Doc. A/330:221-04 Advanced Television
System Committee, Washington, DC, 3 April 2024.

[5] ATSC: “ATSC Standard: Scheduler tuslio to Transmitter Link,” Doc. A/324:23-04,
Advanced Television System Committee, Wagton, DC, 3 April 2024.

[6] ATSC:“ATSC StandardSignaling, Delivery, Synchronization, and Error Protection,” Doc.
A/331:2024-04, Advanced Television System Committee, Washington, DC, 3 April 2024.

[7] NorDig Unified Requirements for Integrated Receiver Decodi@r use in cable, satellite,
terrestrial and Ibased networks, January 2017.

[8] EBU Tech 3348: “Frequency and Network Planning Aspects of D¥B2014.

[9] DTG D-Book 9: ‘Digital Terrestrial Television Requirements for Interojdity,” 2016.

[10] ETSI TS 102 831“Digital Video Broadcasting (DVB); Implementation guidebnfor a
second generation digital terrestrial television broadugssystem (DVBT2),” V1.2.1,
August 2012.

[11] Government of Canada, Spectrum Management System, Broadcasting Services.
http://smssgs.ic.gc.ca/eic/site/shsgis-prod.nsf/eng/h_00015.html

[12] Instituto Federal de Telecomunicaciones
http://www.ift.org.mx/conocenos/estructura/unidadedeaplimiento

[13] FCC Licensing and Management System
https://enterpriseefiling.fcc.gov/dataentry/public/tv/pubdiciitySearch.html

[14] Ministry of Science and ICT of South Korea.
https://english.msit.go.kr

[15] TTA: “Guideline for Transmitter Identification (TxID) andr&dcast Stream Identifier
(BSID) Assignment of Terrestrial UHD Systems,” TTAR.0026/R1, May 2020.

[16] ATSC: “ATSC Recommended Practice: Techniques fdignaling, Delivery and
Synchronization,” Doc. A/351:2@204, Advanced Television System Committee,
Washington, D.C., 3 April 2024.

[17] NAB PILOT: “Next Gen TV (ATSC 3.0) TxID,”
https://txid.nabpilot.org/

[18] KOBETA: “ATSC 3.0 TxID,”
http://www.kobeta.com/txid/

3. DEFINITION OF TERMS

With respect to definition of terms, abbreviations, and units, the practice of thiteténsif
Electrical and Electronics Engineers (IEEE) as outlined in the Instifoidskshed standard4]
is used. Where an abbreviation is not covered by IEEE practice or industry pradéce fdifim
IEEE practice, the abbreviation in question will be described in Section 3.2 dbthiment.

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

should — This word indicates that a certain course of action isepredl but not necessarily
required.
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should not — This phrase means a certain possibility or course of action is undesirable but not
prohibited.

3.2 Acronyms and Abbreviations
The following acronyms and abbreviations are used within this document.

ACE Active Constellation Extension
ALP ATSCLink-layerProtocol
AP Additional Parity

ATSC  Advanced Television Systems Committee
AWGN  Additive White Gaussian Noise

BBP BaseBand Packet

BCH Bose, Chaudhuri, Hocquenghem

BER Bit Error Rate

BICM Bit-Interleaved Coded Modulation

BIL Bit InterLeaver

BSR Baseband Sampling Rate

CDL Convolutional Delay Line

CFO Carrier Frequency Offset

CFR Channel Frequency Response
CL Core Layer

CLI CrosslLayer Interference

Cod Code rate

CP Continual Pilot

CPM Circulant Permutation Matrix
CRC Cyclic Redundancy Check
CTDI ConvolutionalTime De-Interleaver
CTI ConvolutionalTime Interleaver
dB decBel

DFT Discrete Fourier Transform
DRAM  Dynamic Random Access Memory
EL Enhanced Layer

FDI FrequencyDe-Interleaver

FDM Frequency Division Multiplexing
FEC Forward Error Correction

FER Frame Error Rate

FFO FractionalFrequency Offset

FFT Fast Fourier Transform

Fi Frequency Interleaver

FIFO First-In-First-Out

Gl Guard Interval

GUR Guard Utilization Ratio
HTDI Hybrid TimeDe-Interleaver
HTI Hybrid Time Interleaver
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IFFT
IFO
i.i.d.
ISO
U

L1
LDM
LDPC
LFDM
LLR
LLS
LMT
LS
LSB
LSI
Mbps
MHz
MIMO
MISO
Mod
ModCod
MPEG
Ms
MSA
MSB
N/A
NMSA
NOA
NoC
NTSC
NUC
OFDM
OMSA
OTA
PAM
PAPR
PCM
pdf
PH
PLP
PRBS
PSR
PTP

Inverse Fast Fourier Transform

Integer Frequency Offset
Independent and Identicalistributed
International Organization for Standardization
Interleaving Unit

Layer 1

Layered Division Multiplexing

Low Density Parity Check

Layered Frequency Division Multiplexing
Log-Likelihood Ratio

Low Level Signaling

Link Mapping Table

Least Square

LeastSignificant Bit

Large Scale Integration
Megabits per second

Megahertz

Multiple-Input Multiple-Output
Multiple-Input Single-Output
Modulation

Modulation andCode Rate

Moving Picture Experts Group
milliseconds

Min-Sum Algorithm

Most Significant Bit

Not Allowed

Normalized MinrSum Algorithm
Number of Active ¢€ells)

Number of(useful)Carriers

National Television System Committee
Non-Uniform Constellation

Orthogonal Frequency Division Multiplexing
Offset Min-Sum Algorithm

Overthe Air

Pulse Amplitude Modulation
Peakto-Average Power Ratio

Parity Check Matrix
ProbabilityDistribution Function

Phase Hopping

Physical Layer Pipe

Pseudo Random Bary Sequence
Number of Puncturedi& to Number of Shortened BitsaRo
Precision Time Protocol
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QAM Quadrature Amplitude Modulation
QEF Quasi Error Free

QPSK  Quadraturd’hase Shift Keying

RF Radio Frequency

RFU Reserved for Future Use

SBS Subframe Boundary Symbol

SFN Single Frequency Network

SHVC  Scalable High Efficiency Video Coding
SINR Signal{o-Interference plus Noise Ratio
SISO Single-Input Single-Output

SLS Service LayefSignaling

SLT Service list Table

SNR Signalto-Noise Ratio

SP Scattered Pilo

SPA Sum-Product Algorithm

SRAM  Static Random Access Memory

SSM Subslice Multipleing

STL Studioto-Transmitter Link
STO Symbol Timing Offset

TBDI Twisted BlockDe-Interleaver
TBI Twisted Block Interleaver

TDCFS Transmit Diversity Code Filter Sets
TDM Time Division Multiplexing

TI Time Interleaver

TR Tone Reservation

TSID Transmission Signal Identifier
TxID Transmitter Identification

3.3 Terms

Thefollowing terms are used within this document.
Base Field— The first portion of a Baseband Packet Header
BaselLayer — Thesmallest video subtream (first layer) of SHVC.

Baseband Packet A set ofKpayioad bits which form the input ta FEC encoding process. There
is one Baseband Packet per FE@me.

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.

Cell —One pairof encoded I/Q components in a constellation.

Cell Interleaver — An interleaver operating at the cell level.

Combined PLP—A PLP comprised of the Layered Division Multiplexing of ar€d&LP and one
or more Enhanced PLP(s) after processing by the LDM injection block.

ConcatenatedCode— A code having an @erCode followed by an Inner Code.

Constellation— A pair of encoded (I component/Q component) points in the 1/Q plane.
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Core Layer — Thefirst layer of a2-layerLDM system.The only layer in a nohbM system.

Core PLP— A PLP belonging to the Core Layer.

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

Enhancel Layer — Thesecond layer oh 2layerLDM system.

Enhanced PLP- A PLP belonging to the Enhanced Layer.

EnhancementLayer — Thelarger video sulstream(second layerdf SHVC.

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

FEC Block —A FEC Frame afteconstellatiormapping to cells.

FEC Frame — A single Baseband Packet with its associated p&@y bitsattachedhaving a
total size of 64800 or 16200 bitpdr FECFrame.

Frequency Interleaver — An Interleaver which takes cells amterleavesthemin frequency
within a particulatOFDM symbol.

Inner Code —One code of a concatenated code system.

Interleaver — A device used to counteract the effect of burst errors.

Layered Division Multiplexing —A multiplexing scheme where multipRLPsarecombined in
layers with a specific power ratio

ModCod — A combination of modulation and cedate that together determine ttodustness of
the PLP and theize 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 &oncatenate€ode system.

Physical Layer Pipe— A datacarryingstructure specified tonallocated capacity and robustness
that can be adjusted to broadcaster needs.

reserved— Set aside for future use by a Standard.

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

Tl Block — An integer number of FEC Blocks.

Time Interleaver — An Interleavemwhich takes cells animhterleaveghem over a particular time
period.

4. SYSTEM OVERVIEW AND GUIDELINES FOR PHYSICAL LAYER MODE

4.1 System Overview

The ATSC 3.0 physical layer protocol described by A/BJland A/322[3] provides distinct
featuresand descriptions of the physical layer technologies. For a channel coding naetvelH,
optimized Bitinterleaved Coded Modulation (BICM) chaicomprised ofLow-Density Parity
Check (LDPC) codes (2/1513/15 code ratesBit Interleavers, and Nekb/niform Constelhtions
(QPSK—- 4096AM modulationorders), is usetb achievenear Shannon limit performance of
channel error mitigatioacross a wide range of SNR valugklltiple data streamsan becarried

by one or multiple Physical Layer Pipes (PLPs) using flexible choices of framing anplexiriig
techniques including Time Division Multiplexing (TDM)SubSlice Multiplexing (SSM),
Frequency Division Multiplexing (FDM), and Layered Division Multiplexing (LRM/aveform
parameters based on Orthogonal Frequency Division Multiplexing (OFDM) modulason al
support a wide range of guard intervals, pilot patterns, and FFTfeizesoadcasterso select
optimal system performance iotendedservices. Optional technologies such as channel bonding,
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Multiple-Input Single-OutputNlISO), Multiple-Input Multiple-Output MIMO ), andTransmitter
Identification (TxID) are included as additional features in the ATSC 3.0 @iyaier protocol.
Figure 4.1 shows highlevel ATSC 3.0 physical layer protocol diagram asf example
multiple-PLP architecture. Multiple data streams intended te ltgf¥erent robustness levels are
delivered byinputPLPs.After each PLP is processed by independent Input Formatting and BICM
blocks, further blockprocesses argelecteddepending on the choices of multiplexing methods.
TDM, SSM,and FDM can be achieved in theaming andnterleaving blocKbypassing the LDM
Combining block) by using PLP multiplexing within a subframe. When different waveform
parameters such as guard intervals, pilot patterng-Bmdsizes areonfiguredin the Waveform
Generation blockTDM can also benabled by constructing multiple subfranvath each PLP
contained ira separatsubframe. LDM can be achieved with datacessingight after the BICM
stage as itontains combinationsf data cellsA 2-layer LDM may becombiredwith TDM andbr
FDM to configure multiple PLPs as shown in Figure 4.1.

Data for PLPO Input | | BICM Ll Z
(Core PLP) Formatting £
E |-
(=]
Input <
Data for PLP1 hpu =
(Enhanced PLP) Formatting | | BIER e o
Framing ._and [, Waveform |,
Interleaving Generatiaon
Data for PLP2 Input L . BICM
(TDM or FDM) Formatting
Data for PLP3 Input
>
(TOM or FDM) | Formatting [ - D oM

Figure 4.1 High level ATSC 3.0 physical layer protocol diagram enabling an
example of multiplePLP architecture

The key technologies thie ATSC 3.0 physical layer protocoan be summarized as following
X Bit-Interleaved CodetModulation (BICM)

“ FEC: LDPC (inner code), BCH / CRC (outer code)

“ Code rate: 2/15 — 13/15 (64800, 16200 bits)

“ Constellations: QPSK, THAM — 4096)AM (Non-uniform constellations)
x Time Interleaver

“ Convolutional Time Interleaver (CTI)

“ Hybrid Time Interleaver (HTI): Cell Interleaver, TwisgtBlock Interleaver,

Convolutional Delay Line

“ Maximum TI memory size2*® cells
X Multiplexing

“ TDM, SSM,FDM, LDM

“  Maximum number of PLPs p&F channel: 64

“  Maximum number of PLPs per complete delivered product: 4
x Framing and Waveform

“ Time-aligned and symbol-aligndcames
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Minimum frame length: 50 ms
Maximum framdength: 5 seconds
One or more subframes per frame
“ FFT size: 8K, 16K, and 32K

Pilot patternsScattered pilots (16 choices), Continual pilots, Edge pilots, and
Subframe boundary pilots

Guard intervals: 12 choices

X Optional Technologies

Channel bonding

“ MISO: TDCFS

“ MIMO

“ PAPRreduction: TR and ACE
Transmitter Identification (TxID)

4.2 Guidelines for Physical Layer Mode
4.2.1 FFT Size

ATSC 3.0 defines three FFT sizes: 8K, 16K and 32K. The choice of FFT sizesdbneumber
of carriers included in a fixed bandwidth. FFT size influertbe capacity, delay and mobility
toleranceof the transmitted signaFor example,fia largeFFT size(32K FFT) is used the guard
intervaloverhead iseduced compared tmallerFFT sizedor a fixed guard interval duratian
microseconds Moreover, agreater delay tolerance for the same fractional guard intésval
obtained, allowing larger Single Frequency Networks (SFNs) to be constrGaederselythe
use of alarger FFT size implies greater vulnerability to fast thverying channels due to the
narrower carrier spacing.

Therefore, for delivering higbit-rate services wheréxed reception is maily targeted the
32K FFT mode is recommendadthe time variationsf the channein fixed reception scenarios
are small For mobile receptionthe smaller FFT sizes such as 8K and 16K FFT modes are
recommended\ote that in ATSC 3.0, multipleubframe per framenay be used with different
FFT size for each subframe. See Sechidh2for recommendations when multiple FFT sizes are
present in the same ATSC 3.0 frame.

4.2.2 Bandwidth and Bandwidth Reduction

The bandwidth of the systemiigdicatedby the value otystem_bandwidth signaled in bootstrap
symbol 1 as described Bection 6.1.1.1 of2]. Options available for the current version of the
standarcare 6MHz, 7MHz and 8MHz. A greater than 8 MHz option is also available to feetiét
future operation using a system bandwidth greater than 8 MHit,ibuiot intended to be used by
the current version described by the present signaling set.

The number of useful carriemenoted byNoC in [3], determines the occupied bandwidth of
anATSC 3.0 signalhich is typically smaller than the system bandwidth. As describ8elation
7.2.3 of[3], theNoC for each FFT size is configured by a carrier reductiorificont Cred coeft
that indicates theumber of control ungtto be deducted from the maximum configurable NoC
that FFT sizeNoGnax The carrier reduction coefficient ranges from 0 to 4 and the corresponding
ranges of occupied bandwidths are from 5.83284HENb 5.508844 Nz for bsr_coefficient = 2
which is a typical value for 6 MHz system bandwidth.

Note that the control unit size of 96 carriersdaBK FFT is the least common multiple of 24
and 32, which are the maximum configurablevalues of base 3 and 4, respectively. Therefore
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the selected control unit size of 96 carrigraplifiesreceiver design by eliminating the nded
extrapolation during channel estimation forgdlssible combinationsf NoC and scattered pilot
patterns. For 16K and 32K FFSizes the control unit sizes are scaled by 2 angdpectivelyto
keep thecontrol unit granularity in absolute frequency and signaling overhead the same.

The firstPreamble symbol alwaysseshe minimum No(oossiblefor the Preamble FFT size
of the current frame to eliminate the ndedsignalthe NoC of the firsPreamble symbol in the
bootstrap. When thePreamble comprises more than onereamble symbol, i.e.
L1B_preamble_num_symbols >0, all Preamble symbols except the filRteamble symbol have the
same NoCasindicated byL1B_preamble_reduced_carriers (Section 9.2.2 0f3]) in L1-Basic. For
data symbols, all of the OFDM symbols within a subframe have the same NoC wiocfigaied
per subframend is indicatedby L1D_reduced carriers (Section 9.3.3 0f3]) in L1-Detail. One
exception is the NoC of all of the OFDM symbols in the first subframe whiaidisatedby
L1B_first_sub_ reduced_carriers (Section 9.2.2 of3]) in L1-Basic. Carrying the NoC information of
the first subframe in L:Basic helps receivetto begirprocessing the first subframe without further
waiting for L1-Detail decoding which would be the ca$dhe NoC information of the first
subframe werecarried in LXDetalil.

Symmetric reduction of the occupied bandwidth or NoC is assuni8glimfavor of smaller
signaling overhead compared to asymmetric reduction. If asymmetric cohtiioé occupied
bandwidth or NoC is needed for some reason during the freqypgnmying process, asymmetric
control of the occupied bandwidth or NoC can stél implemented by combining symmetric
control of NoC andan intentional frequency offsedt transmittes. Then, with the aid othe
bootstrap having a wide acquisition range of frequency offset, ATS@&es can acquire the
frequencyshifted ATSC 3.0 signal without any additional informatibiote thatthe ATSC 3.0
Scheduler5] allows a carrier frequency offset in order to avoid-dwannel interference among
neighboring transmitters. The allowed carrier frequency offsetd ane+1 OFDM carriers ithe
8K FFTsize(see Sectioi0.3 of[5]).

Narrower bandwidth than the occupied bandwidth currently supported by the curssom ver
can be supported, if desired, in later versions by defining new values faestir@ed fields of
L1B_preamble_reduced_carriers , L1B_first_sub_reduced_carriers andLlD_reduced_carriers .

In general,a smaller value othe carrier reduction coefficient (larger number of carriess)
recommended for increased data capacity, whil@rger carrier reduction coefficient (smaller
number of carriers) is recommended for the case wheree tis severe adjacent channel
interference.

4.2.3 Pilot Pattern

Scattered pilot¢SPs)are carriers that do not contgayload datdut whose value is known by
receivesin order to get a proper channel estimatiah@SPpositions. Next, the channel estimates
at data cells can babtained by interpolation. TH&P pattern defines thdensityand location of
the SPsinside the ATSC 3.0 stitames.

As the Channel Frequency RespoftSER)varies with both time and frequency, thef@i&ern
is characterized by two terms, the frequency separation of pilgtand the length of the SP
patternin OFDM symbols, . The 16 different SPatternsof ATSC 3.0 arebtainedfrom 8 D
values (3, 4, 6, 8, 12, 16, 24, and 32) and fromy 2elues (2, 4). It is strongly recommended that
the values of RDand O be selected according to the CFR characteristics.

4.2.3.1 Separation of Pilot Carriers (Dx)

The latespath that can contribute constructively so that it can be correctly equalizeddapvaire
depends on the channel delay spread, i.e., the coherence bandwidth. According to the Nyquist
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sampling theorem, this limwhen both time and frequency interpolation are implemégnsed
estimated as

where 6, represents the Nyquist limit ang is the useful symbol duration. For ATSC 3.0 it has
been assumed that receivers are only able to correatblieg those signals with echoes up to
75% or 89% of Nyquist limit. That is, only those ®lgh alength shorter than 75% or 89% 6f
are allowedThis ratio is also known dhe GuardUtilization Ratio (GUR). It can be seen thiaé
Nyquist limit is increased with the useful symbol duration, i.e., afitlincreased FFT siz&hile

it is reduced with the SBpacing Therefore not all Gls are allowed for eaclombination ofSP
patternand FFT size.

4.2.3.2 Length of Pattern in Symbols (Dy)

If the transmitted signal is expected to be receivadabile conditions, thgropagatiorchannel
will vary across OFDM symbols. Thus, the pilots need to be inserted at a catta{B)) that is
a function of the coherence time, which is related to the Doppler shift lim@QFXM symbols
occur attherat8,= 1/( § + 63 *V the Doppler shift limit for frequency channel variatids,
that can be measured is

. £1 .
S 2& (6 + 6)

B, \Y

where 64 is the Gl length in time.

At first, it canbe assumed that the densest@@Rernprovides the most accurate channel
estimation. Nevertheless, at the same titnatroduces the highest data rate overhead. From the
expressiorabove,it can be observed that the smaller thetbe GlI, and the FFT size, the higher
the Doppler shift limit. Hence, in order to support high speleds 4 was discarded for B2FFT
size.

In summary, taking the Nyquist (Pand Doppler (B) limits into account, the permitted
FFT/GVSP combinations in ATSC 3.0 are presented in Table §3.dlote however that as the
pilot densityincreasesthe data overheadlso increasesThe SP overhead (which does not take
into accountPreamble, continual, edge and subframe boung#dogs) can be expressed as the
simple fractionl/( & x &) asshown inTable4.1.

Table 4.1 Saattered Pilot Pattern Overheads

SP Dx Dy Overhead (%) SP Dx Dy Overhead (%)
SP3_2 3 2 16.67 SP12_2 12 2 4.17
SP3_4 3 4 8.33 SP12_4 12 |4 2.08
SP4 2 4 2 12.50 SP16_2 16 2 3.13
SP4_4 4 4 6.25 SP16_4 16 |4 1.57
SP6_2 6 2 8.33 SP24_2 24 |2 2.08
SP6_4 6 4 4.17 SP24_4 24 |4 1.04
SP8_2 8 2 6.25 SP32_2 32 2 1.57
SP8_4 8 4 3.13 SP32_4 32 |4 0.78
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4.2.4  Pilot Boosting

The pilot boostactordefines the pilot amplitude with respect to data carriers. The pilot boosting
affects thaeception performance aggher pilot boosting improves channel estimation accuracy.
However,since thetotal signal power is fixed, a higher pilot boosting results radaiced data
carrier power. Thus, the choice of the pilot boosting is not straightforward.

For the choice of pilot bogsthe equalized data Sigr@a-Noise Ratio 6 04s,¢9 can be

considered as a metrtbat obtainsthe best overall performance taking into account different
receiver equipment. It is estimated as

e G -5 G
&8+ 82 Bad > 1+ Byl >

where éSis the data signal variancég is the noise variancezis the SP boosting factofis the
power normalization G= & - &/( &- & F1)+ 3, and Bsc= Bsccwo Baguamis the noise
reduction factor by time and frequency interpolation. The valugef g »is set to{0.75, 06875}
for & = {2, 4}, which can be calculated from the distance between the two symbols to Heg linear
interpolatedAlthough e values off;¢ y g vary depending on the frequency interpolator of each
receiver implementation ATSC 3.0 provides 5 boosting values byassunng Bsgy g =
{0,025, 0.5, 075, 1}. Theavailableboosting values are shown in Table 9.143pf

As noted the choice of boosting value depsmiimarily on the frequency interpolatdfor
example Figure 4.2presents theb 04,, e 5 04for each SRatternwhen a linear (top) or a DFT
(bottom) frequency interpolator is employiedareceiver.The higher5 04,, ¢4 5 04 corresponds

to alower degradation due to the channel estimation. The corresponding boosting values and the
optimumboosting valuare marked.

As shown inFigure 4.2 since DFTBsc g = 1, the optimum5 04, ¢4 5 04 matches with a
boosting value of 4. In the case of linear interpolatiBy, , g varies from{0.667, 0.704}, so that
the optimum5 04., e 5 O4is closer to a boosting value of 3.

Note that a high pilot boosting improves channel estimation accuracy, butdésdtie power
of the data carriers, which will degrade the overall SNR of the system. Thicelatpower
reduction is approximated as an SNR reductigyg, and it can be estimated as:

S 043/4 EO:

Oxgot ( Oje+ Osp) - #e+ Oye- #i
Oxgot O+ Owet Owe

é))é @) =10 '|0954

where 0, gorefers to the number of data cells per OFDM symBpgrefers to the number of
scattered pilots per OFDM symbd); refers to the number of edge pilots per OFDM symbol,
#5crefers to scattered pilot amplitud®,g refers to the number of continual pilots per OFDM
symbol, and#5 refers to continual pilot amplitud&@he corresponding data cell power reduction
values for eacltombination of pilot boosting and Sfatternin ATSC 3.0 are shown iiiable
B.4.1 in Annex B.
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Figure 4.2 Equalized SNR performance fary= U(left) and py=Y(right)
with linear frequency interpolation (top) and DFT frequency interpolation
(bottom).

4.2.5 Frame and Subframe Length

4.2.5.1 Frame Length

A frame comprisethe bootstrap, f@amble and one or more subframe($leframe length is the
time period measured from the beginning of the first sample of the bootstraja@ssagth the
current frame to the end of the final sample associatéttiae current frame. Theagmelength is
a configurable parameter that can be chosen as required by broadcasters akdopetators.
The range of the frame length that can be configured within the normative constnpimgsd by
[3] are from 50 ms to 5 seconds as specified in Section 7.2.RPR of

A longer frame length typically has the benefit of smallecgg@age overhead because the
bootstrap an®reamble always occur once per frame irrespectitbetonfigured frame length.
Converselya shorter frame length is preferable if features sucfasater service acquisition and
reacquisition are more critical. Note thateiver timeout depends not only on the frame length
but alsoon the worsicase effect of the channel (multipaftbopple) as well as receiveside
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impairments (noise, frequency offset, crystal drifthen dong frame length iset,receives may
time-out beforeacquiringthe transmittedsignal in poomreception conditionsand longer frame
lengthsmayalso lead to a requirement for more memaémgeneralwhen fast service acquisition
and reacquisition are requireitlis recommendedhat ATSC 3.0 frame lengtbe set at less than
or equal to 250 ms.

The exact value of the frame length depends on the choice of frame tyg®oiee of symbal
aligned or timealigned modeL1B_frame_length_mode in L1-Basic indicates the frame type of the
current frame. L1B_frame_length_mode =0 indicates timaligned mode and
L1B_frame_length_mode =1 indicates symbedligned mode. For timealigned mode,
L1B_frame_length in L1-Basic indicates the exact valuetbéframe length in Bns unis. Given the
configurable range of frame length from 50 ms to 5 secandsyame_length ranges from 10 to
1000.

For the symbolaligned mode LiB_frame_length_mode =1), the overall frame length is the
summation of each of the time durationshafbootstrap, Rramble and subframe(s). Thaolstrap
consists of a number of bootstrap symbols. Each bootstrap symbol has a fixed timna dtiE®0
Ms (Section 5.1 of[2]). The total time duration inmicrosecondf the bootstrap is 50Qs
multiplied by the totahumber of bootstrap symbols.

4.2.5.2 Number of Preamble Symbols

The Preamble consists of one or mérreamble symbol(s). The time duration of treamble is
the time duration of on®reamble symbol multiplied by the number Bfeamble symbols
constituting théPreamble. Thereamble_structure  in thebootstrap indicatethe FFT size and guard
interval length of the Reamble as described iSection 9.1.4 and Annex H of3] and
L1B_preamble_num_symbols iNn L1-Basic indicatesne less than the numberRyeamble symbols in
the Reamble. In theory, the number Bfeamble symbols in Breamble ranges from 1 to 8
according to th@alueassigned ta1B_preamble_num_symbols in L1-Basic.Note, however, that the
memory size required to implemethie block interleaver/dénterleaver for LiDetail signaling
data is proportionahot onlyto the number oPreamble symbols but alss proportional tothe
FFT size of th&reamble symbols (Section 7.2.5.48)). An arbitrary combination of the number
of Preamble symbols and the FFT size, eeight Reamblesymbols with 32K FFT size, renders
the ATSC 3.0 device unnecessarily costly, due to the huge memory size reqinrpldioent the
block interleaver/dénterleaver for Lisignaling data. Therefore, it is recommended to set upper
limits on the maximum supported numberRséamble symbols per eaéneamble FFT size as
described inrable4.2.

Table 4.2 MaximumRecommended Number ofddmbleSymbols for Different

FFT Sizes
Preamble FFT Maximum Recommended Number of Preamble
Size Symbols
8K 8
16K 4
32K 2

4.2.5.3 Subframe Configuration

The ime duration of each subframe candoafigured byaryingthe number of OFDM symbols

in the subframe. Related to the subframe length, two normative constraints aredrog{s.

Firstly, for a subframe configured with a 32K FFT, the sum of the number of data and subframe
boundary symbols present in the subfrasedways even, except for the first subframe of a frame
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where the sum of the number of Preamble, subframe boundary and data sgmisSection
7.2.4.2 of[3]). This is to limit the amount of memory used by the frequency interleaver
frequency denterleaver Secondly, the minimum duration of a subfraiméhe greater of 2ns

or the duration in ms oDy dataand subframe boundasymbos of that subframe. At leaskBy
dataand subframe boundary symbatepresent in every subframgection 7.2.2.3 dB]). This

is becauseaccuratechannel estimation is difficult for very short subframes, and very short
suldframes are also less efficient.

L1B_num_subframes in L1-Basicindicates the number of subframes present within the current
frame.L1B_first_sub_fft_size andL1B_first_sub_guard_interval in L1-Basic indicate the FFT size and
guard interval associated with the first subframe, respectiveyiirst sub_num_ofdm_symbols  in
L1-Basic signals the number of OFDM symbols present withenfirst subframe. Similarly,
L1D_fft_size andL1D_guard_interval in L1-Detail indicate for each subframéollowing the first
subframethe FFT size and guard intervaltbft subframe, respectivelyib_num_ofdm_symbols
in L1-Detail indicatesfor each subframéollowing the first subframethe number of OFDM
symbols presemnwithin the associated subframe.

In the casehatadditional samples are addedthe end of a symbdalligned frameo facilitate
sampling clock adjustment possible future versiaof ATSC 3.0(Section 9.2.1 0f3]), the time
duration of additional sampleésadded to the frame length calculatiors_additional_samples in
L1-Basic indicates the number of additional samples addén a&nid of aymbolaligned frame
to facilitate sampling clock alignment.

4.2.6  Symbol-Aligned or Time-Aligned Mode

ATSC 3.0 physical layer frames are configured as either syrabghed or timealigned frames,
as stated in Section 7.2.2.2[8}. The bootstrap anBreamble symbols of both types of frames
are identical in structure. The primary difference betwie two frame types lies in the guard
intervals of the OFDM symbols belonging to the subframe(s) within a frame.

In a symbolaligned frame, the guard interval lengths for the OFDM symbols belonging to a
particular subframe are exactly equal to the length signaled by eitherst_sub_guard_interval
(Section 9.2.3 0f3]) or L1D_guard_interval (Section 9.3.3 off3]) for the corresponding subframe.

A time-aligned frame has a total length, in samples, exactly equal to an integer multiple of 5
ms with that frame length being indicated thg_frame_length (Section 9.2.1 0f3]). The frame
length is achieved by padding a configured frame out to the desired length, and this padding is
performed by adding an appropriate number of extra samples to the guard interval of each and
every OFDM symbol belonging to each and every subfrartténthe frameThe same number
of excess samples is added to the guard interval of each of these OFDM symbolesegétte
guard interval length signaled byB_first_sub_guard_interval ~ Or L1D_guard_interval . The number of
extra samples to be added to each guard interval is calculated as spe8getion 8.5.1 of3]
and is signaled byiB_excess_samples_per_symbol  (Section 9.2.1 ofi3]). Note that excess samples
are not added to any of th€reamble symbols, since th&reamble contains the
L1B_excess_samples_per_symbol ~ Signaling field and théreambleshouldtherefore be decodable
without knowledge of the contents of this fielchere will also likely be a nemero number of
padding samples that cannot be equally distributed to the OFDM symbol guard intervals,eand thes
padding samples are used to construct a cyclic postfix on the final OFDM symbol of the
corresponding fram&lote that the length, in samples, of any such cyclic postfix sineaessarily
be less than the number of ABreamble OFDM symbols within the frame (since otherviise
would be possible to equally distribute at least one more excess sample to dechetdviant
guard intervals within the frame).
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The frame type of the current frame is signaled i¥Blakic byL1B_frame_length_mode (Section
9.2.1 of[3)).

Time-aligned frames are useful when it is desired to have physical layer frame hesindar
aligned on specific time points (e.gxactly on a 1 ms GPS time ticBPotential use cases for this
configuration include the timdivision multiplexing of different wireless services within a single
RF channelThere is a very small loss of efficiency by using tialigned frames, due to the extra
padding samples that are used to achieve the time alignment, but this efficiensiydolsksbe
minimal with a carefullychosen frame configuration.

If a broadcaster has no requirement for the time alignment of physical layesirthen it is
recommended that symbaligned frames be configured since this will maximizeetfieient use
of the configured physical layer resources.

At the present time, there is no known use case for multiplexing syatigoed and time
aligned frames within the same RF channel, so it is recmed that1B_frame_length_mode
maintain the same value from one physical layer frame tmee In the infrequent event of
switching a flow of frames from symbaligned to timealigned frames within a given RF channel,
it is recommended that the broadcaster temporarily suspend the transmittecosigyrabot
aligned frames and recommence transngttimeaigned frames at an appropriate time boundary.
Switching from timealigned to symbeéligned frames (also expected to be a rare eventhean
achieved via an immediate eower with no requirement to suspend transmission since there will
be no need to align the frame edges of synalighed frames witlany kind of time boundary.

4.2.7 PLP Multiplexing

4.2.7.1 PLP Cell Multiplexing

In the context of PLP cell multiplexing and as defined in Section 7.2.¢3§, tfiere are two basic
types of PLPs in the ATSC 3.0 physical layer: quispersed PLPs and dispersed PLPs. All of the
data cells in a nedispersed PLP within a subframe are contiguous in thelmnensional indexed
data cell space that is defined in Sewxty.2.6.1 of3]. Conversely, a dispersed PLP is subsliced
(see Section 7.2.6.8 {8]) such that equadized blocks (or subslices) of that PLP appear at non
contiguous periodic intervals in the indexed data cell space of a subframe.

The two different PLP types lead to two basic approaches when multiplexindl$hef oeore
than one PLP into a subframe.

Non-dispersed PLPs can be multiplexed in a tonesion multiplexed manner. Here, for
example, a first nodispersed PLP would occupy a certain contiguous block in the indexed data
cell space, followed by a second adispersed PLP occupying a different contiguous block within
the indexed data cell space. TDM is a relatively simmidtiplexing scheme that can be used for
different applications and has the benefit of potentially reducing power consurapt receiver,
especially in batterpowered receiers. A receiver could access and decode an ATSC 3.0 signal
only during the portion where the TDMed PLP of interest is transmitted. During unwaniedgort
of the transmission (e.g. other TDMed PLPSs), the receiver could fall into anodie tm reduce
batery energy consumption. An example of TDMed PLPs is shown in Section 7.2[3]3 of

Dispersed PLPs can be cell multiplexed in a subslice multiplexed (SSM) métane, the
subslices of multiple (at least two) dispersed PhRs essentially interwoven with each other
across a greater period of time than would be otherwise occupied bynendy those PLPs if that
PLP was configured as a non-dispersed PLP. This leads to greater time doyesgitgading the
same amount of data over a longer period of time. The basic requirement ficesubtiplexing
multiple dispersed PLPs togetherthat all of those PLPaeconfigured with the same subslice
interval value. Note that the frequendivision multiplexed example shown in Section 7.2.7.5 of
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[3] is a special case of SSM where the subslice interval is configured to be eheattonber of
available data cells in one OFDM symbol. However, SSMase general than the limited case of
FDM and is not limited just to an FDM configuration.

TDM and SSM PLP configurations can be combined within a subframe when bcth non
dispersed and dispersed PLPs are present. One such exathplcase of time/frequendision
multiplexing (TFDM) shown in Section 7.2.7.6[8]. Note again, however, that the FDM portion
of this example is a special case of SSM and that SSidtilimited just to FDM configurations.

The special case ¢f{DM allocates dispersedLPs within a subframeuch that each PLP is
deliveredwithin anarrower bandwidth than the overall systemmdwidth and may therefore allow
receives to use lowepower narrower-bandwidth operations for the body of that subframe.
However,the bootstrapand the preamble symbols occupy the full system bandwidth (subject to
any carrier reduction that is applied), so a receiver will need to processl testam bandwidth
at the beginning of each physical layer frame.

4.2.7.2 Layered Division Multiplexing

LDM is a PLP multiplexing scheme where multiple PLParehthe same time and frequency
resources, but are multiplexed together with different power levels. In tepmasfofmance, PLPs
that are strictly layeredivision multiplexed together make more ei#int use of physical layer
resources than do PLPs that are strictly tdivesion or frequencydivision multiplexed together.

In a receiver implementation of LDM, it is necessary to cancel out the Corediggal in order

to decode the Enhanced Layegrsil, so there is an increase in computational complexity and
memory use as compared to the decoding of a single PLP.

It is important to note that LDM is a PLP multiplexingheme, but is not a PLP cell
multiplexing scheme for framing, since LDM occurs eatirethe transmit chain (immediately
following modulation) than does PLP cell multiplexing. Consequently, LDM hadPLP cell
multiplexing schemes discussed further above are actually complementary Pljftering
schemes, in that they can be used in conjunction with each other. For example, LDM can be
combined with TDM as TLDM (i.e., each TDMed PLP i€ambined PLRconsisting of a Core
PLP and an Enhanced PLP that have been LDMed together) or LTDM (i.e., each of they@ore La
and Enhanced Layer uses TDM methods independently of the other layer). LDM can also be
combined with FDM (i.e., FLDM or LFDM) and/or, more generally, with S&dmbining all
three multiplexing methods (LDM, TDM, SSM/FDM) is alsoethmetically possible. Note,
however, that as more than two multiplexing methods are combined hanalwarecomplexity
may be required. Particular care that shouldaken when LDM is combined with TDM and/or
SSM/FDM, including memory considerations, is described in Section 5.3.3.

4.2.8 LDM Parameters

4.2.8.1 LDM Injection Level

When LDM is used, the injection level of an Enhanced PLPis signaled by
L1D_plp_ldm_injection_level t0 determinghe Enhanced PLPjsower level relative to the associated
Core PLP(s). The injection level of Enhanced PLP(s) can be varied from 0 dB to 2bwBHee
associated Core PLP(s) as described in Sesigh2 and 9.3.5 dB3]. As shown inFigure 4.3 a
lower injection level of an Enhanced PliRplies that the transmissiorpower of the Enhanced
PLP increases. However, this Enhanced Bighalbecomes additional noise to the associated
Core PLP(s), which will impact the performance of the Core PLE¢s)verselya higterinjection
level implies lesgransmissiorpower allocated t@an Enhanced PLRndmore robustnes® the
associated Core PLP(d)lote that the total power after the injection of EnhdnB&P(s) is
normalized to be equal to the power of a single PLP configuratienrdquiredSNR ofthe Core
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and Enhanced PLRdter LDM combiningdepends on the required SNR@dre and Enhanced
PLPs before LDMcombiningas well as the injection level. The required SNRCore PLP
(SNRcL_ac) and Enhanced PLESNReL_ac) after LDM combiningcan becalculatedas

?MP WRM>2?MP
SNRGEEG: SNRGEFG+ 10|0g54|1+ 10 54pF10|0g54|1 F10 54 P

M P
SNR| P_EG: SNR| P_FG+ 10|0g54|1 + 10?4p

wherelL is the injection level in dBcale, SNBL scis therequiredSNR valuen dB of the PLP

that isassignedo the Core Layefi.e., the required SNRefore LDMcombining), and SNR _gc

is therequiredSNR valudan dB of the PLRhatis assigned ttheEnhanced Laysd(i.e., the required
SNRbefore LDMcombining).Note that when multiple Enhanced PLPs are associatecongth
Core PLP, the same value of injection level should be useallfof thosemultiple Enhanced
PLPs (see Sectidn3.3). Therefore, there will be no multiple values of required SNRs for a Core
PLP.

When thanjection level of an Enhanced PLP is chosen, it is important to cosetequired
SNR of Core PLP(s) before LDkbmbining Since the injected Enhanced PLP acts as additional
noise tatheassociated Core PLP($)e Core PLP(s) will not be decodabl¢héinjection level is
lessthan therequiredSNR of Core PLP(s) before LDMombining Furthermore, eveif the
injection level is slightly higher (e.gl dB) than the required SNR Gbre PLP(s) before LDM
combining, there isstill an effect onthe SNR performance dhe Core PLP(s) after LDM
combining Therefore, in order tprovide enough headroom between the thresholdeqtiired
SNR of Core PLP(s) and the injection level, st iecommended th#he injection level(IL) of
Enhanced PLP(s) be chosmetording tahefollowing condition:

IL R SNRgprgt3

Note thatthis recommended headroom also considers possible implementation Nasseslso
that when multiple Core PLPs are associated with an Enhanced PLP, the ledsCoobU3LP
should be used to choose the condition ofrtfextion level.

Core Layer PLP(s) Core Layer PLP(s)

Enhanced Layer PLP(s) |4 Lower Injection

1 Level (dB)

L)
Enhanced Layer PLP(s) | | Higher Injection
} Level (dB)

J Bandwidth k J Bandwidth k

Figure 4.3 Injection level control of Enhanced PLP(s).

4.2.8.2 LDM ModCod Combination

As described in Sectioh2.8.] particular care is neededdboose a ModCod combinatifor the
Core Layer depending dheinjection levels otheEnhanced Layer. Therefore, it is recommended
that a Core PLP be configured with QPSK, 16QAIM64QAM constellations. When 64QAM is
usedfor a Core PLP, it is recommended that codesnatehigher thary/15be used to avoid high
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requiredSNRs inthe Core Layer. An Enhanced PLP may be configured with @mjce of
ModCod combination described in Section 6.3.23bf

4.2.9 Code Rate, Length and Constellation

The totalnumberof modulation and code rate (ModCod) combinationATSC 3.0 is 120 (72
and 48 for long and short LDPC codes, respectivAliyjong these 120 choices of ModCod, there
are ModCod combinationghat have equivalent throughputs with other combinati@ms
therefore, Section 6.3.2 ¢§8] describes the mandatory ModCod combinatifvosn all of the
ModCod combinations given thoskiplicated thraghputs.Table 4.3 and Table4.4 show the
required SNRdor AWGN and i.i.d. Rayleigh channels, respectively, in long code (64800 bits)
casesln these tables, capaciyguivalent ModCods are markbeg the same color, and for each
color, the ModCods that show tlmvestrequired SNRs are marked in bold. ModCods thatato
have equivalenthroughputsare not markedSimilarly, the requiredSNRs for short LDPC codes
(16800bits) are also shown iffable4.5 andTable4.6,for AWGN and i.i.d Rayleigh channels,
respectively.

Table 4.3 RequiredSNRs (dB) for all ModCod Combinations, Long LDPC codes
(64800 bits) andAWGN Channel

) Code Rate
Constellation
2/15 315 415 515 6/15 7/15 815 9/15 10/15 11/15 12/15 13/15
QPSK 623 432 |2, : 2.77 13.60
16QAM -2.73
64QAM 14.28 (15,57

256QAM 1.60 12.10 |13.91 . 18.76
1024QAM 3.23 15.30 21.35 |23.43 |25.52 |27.62
4096QAM 4.58 16.04 |18.22 25,55 |28.11 (30.34 |32.83

Table 4.4 RequiredSNRs (dB) for all ModCod Combinations, Long LDPC
Codes (64800 bits) and i.i.d. Rayleigh Channel

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

Constellation

QPSK 572 |-3.62

16QAM -1.84

64QAM

256QAM

1024QAM

4096QAM
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Table 4.5 Required SNRs (dB) for all ModCod Combinations, Short LDPC
Codes (16200 bits) and AWGNh@nnel

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

Constellation

QPSK 555 |-3.73 5.76
16QAM -2.15

64QAM

256QAM

Table 4.6 Required SNRs (dB) for all ModCod Combinations, Short LDPC
Codes (16200 bits) and i.i.d. Rayleigh Channel

. Code Rate
Constellation

2/15 3/15 4/15 5/15 6/15 7/15 8/15 9/15 10/15 11/15 12/15 13/15
QPSK -5.06 |-2.97 11.56
16QAM -1.14
64QAM
256QAM 16.95 [18.64

The mandatory ModCod combinations for long codes (shovirabie 4.7) and short codes
(shown inTable4.8) are obtained based on the performance results in AWGN and i.i.d. Rayleigh
channelsnly. Note thathese nandatory ModCod combinations miag useful when broadcasters
have a desired physical laydmroughput and need to choose the 4pestorming ModCod
combination among all the possible ModCod combinations that have the same throbghput.
maximum broadcaster flexibilifyand possible future extensibility of ATSC 3iDjs strongly
recommended that all the ModCod combinatiares,(72 choices for long codes and 48 choices
for short codes) be implemented in ATSC Bahsmitters as well as ATSC 3.0receivers.

Table 4.7 Mandatory ModCod Combinations for Long Codes (64800 bits)

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

QPSK 6 |6 |6 |6 |6 6 |6 |6 6

16QAM 6 p 5 A . .

64QAM 6 6 6 6 6 6 6 6 6

256QAM 6 |6 s 6 s e . . -
1024QAM 6 5 5 5 . . . .
4096QAM 6 6 5 5 .

Table 4.8 Mandatory ModCod Combinations for Short Codes (16200 bits)

Constellation Code Rate
2/15 3/15 4/15 5/15 6/15 7/15 8/15 9/15 10/15 11/15 12/15 13/15
QPSK 6 6 6 16 |6 6 |6 |6
16QAM 5 5 5 . -
64QAM 6 6 6 6 6 6 6
256QAM 6 6 |6 |6 |6 6 6 6

4.2.10 L1 Protection Mode

The L1-Basic Modes indicatedvia preamble_structure  Of the bootstrap signaling together with the
FFT size, guard intervdéngth and pilot patter of the Preamble as described in Table H.1.1 of
19



ATSC A/327:2025-02 Guidelines for the Physical Layer Protocol 24 February 2025

[3]. Note that Section 6.5 {8] defines seven L-Basic Modes (i.efrom L1-Basic Mode 1 to L1
Basic Mode 7)however, the currempteamble_structure 0f the bootstrap signaling camdicateonly
five L1-Basic Modes (i.efrom L1-Basic Mode 1 to LBasic Mode 5).

ThelL1-Detail Modeis indicatedvia L1B_L1_Detail_fec_type Of the LEBasic signaling. Section
6.5 of [3] defines the seven EDetail Modes (i.e.from L1-Basic Mode 1 to LBasic Mode 7),
andthe currenti1B_L1_Detail_fec_type from the LEBasic signaling can select all the choices of L1
Detail Modes.

The length of L1-Basic data is fixed at 200 bits, while the length dbéthil data is variable.
Since the L1 protection uses the LDPC codesat#3/15 (Type A) andate6/15 (Type B) from
data PLP,zero padding (i.e., shortening LDPC information bits) is performed before LDPC
encoding. Furthermore, parity repetition and puncturing are also performed toeatdsared
robustness after LDPC encoding. The protectimyde of L1-Basic and LiDetail signaling is
determined based dhe LDPC coderate modulation order, parity repetition apdrameters such
asthenumber ofpuncturedoarity bitsand thenumber of zergpaddedits, as shown iTable4.9.
Note thathe parameter8 andB in Table4.9indicatethe number opuncturedits to the number
of shortenedbits ratio (i.e., zerepadding bits)and theconstant integer for parity puncturing,
respectivelyMore detailed parameters for L1 protection nedee given in Tables 6.17, 6.18,
6.23, 6.24 and 6.25 §8].

Table 4.9 Definition of L1 Protection Modes

) i Parameters for Puncturing ) .

L1 Protection Mode LDPC Code Rate Modulation A B Parity R epetition

Mode 1 QPSK 9360 6

Mode 2 QPSK 11460 N/A

Mode 3 QPSK 12360 N/A
L1-Basic Mode 4 16QAM 0 12292 N/A

Mode 5 ?rz)/?)/eli) 64QAM 12350 N/A

Mode 6 256QAM 12432 N/A

Mode 7 256QAM 12776 N/A

Mode 1 QPSK 712 0 6

Mode 2 QPSK 2 6036 N/A

Mode 3 QPSK 11/16 4653 N/A
L1-Detall Mode 4 16QAM 29/32 3200 N/A

Mode 5 (RT:y%’ 5’3) 64QAM 3/4 4284 N/A

Mode 6 256QAM 11/16 4900 N/A

Mode 7 256QAM 49/256 8246 N/A

TherequiredSNRs oftheL1-Basic and L1Detail Modes under AWGN and Rayleighannels
are shown infable4.10. Note that the Preamblgncluding L1-Basic and LiDetail) does not
provide time diversity unless the Additional Parity forD#tail is used. Therefore, when selecting
the L1-Basic and.1-Detail Modes, it is always recommended that botkBlasic and LiDetail
Modes be more robust than the data payload madtiesgeneral recommendation of-Bhsic and
L1-Detail Modes igo use Mode 1o Mode 3 to provide muchigherrobustness than the data
payloadlt is alsorecommended that the tDetail Mode use the same mode as théasicMode
indicatedby the bootstrap signaling. For example, when thdé3agic Mode is selected as Mode
1, then L1Petail Mode 1 isalso recommended.
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Table 4.10Performance of L-Basic and LiDetail Modes Under AWGN and
Rayleigh Channels (FER=1p

Mode L1-Basic (dB) L1-Detail (dB)
AWGN Rayleigh AWGN Rayleigh

1 -9.2 -9.0 -7.8 -7.5

2 2.7 -1.8 -1.4 -0.3

3 1.0 2.8 15 3.3

4 5.4 7.5 6.1 8.3

5 9.9 12.3 10.2 12.9

6 15.8 18.6

7 Not used 225 27.2

4.2.11 Time Interleaver Mode

Each PLP transmitted at the physical layer is configured with one of three terieamer modes,
as specified in Section 7.1.1 [#], with the available time interleaver modes being: neeti
interleaving, Convolutional Time Interleaver (CTI) mode, and Hybrid Time bdedr (HTI)
mode. The time interleaver mode for a particular PLRlis&ted via theib_plp_Ti_mode signaling
field for that PLP (see Section 9.3.4[8f). The time interleaver mode is signaled on a per PLP
basis for all PLPs, even when Layered Division Multiplexing (LDM) is in use and Core and
Enhanced PLPs are present. Thatiis, plp_TI_mode is signaled for Enhanced PLPs, even though
such Enhanced PLPs pass through time interleaving as a combined part of the CgyevihP(
which they have been layered division multiplexed.

When LDM is configured, the time interleaver mode signaled for an Enhancad theRRame
as for the time interleaver mode signaled for the Core PLP(s) with whicErthanced PLP is
layered division multiplexed. Note that an Enhanced PLPedayered division multiplexed with
multiple Core PLP$see Sectiorb.3.3for details).

42111 Valid Conditions for CTI Mode

A PLP can be configured with any time interleaver mode that is considerediorahat particular
PLP’s situation. Time interleaver mode validity for lBPPis determined on the basis of what is
referred to i3] as a complete delivered product. A complete deliveredymt represents all of
the data (e.gvideo, audio, captions, metiata) that goes together to form a complete product
(e.g.,program, movie, sportscast, etc) presented to an end user at a receiver. For exardpta, thi
could all be multiplexed together into a single PLP that carries video and audio dettspa
together. Alternatively, video data for a particular program could beedanione PLP and the
corresponding audio data for the same program could be carried in a second PLP. Consequently
a complete delivered product consists of one or more PLPs carrying related compotieats of
same endiser service. Note that multiple programs may be multiplexed together in taedR$am
channel, so different PLPs within the same RF channel may belong to the same entdiffer
complete deliveredrpducts.

Valid time interleaver modes for the PLPs of a paldéiceomplete delivered product are
determined independently of any other distinct complete delivered products prethemttiva
same RF channel. That is, only the characteristics of PLP(s) belongangatdicular complete
delivered product are considered when determining which time interleadssmare considered
as valid for the PLP(s) of that complete delivered product.

The CTI mode can only be, but does not necessarily need to be, used for the PLP(s) of a
complete delivered product if either of the following two conditions is satisfidtesg two
conditions are mutually exclusive so a maximum of only one of them csattibBed.)
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x The complete delivered product is composed of a single PLP that has a constarg cell rat
as measured at the input to the time interleaver.

x The complete delivered product is composed of a single Core PLP and one or more
Enhanced PLPs layered division multiplexed with that Core PLP, with all of thd?e PL
having a constant cell rate as measured at the inpu torik interleaver.

In the context of the above two conditions, constant cell rate means that over pegivdrof

time (e.g, 1 second) that begins at any time point within the data flow, the same amount of data
always arrives (e.gfrom the studio) at the input to the time interleaver. For example, a 4 Mbps
constant cell rate PLP would mean that during anysawend time period, 4 Mbits of data would
arrive at the modulator for that PLP.

Note that it is important to consider the cell rate atitiput to the time interleaver, rather than
at the output from the time interleaver. Depending upon the exact physical layer frame
configuration, the cell rate for a PLP at the output from the time interleaasgibe bursty rather
than constant. For example, consider the same 4 Mbps constant cell rate PLPe $haipzech
physical layer frame is configured to have a length of 1 second and that each such frame contains
two subframes with each subframe having a length of 0.5 seconds. Assume that thed?ti€ui
only in the first subframe of each frame. Then, at the output of the time intetlédze observed
cell rate for the PLP will be 8 Mbps (4 Mbits divided by the first subframatgtheof 0.5 seconds)
during the first subframe, but 0 Mbps (0 Mbits divided by the second subframe’s ler@th of
seconds) during the second subframe. Thus, it is necessary to consider a PLRI® ddtthe
input to the time interleaver, rather than at the output, when determining whether ot RatRha
possesses a constant cell rate. The othecdmglition of course, is that over a certain period of
time (e.g, 1 second), the number of cells arriving at the input of the time interleaverfi@g.
the studio) equals the number of cells leaving the output of the time interleaebding
multiplexed into physical layer subframes). This ensures that the CTI nevdlowseor
underflows.

Whenthe CTI mode is valid for a particular complete delivered product, this does plgt im
that the CTI modés mandated to besed for the PLP(s) belonging to that complete delivered
product. Insteadhe PLP(s)maybe configured, if so desired, with one of the other time interleaver
modes (HTI mode or no time interleaving mode). However, it is recommended that RILP(S)
which the CTI mode is considered valid should be configured with the CTI mode for optimum
performance.

4.2.11.2 Valid Conditions for HTI and No Tl Mode

Any PLPs can be configured with either the HTI mode or the no time interleaving khaltiple
Core and/or notayereddivision-multiplexed PLPs belonging to the sawmmplete delivered
product can be configured individually with either the HTI mode or the no time interleaode.
That is, when a complete delivered product contains multiple Core andiey@paddivision-
multiplexed PLPs belonging to the same complete delivered product, each of thosePbEs c
configured with either the HTI mode or the no time interleaving mastggrdless of the time
interleaver mode(s) configured for other PLPs within the same complete eelipesduct.
Additionally, when a complete delivered product contains multiple Core and/elayenred
division-multiplexed PLPs belonging to the same complete delivered product, each of these PLP
can be configured with the same or different time inéeée parametersith some restrictions, as
described in more detail below

For use cases considered at the present time it igpatéid that multiple Core and/or non
layereddivision-multiplexed PLPs belonging to the same complete delivered product would
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benefit from all being configured with the HTI modeed also the discussion on the no time
interleaving mode further below).

When a complete delivered product contains multiple Core and/ctagereddivision-
multiplexed PLPs and all of those PLPs are configured with the HTI mode, then the normative
constraint is thaall of those PLPs use the same subframe interleaving mitidia the HTL That
is, those PLPs either all use ingabframe interleaving or all use inubframe interleaving; it is
not allowed for some of those PLPs to use istraframe interleaving while other PLPs within the
same complete delivered product uger-subframe interleaving. Additionallyyhenthose PLPs
use intersubframe interleaving, thehe normative constraint is thidtose PLPs all use the same
time interleaving unitNw).

When a complete delivered product contains multiple Core and/ctagereddivision-
multiplexed PLPs and at least one of those PLPs is configured with the no tireainber mode,
then the use of the HTI mode with inrbframe interleaving is disallowed for any of the other
PLPs within the same complete delivered product. Insihistion (with at least one PLP within a
complete delivered product being configured with no time interleaving), the normativeagans
is thatall of the PLPs configured with HTI mode within that same complete delivered proxiic
the same subframe interleaving mode, which is istitaframe interleaving. Inteubframe
interleaving is not allowed for any of the PLPs within a complete delivered préadai¢east one
PLP within that same complete delivered product is configwigalthe no time interleaving mode.

As mentioned earlier, any PLP can be configured with the no time interleavig. MWhen
the no time interleaving mode is configured for a PLP, that PLP does not consummeny ti
interleaver memory resources. There may be certain == aghere it may be desirable to
completely disable time interleaving for one or more PLPs, since time iniagedoes introduce
an additional amount of time latency (dependent upon the time interleaver depthhdvaeer,
that disabling time interleaving also removes gerformance benefits obtained from time
diversity. It is therefore recommended that broadcasters do not configure the naditeaving
mode unless they are very certain that it is applicable to the particular usedaseonsideration.

42.11.3 Extended Time Interleaving

Extended time interleaving is specified in Section 7.1[3Jo&nd is indicated on a per PLP basis
via L1D_plp_TI_extended_interleaving  (See Section 9.3.9 ¢8]). Extended interleaving can only be
used when the corresponding PLP is configured with QPSK modulation and is not layered division
multiplexed as either a Core or Enhanced PLP. Extended interleaving can be hsathentCTI
mode or HTI mode, but has meal meaning for the no time interleaving mode since no time
interleaver memory is associated with that latter mddieen a complete delivered product is
comprised of multiple PLPs, a subset of those PLPs can be configured for extended ti
interleaving provided that the other conditions discussed in this section aredatisfi

The purpose behind extended interleaving is to extend the number of cells that can be stored
in the time interleaver memory provisioned within an ATSC 3.0 device. As speicifieection
7.1.2 of[3], ATSC 3.0 receivers should be able to store up'tedls (per complete delivered
product) in time interleaver memory for regular time interleaving and uf? twels for extended
time interleavingWhen a complete delivered product is comprised of multiple PLPs, with at least
one PLP configured for regular time interleaving and at least one PLP configurexténded
time interleaving, then the sum of the total time insaré&g memory (in cells) regred for PLPs
configured with regular time interleaving and half of thaltétitne interleaver memory (in cells)
required for PLPs configured with extended time interleaving should be less than aioe#itial
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cells.There are two primary approaches that can be used to provision the time intenleaary
in an ATSC 3.0eceiver

X TheATSC 3.0 receivecan be provisioned with sufficient memory to stof&r@gular data
cells (per complete delivered product), which meets the requirement iofystipr to 2°
cells in time interleaver memory for regular time itéaving and up to % cells for
extended time interleaving.

X TheATSC 3.0receivercan be provisioned with sufficient memory to stof¥r@gular data
cells (per complete delivered product). When extended interleaving is configucedsar
guantization resolution can be used for QPSK constellations (as compared toohigher-
QAM constellations) such that the memory normally used te stoe regular data cell can
instead store two extended interleaving data cells.

The use of extended time interleaving, when allowed for a particular PLP, shoaksmthe time
diversity benefits experienced by that PLP. At the same time, however, ¢éneedtime depth of
the interleaver will result in additional time latency ex@eced by the PLP’s data passing through
the time interleaver at a transmitter and the timentkrleaver at a receiver.

4.2.12 Guard Interval

Each OFDM symbol within a physical layer frame has a guard interval prepended toetaiiée
twelve available guard interval lengths as listed in Section 8[3]ofanging from short (192
samples) to long (4864 samples). Note that the guard interval length is limited tonaumacd
one-quarter of the corresponding configured FFT size.

The guard interval length is configured per subframe and is indicated by
L1B_first_sub_guard_interval  (Section 9.2.3 0f3]) and LiD_guard_interval (Section 9.3.3 013)),
depending upon the applicable subframe.

The guard interval provides protection against #stenbol interference that arises when
multiple timedelayed copies of the same OFDM symbol arrive at awexcesuch timedelayed
copies can arise from one or both of the following causes.

X Multi-path propagation. When the local terrain includes various “reflectors” suchsas hill
mountains, buildings, etcthe originally transmitted signal may reflect off thésatures
and cause ame-delayed copy of the signal to arrive at a receiver.

X Multiple transmitters in a Single Frequency Network (SFN)ah SFN, all transmitters
transmit the same signal at the same time. However, dipagation distances to a receiver
from each transmitter will, in general, be differemtgd ahus multiple copgof the same
signal will arrive with differing time delays.

The end result, as viewed by a receiver, of both of the above two causes is Bsdensame:
multiple copies of the desired signal will arrive widiifering time delays. The range, in time,
between these different echoes is termed the delagdpfthe propagation channel. For a single
transmitter scenario (no SFN), the presence and length of the delay spirbadiependent upon
the local terrain and should be able to be measured using a professionat.retaiverrain with
no reflectors willlikely result in little or no delay spread, while the presence of many reflectors
will result in a larger delay spread of the propagation channel.

In an SFN, the apparent delay spread will primarily be a function of the didiaheeen
adjacent transmitters since this will also result ipies of the same signal arriving with different
time delays at a receiver. The delay spread in thisasicecan be estimated using the propagation
distances from different transmitters to various example receiverdosatnd/or can be measured
using a professional receiver.
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The configured guard interval length for a given deployment is recommended to be equal to or
greater than the observed and/or estimated delay spread for that same deploymenttan order
minimize the performance impacts of insymbol interference. At the same time, the guard
interval represents overhead so selecting a guard interval that is signifioagy than is actually
required would result in the unnecessary loss of efficiency.

When multiple subframes are configured within a frame, therehsice whether to configure
all subframes with the same guard interval length or to configure different guamehaliengths
for different subframes within the same frame, since the guard interval Isnghfigured per
subframe. It is generally recommended that the same guard interval bergthfigured for all
subframes, with the possible exception of the following scenario. In an SFNmittaedssignals
might contain both regionide content (transmitted by all transmitters in the SFN) andl |
content (different content transmitted by each individual transmitter)sifgframes containing
regionwide content, the configured guard interval length needs to take into account theedista
between adjacent transmitters. For subframes containing only local céinéecdnfigured guard
interval lengthmayonly need to consider the delay spread introduced by local terrain features.

4.2.13 Frequency Interleaver Mode

After PLP data has been mapped to the data cells of OFDM symbols in thenéiedoenain and
prior to pilot insertion, those OFDM symbol data cells can be frequency intetleatien each
OFDM symbol as described in Section 7.3[8f. Frequency interleaving can be enabled or
disabled on a per subframe basis, and this enabling/disabling is indicated foulsfaame by
L1D_frequency_interleaver (Section 9.3.3 0f3]).

When enabled, frequency interleaving changes the order in which carriers are shuffeed in t
frequency dimension every one or two OFDM symbols, depending upon the configured FFT size.
As such, frequency interleaving is intended to introduce frequency diversity into an ATSC 3.0
physical layer transmission, which should result in improved performance.

There maybe possible future use cases that would benefit from or that would reqqurerfoy
interleaving to be disabled. See, for example, the ¢uepiiencydivision-multiplexing and
guasitime-frequencydivision-multiplexing examples in Sections 7.2.7.5 and 7.2.7.6, respectively,
of [3]. However, at the present time and for preseatlyisioned use cases it is recommended that
frequency interleaving be enabled for all transmitted subframes in order to iatdoenefits of
frequency diversity.

4.2.14 Time Information Type

It is recommendethat time information be always sent in every frafiifeere are several choices
for the components of the time information. Itesommendethat the most detailed information
availablebe sent, that jaf nanosecond time information @vailable this should be sent.e.,
L1B_time_info_flag =11. This allows receivets use the maximum timgccuracy ofransmittes.

4.2.15 Multiple Subframes within a Frame

There are many possible waygrtansmitmultiple PLPsaccording tahe ATSC 3.Gspecification
Particularly broadcasters may wonder about whethetraimsmit multiple PLPs in a single
subframe or in multiple subframes.

It is recommendedhat the number of subframes used be limited to the minimum number
possible, since thereasmall loss of efficiency when SBS (subframe boundary symbols) are used.
Therefore, if there are 2 PLPs that both use 8K FE& @nd the same pilot patteandthere are
no other considerations (for example different broadcasters operatingrdiffereices)although
separate subframes with the same parameters arelppgsiakes sense to combine the 2 PLPs

into the same subframe.
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Furthermore, carehouldbe taken with the order of the subframes, as described in Section
5.3.2. The most common envisaged use of subframes is to allow completely different OFDM
parameters, specifically different FFT sizes/andifferent pilot patterns. For example, a typical
scenario for a-PLP TDM may be to have one servitcargetingmobile reception, and another
servicetargetingstationary reception. With multiple subframes, the mobile service could use the
8K or 16K FFT size for greataesistanceo Doppler fading and thus high spestimobility. A
densepilot patterncanprovide better time and frequency interpolation of the channel leading to
better channel estimation and higher mobile performance. Converselyerthee sargeting
stationary reception could use a 32K FFT for better efficiency and a less dehgafpérn since
mobility is not a priority for that service. In this wahere is great flexibility in combining TDM
with multiple subframes.

Some commoexampledor combinations of subframes and multiple Plafs as below:

X 1 PLPin subframe 1 (8K FFT), 1 PLP in subframe 2 (32K FFT, example above)

X 1 PLPin subframe 1 (8K FFT), 3 PLPs in subframe 2 (32K FFT)

X 2 PLPsin subframe 1 (8K FFT), 2 PLPs in subframe 2 (32K FFT)

X 4 PLPs in one subframe (16K FFT)

While not common, the followingxamplemayalso be used

X 4 PLPs, eacin their own subframe
While the use of PLPs spanning multiple subframéhin the same frames allowed by the
specification, this option should be used with care. Note that Section 7.2[2] Im@ndates that
subframe containing the same PlaPeof the same type (e,gt is not allowed to map the same
PLP to subframes containing different F&iZes) Therefore, tiis recommendethatbroadcasters
consider thatip to 4 subframegser framearelikely to besupported by receivers, where the PLP(s)
are completely contained within each subframe (and do not span multiple suiviinie the
same framg

4.2.16 L1D plp_fec type

In the current version ¢8], L1D_plp_fec_type has defined values 0 to 5 and reserved values 6 to 15.
At the present time,1D_plp_fec_type Should not be set to a value greater than or equal to 6 since
those values are currently reserved. However, legacy resaieuld be able to correctly parse a
future version of the L-Detail signaling in the event that additional FEC types are definad a
later time. Note that legacy receivers would not be expected to decode sucE@eypEs, but
would be expected to correctly handle thelRdtail signaling.

For the current version ¢8], when the indicated value afb_plp_fec_type for a particular PLP
is greater than or equal to 6 in Table 9.83)f the signaling fields1b_plp_mod andLiD_plp_cod
will not be included and will therefore have unspecifiedues for that PLP. There is a later
condition in Table 9.8 of3] that is evaluated to determine whether or not to include the
L1D_plp_TI_extended_interleaving ~ Signaling field for each PLP. This condition is based, in part, on
testing the indicated value aip_pip_mod . WhenLib_plp_mod has an unspecified value for a
particular PLP (as could arise if a currenthgerved value ofiD_plp_fec_type IS indicated), it
should be assumed that this condition is not satisfied and that therefore
L1D_plp_TI_extended_interleaving IS not configured for that PLP. This assumption will allow
receivers to ensure correct interpretation of future versions of tiietdil signaling.

4.2.17 Transmitter Identification (TxID)

TxID is signaled fronthe Schedulerthat iscommonlylocated in a studicandis injectedinto
ATSC 3.0hostsignals for unique identification of individual transmittéree TxID, injected only
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in the firstPreamble symbo{see Annex N of[3]), should appear as only a small amount of
interference to ordinary ATSC 3.0 consumer receinardshouldthereforebetransparent tauch
receiversPrecisely, the receiving performancelegPreamble will be degraded depending on the
injection level ottheTxID, but the data payload partthe frame will not be affected by the TxID.
Table4.11 shows theequired SNR of the Preamble according to the TxID injection.

Table 4.11Required SNRs dhe Preamble when TxIB injected (AWGN

Channel)
Preamble Decoding P erformance [dB]
Injection Level L1-Basic L1-Detail
[dB] Mode Mode Mode Mode Mode [Mode Mode Mode Mode Mode Mode Mode
1 2 3 4 5 1 2 3 4 5 6 7
Off -9.2 -2.7 1.0 5.4 9.9 -7.8 -1.4 15 6.1 10.2 |15.8 |225
45 -9.2 -2.7 1.0 5.4 9.9 -7.8 -1.4 15 6.1 10.2 |15.8 |225
42 -9.2 -2.7 1.0 5.4 9.9 -7.8 -1.4 15 6.1 10.2 |15.8 |[225
39 -9.2 -2.7 1.0 5.4 9.9 -7.8 -1.4 15 6.1 10.2 |15.8 |[22.6
36 -9.2 -2.7 1.0 5.4 9.9 -7.8 -1.4 15 6.1 10.2 |15.8 |[22.6
33 -9.2 -2.7 1.0 5.4 9.9 -7.8 -1.4 15 6.1 10.2 |159 |[22.8
30 -9.2 -2.7 1.0 5.4 9.9 -7.8 -1.4 15 6.1 10.2 |159 |[23.0
27 -9.2 -2.7 1.0 5.4 10.0 |-7.8 -1.4 15 6.1 10.3 |16.0 |[23.6
24 -9.2 -2.7 1.0 5.4 10.0 |-7.8 -1.4 15 6.1 103 |16.2 |[25.1
21 -9.2 -2.7 1.0 55 10.1 |-7.8 -1.4 15 6.2 104 |16.7 (324
18 -9.2 -2.7 11 5.6 10.3 |-7.8 -1.4 1.6 6.3 10.7 |17.9 |[N/A
15 -9.2 -2.7 11 5.7 108 |-7.8 -1.3 1.6 6.5 11.2 221 [N/A
12 -9.2 -2.6 1.2 6.0 121 |-7.8 -1.3 1.8 6.9 126 |N/A N/A
9 -9.2 -2.5 15 6.8 16.5 |-7.7 -1.1 2.0 7.8 18.1 |N/A N/A

Note that N/A inTable 4.11 implies thatthe TxID cannot be injected because of the
performance limitation of theorresponding-1-Basic or LtDetail Modes. For example, the
requiredSNR of L1-Detail Mode 7 is 2.5dB, and therefore, any TxID injection level less than or
equal to 2.5dB (i.e, 9 — 18dB) cannot be usdaecause the injected TxID would cause sufficient
interference in those cases such that no receiver would &¢oatiécode L-Basic or LtDetalil
successfullyTherefore, hthe N/A modes inTable4.11 should nobeused bythe Scheduler

Broadcastershouldturn on the TxIDonly when networkdesign, adjustment, monitoring, or
measurements are needed in SENEe otherwise the injected TxID will cause unnecessary
interference to the first Preamble symiggbecialized receivemwill be needed to obtain channel
impulse response information given by the TxID for such monitoring and measurement, but
ordinary consumer ATSC 3.0 receiverdl not necessarily decode the TxID.

4.2.18 MISO Operation

MISO in ATSC 3.0usesTransmit Diversity Code Filter Sets (TDC$$hatpredistort waveforms
from individual SFN transmittersso that possible crossterferencedue to overlappedignalsin

SFN can be mitigated. In ATSC 3.0, twdifferent code filter sets, 64 or 256oefficients are
allowed, and a code filter set can be applied up to four transmitters. For Mi&@tion by
broadcasterghe Timing and Management Packet controls the number of different MISO filter
codes in use (indicated laym_miso_filt_codes ) and the MISO filter code assignment to individual
transmitters (indicated byum_filts_code_index ) asdescribed irSection9.3.1 of [5]. In Preamble,
L1D_miso indicates the use of MISO (i.e., no MISO, MISO withodfficients or MISO with 256
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coefficienty. Note that MISO is not applied to the bootstnap Preamblebut is only applied to
subframes.

TDCFS isgenerallyeffectivewhen there is a reception area having low datagng multiple
transmitted signaJsausingdeep nulls in the frequency domakigure4.4 and Figure 4.5 show
examples ofrequency responses atwo-transmitter SFN of a field environment whashort
delay (0.1us) andarelatively longer delay (7.fis) are present, respectively. As showirigure
4.4,a deep null can be mitigated by using MISO, and in such a fixed reception condition, MISO
with 256 coefficients provides better performance. Conversalylonger delay cases as
exemplifiedin Figure 4.5there is no effect using MIS®lote that in practicghe use of MISO
besides short delay cases may resulinexpectedlistortion of waveformsn certain reception
areas providing negative MISO gain. Note also thatases of mobile receptipthe channel is
normally timevarying so that there is no MISO effect.

(a) b) ( ©) (

Figure 4.4 Frequency response afwo-transmitter SFNvhen relative delay is
0.1 1s: @) No MISO, ) MISO with 64 coefficients, anat MISO with 256
coefficients

(a) b)( c) (
Figure 4.5Frequency response atwo-transmitter SFNvhen relative delay is

7.1 ps: (@) No MISO, p) MISO with 64 coefficients, anat MISO with 256
coefficients

4.2.19 PAPR Reduction

A well-known disadvantage of the OFDM signal is high PAPR, espetidihe case ahe largest
FFT size(32K), which results in lovefficiency ofahigh-power amplifiein order tomatch out of
band distortion limits imposed by a spectrum mask. ATSC 3.0 optionally allows to use ER, AC
or the combination of these twechniquegi.e., TR+ACE)to perform PAPR reductioR is a
well-known technique that constructs a kernel signal to cancel out pethlketime domain, but
this TR technique costs about 1% of data capaCiyversely, th&CE technique, whiclextends
the boundary constellation points of the active datacswbers does not cost any data capacity.
Figure 4.6 to Figure 4.8how the simulation results of the effect on the spatimask and link
budget when ACETR, or TR+ACE are enabled
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Figure 4.6 Effect on spectrum mask for low, mid and high order constellations.
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Figure 4.7 Effect on link budget for low, mid and high ordmmstellations
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Figure 4.8 Effect on RF channel spectrum as regards the FCC mask.

As shown in the figuresACE reducs the sidelobe regeneration (leakage) on adjacent
channels leading to up to 1 dB margin with respect to the FCC mask. Timerdiference in
terms of link budget performance (FER vs SNIR)ongACE only, TR only and TR+ACHt is
also noted thadCE outperforms TRvhenlow and mid order constellatiomse usedConversely,
TR outperforms ACEvhenhigh order constellatiorere usedThereforewhena PAPR reduction
technique isused broadcasters should be able to choose an option (i.e., TR only, ACE only, or
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TR+ACE) depending on intendeérsices which correspond toonstellation choice®.g., mobile
serviceusing low order constellations and fixed service using high order constellations).

4.2.20 BSID Assignment

For ATSC 3.0 transmissions in North America and South Korea, the value of BSIDBsid )
should be set to the value of NTSC TSID, as assigegidtered with country registration
authorities as follows:

x Canada registration authority: Government of Canada [11].

X Mexico registration authority: Instituto Federal de Telecomunicacidrds

X United States registration authority: Federal Communicat@ommissiofil3].
X South Korea registration authority: Ministry of Science and ICT [14], [15].

4.2.21 MIMO Operation

MIMO (Multiple Input Multiple Outputyn ATSC 3.0 allows a higher spectral efficiency and/or a
higher transmission robustness compared to SISO via additional spatial divedsityliplexing

by sending twodata streams in a single radio frequency channel. Although it is not directly
specified irthe physical layer protocol stand48d, it is expected in practice to use crpsdarized

2x2 MIMO (i.e., horizontal and vertical polarizatido)retain multiplexing capabilities in linaf-

sight conditions.

The MIMO operation is indicated and optionally enabled on a per subframe (l&sis
L1B_first_sub_ mimo and/or L1D_mimo ) within an ATSC 3.0 transmission. All MIM@nabled
subframes within the same ATSC 3.0 physical layer frame must use theMidh@ pilot
encoding scheme, since this scheme is indicated only on a per frame basis (via
L1B_mimo_scattered_pilot_encoding )

In [3], two MIMO pilot antenna encoding schemé&lshHadamard encoding and Null Pilot
encoding,have been defined and one of these two schensddsted to beonfiguredfor use
within a transmitted ATSC 3.0 wavefoffor 2x2 MIMO channel estimation. The twtiMO pilot
encoding schemes are configured withgame pilot positions and boostiag SISQpilots, which
are described inSection4.2.3and 4.2.4.1t is recommended that theonfigured MIMO pilot
encoding scheme be selected accordimgtémdedservicescenarios and receiver implementations.
For a fixed reception scenarioariime-invariant channel is recommended to use tNelll Pilot
encodingscheme sincthe 3 dB boosting in pilot power improvelsannel estimation accuraay
a receiver For a mobilereception scenario im high Doppler timevarying channel,it is
recommended to ushe WalshHadamard encodingchemefor MIMO pilots because of the
higher Doppler shift limit for frequency channel variatiBpdescribedn Section 4.2.3.2.

4.2.22 SISO Operation of MIMO-Capable Transmission System

When it is possible to include both SISO and MIMO operation alternately in a siagénitted
emission, as provided by A/322 and A/324, it is important to establish the correct siggiagjpha
between the two outputs of a MIMEapable transmitter and thugh the following portions of the
RF system, including the antenna, during SISO portions of the transmission.

Given the two outputs of a MIM®@apable transmitter, when in SISO operation, either one
output (Polarization #2) will be muted, or the two outputs will have identical signalactn e
(What follows presumes that the Polarization #2 output is not muted during SISOapbtaiti
remains active to enable taking advantage of the power available from the demloh#he two
high-power outputs.) It is assumed in the ATSC 3.0 MIMO system design described that the two
outputs will feed a pair of passive RF syste(e.g., mask filters and transmission lines) that
connect to a pair of antenna inputs that, in turn, produce a pair ofpoiesized radiated signals.
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To obtain optimum performance from the MIMO transmitting antenna with itsopaiputs,
when operated in SISO mode, the emitted signals must be bothdinwdent and ifphase with
one another. In such an arrangement, the two radiated signals widl adghte a stronger signal
for SISO reception, while, if they are out of time or phase, they will subtradt@mnehe other,
resulting in effectively weaker signals at receiver inputs.

For maximum benefit from the addition of power from the two transmitted signajlstibald
be offset in phase from one another by 90 degrees. This will produce a signal rotating in
polarization with one rotation for each cycle of the earfiequency.Depending on which part of
the antenna leads in phase and which one lags, the result will be eitenkgfor righthand
circular or elliptical polarization. Either can work, but which should be ussdbm specified in
regulations by a national or regional communications authority. If the power in both gixdeusz
is equal, circular polarization will result upon radiatidrihey are unequal, elliptical polarization
will result. Most important with respect to the directiof rotation is that, if rezvers have only
single inputs (i.e., they are not capable of MIMO), they can use chHpolarized receiving
antennas to improve reception, but the transmitting and receiving antennas must bel designe
the same direction of polarization rotation.

It is worth noting that, in MIMO signal delivery, because different datairggosent in the two
polarizations, there will be no signal coherence betweetwiheolarizations of the transmission,
thus no power gain as in the circularly polarized SISO case. But the benefit afdihenal
transmitter capacity nevertheless is obtained in MIMO operation eitheigthsending the same
data in both polarizatiortsut coded independently, or through sending up to twice as much data
as would be sent in a SISO signal.

5. GUIDELINES FOR TRANSMITTER IMPLEMENTATION

5.1 Input Formatting

The input formatting consists of three blocks: encapsulation and compression of ddiantas
formatting and theScheduler. Encapsulation and compression of data twelates ALP (ATSC
Link-layer Protocol) packets which are definefdih Basebandormattingconsists of three blocks

(i.e., Baseband Packet Construction, Baseband Packet Header Addition, and Baseband Packet
Scrambling) andreates Baseband Packets as defined in Section BR ®he Scheduler that is
defined in[5] oversees the generation Baseband Packetand those Baseband Packate
encapsulated in the dedicated formafdjyand sent to ATSC 3.0 transmitters through a studio to
transmitter link (STL)

5.1.1 Delivered Product in Multiple PLPs

When acomplete delivered produ assembled and delivered by multiple PLtRese multiple
PLPs arerequired to be simultaneously recovered in ATSC ré€keives, and thereforethe
maximum number of PLR®quired to assembke complete delivered product is limited to four,
while also satisfyinghe condition of the maximum TI memory size of receivers, i‘2cells.
Depending onbroadcasters’ intended services,complete delivered productarried by
multiple PLPs may contain a number of different data streams such as signalimgerautlios,
video, enhanced video, application data. Care should be taken when sudkiple data streams
requiring simultaneous recovery in reces/éire., complete delivered product) aparriedin
multiple PLPs.In principle, additional PLP(s) areequired when different robustness levels and
different coverage areas are intended by broadcastersltiple data streams are requirethave
the same robustnesavel and the same coverage area (exltiple audio streams in multiple
languages), it is recommended that thda&a streams becarriedin the same PLPNote that
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multiplexingthose multiple data streams prior to the physical layer evay bebeneficial due to
the statistical multiplexing gain as long as the same rolasst for those multiple data streams
intended.Therefore, whemll of the components of a transmitted prodaretcarried by multiple
PLPs, it is strongly recommended that the maximum number of PLPs for that greduncited
to fourat the transmitterandthosefour PLPs consume the full TI memory size (i22? cells) in
order to maximize the time diversity of individual PLPs. It is not recommendedlthatt the
components of a transmitted prodbet carried by more than four PLBthe transmittereven
though a 4PLP sulsetwithin the complete delivered product of more than four Rk&sld meet
the Tl memory requiremeiat receivers

The IRlevel signaling information such as Low Level Signaling (LLS), including Service List
Table SLT) and Service Layer Signaling (SLE), andLink Mapping Table (LMT)[4] may be
configured in a separate PLP in order to provide different robustness for thengigmarmation.

In such cases, it is strongly recommenttetthe IRlevel signaling information be present in the
most robust PLP out of multiple PLPs carrying a complete delivered préddhenh LDM is used,

it is recommended that the-18vel signaling information be present in the most robust Core PLP
out of multiple PLPs carrying a complete delivered product.

A complete delivered product that may be compagezhe @ more PLPs should contaihe
appropriatdP-level signaling mformation including_LS and LMT. Note that in[4] and[6], the
minimum requirement of theLS and LMT delivery isto be repeatedvery 5 secondg$:or fast
service acquisition, it is recommended that the LLS and LMT be sent ingwesigal layeframe.
This would result in settingig_lis_fag = 1 (for LLS carried in the current frame) and
L1D_plp_lis _flag = 1 (for LLS carried irthe correspondingLP) in every frame.

When a complete delivered prodigtarried by multiple PLPs, om®ssible configuratiors
to usemultiple subframes. One example of suckervice scenarigs a robust audio service
deliveredin an8K or 16K FFT subframeand a video service deliverada 32K FFTsubframe
Therefore, it is recommended tHESC 3.0receives be able to simultaneously recover multiple
subframes that may cardjfferent components of a complete delivered product. Note that in such
cases, the CTI mode is not allowed by the current versitredpecification since the CTI mode
is usedonly when a complete delivered product is composednty a single Core PLP with
constant cell rate (see Section 7.1.13)j. Further guidelines for multiple PLPs configured in
multiple subframes are described in Sectdh15.

When LDM is usedmultiple PLPs that are layered division multiplexed share common
subframe parameters such as FFT size, pilot pattern, and guard intéradfore, it isnot
recommended that a complete delivered product be dalibgrenultiple subframes that are all
LDM configured so that receiverdonot need simultaneous recovery of multiple LDM configured
subframes. Further guidelines for multiple PLPs in combination with LDMdaseribed in
Section5.3.3.

5.2 Bit-Interleaved Coded Modulation (BICM)

The ATSC 3.0BICM chain consists ofthree processedorward error orrection (FEC), bit
interleavng, and constellation mappingor protectionof input data an ATSC 3.0 transmitter
performsFECwith outer and/or inner codin@hen,bit interleawng is performedvith three steps
such that (1) the parity interleaver interlesvomly the LDPC parity bits, (2) the growpse
interleaver interleawsbit groups which are obtained by splitting an LDPC codeword, and (3) the
block interleaver interleagdhe bit groups interleaved by the grewfse interleaver. Finallythe
interleaved codeword bitare mapped onto constellation poingecording to the selected
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modulation scheme. When LDM is used, a superpostBohniqueof constellatios is further
performed(see Section 6.4 §3]).

5.2.1  Forward Error Correction (FEC)

The FEC of the BICM is formed by concatenation of an outer code and an inner itodleew
information part. The outer code is either a Bose, Chaudhuri, Hocqueii@t¢ih code, a Cyclic
Redundancy Check (CRC) or nomdile the inner code is ow Density Parity CheckLDPC)
code. Both BCH and LDPC codes are systematic codes, such that the informat®og@eined
within the codeword. The resulting codeword is thus a concatenation of information or payload
part, BCH or CRC parities and LDPC parities, as showsigare5.1 (top). The codeword when
no BCH or CRC paritys usel is also depicted in Figure 5.1 (bottom).

To provide maximum flexibility and achieve higher throughput when sufficient error
correction capability of the inner code is expected, the CRC may be used as aodritm@reven
no outer code may be selected. Note that when the CRC is used for imeffisiedcy, it does
not provide any error correction capability, but only provides error detection. Since thicBGEH
provides additional 12-bit error correction and detection capability that camppmasible error
floors depending on the LDPC decoding methods of receivers, it is recommended that BCH be
used as an outer code (see Sediidn3for the performance analysis of the decoding methods).
When BCH is used, the lengthMbut=192 bits foNiN=64800 andMouT =168 bits folNiN=16200.
When the CRC is used, the lengtivdut=32 bits. When no outer code is uskldur=0.
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Figure 5.1 Format of FEGQrame when BCH/CRC is used (top)isnot used
(bottom).

Regarding the inner LDPC, two different structuaes defined in ATSC 3.0The Type A
LDPC codestructure is mostly usead lower code rates, anthe Type BLDPC codestructure is
used inmedium and highecode ratesTwo different lengths of LDPC codéi{) are defined
64800 and 16200 bitghe 64800bit codesprovidebetter performanctian the 16200 bit codes
(seeAnnex A andAnnex Bfor details of performance result®}s the 16200 bit codes provide
lower latency and memory use, it is recommended that 16200 bit codes be used for moteie servi
when consumer receivers have limited power resources.
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5.2.1.1 Inner Encoding

The ATSC 3.0 LDPC codearedefined by a parity check matrix (PCl$shown in Figure 5.2.
For both Type A andlype B LDPC codes, the sumatrix of PCM corresponding to the
information bits consists ofow/columnpermuted quastyclic matricessuch as circulant
permutation matrices (CPMdg)ue to this quastyclic structure, the ATSC 3.0 LDPC codes based
on the Type A and Type B structures can be efficiently impleted in the aspects of partial
parallel encoding and decoding with the parallel factor of CPM(sZ&0).

The PCM ofaType A LDPC code consists ofshibimatrices A, B, C, D, and Zs shown in
Figure 5.2 §). For each combination of code length and code rate, the $ewigthe first parity
part corresponding to matrix B arad the second parity part corresponding to matrix D are
deterministic values as specified in Table 6.%3pf Once the length of information bit¥; & 5
the first parity part/ 5, and the second parity palt; are derivedthesize ofeachmatrix is defined
as follows.The sizes of matrices A and C afgx Oz g@Nd/ 6% ( Oaecgk / 9, respectively.
Matrix Z is a zero matrix having a size 6fsx / ¢ matrix D is an identity matrix having a size of
| 6% | 5 andmatrix B is a dual diagonal matrix having a size /ofx / 5. In matrix B, all
elements are 0 except elements along a diagonal line and neighboring elements.

In the case otheType A LDPC encoding process, the accumulation is performed at parity bit
addresses corresponding to the values of each row of the sequence specified in Anf&x A of
For a given code length and code rate, the rows of the sequence are repeatedly changed by the
CPM size (=360) of the PCM. In Type A LDPC, each sequence has a numbes afqual to the
sum of the value obtained by dividing the length ofittiermationpart 05 ¢ g BY the CPM size
360 and the value obtained by dividing the length of the first parity/paoty the CPM size 360.
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Figure 5.2 PCM structure ofa) Type A LDPCand(b) Type BLDPC.

The PCM ofa Type B LDPC codgconsisting of thé and P submatricesin Figure 5.2 If),
hasthe same structure as the guhtrix [A B] thatis a part of the PCM dfype A LDPC codes
The size ofmatrix I is / 4jjc % Oae@sand matrix P is a dual diagonal matrix having a size of
I giicg | gricpSimilar to the Type A LDPC codes, the Type B LDPC codes generate the parity
bits using the PCM determined by the parity bit indices in Annex[8]of

In ATSC 3.0, the®>CMfor each LDPC cod€lype A and B)s described bgnindices list éee
Annex A of[3]). The indicesn the ith row intheindices list denote the positions of weighin
the Gth column of the-th column group. Note thaach column group consists of 360 columns
andfor the Type A LDPC code, the column groups corresponding to the indices list represent the
sub-matrix of thePCM corresponding to the informatidnits and the first parity bits. For the Type
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B LDPC code, all the column groups corresponding to the indices list represent-thatsutof
the PCM corresponding to information bitmly. The weightls in the other 359 columns of each
column group are arranged based on the indices list in aqaisi manner. The indices list is
equivalent to a set of cyclic shift values for rmero CPMssincethe listis defined by the number,
location and cyclic shift values tie CPMs.Eachindices listis obtained by adjustingyclic shift
values of norzero CPMs (this is known as lifting) which can be derived from thedgebraic
properties such as cycle characteristicdegree distribution.

5.2.2 Bit Interleaving

The bit interleaver in th&ATSC 3.0BICM chaindistributes burst errors occurring in a physical
propagation channel by interleaving the LDPC codeword using the interleaving sequerezk de
in Section 6.2 and AnneR of [3]. ATSC 3.0 has a-8tage bit interleaver, which consists of a
parity interleaver followed by a growpise interleaver followed by a ltk interleaver, as shown
in Figure 5.3 This structure allows for parallel LDPC decoding while optimizing theopadnce

of the FEC codes to any constellation.

LDPC PARITY GROUP-WISE BLOCK Interleaved
—_— I— ‘
codeword INTERLEAVER INTERLEAVER INTERLEAVER bits

Figure 5.3 Bit interleaver structurd?arity, group-wise and block interleaser

The role of the parity interleaver is to convert thersgasie structure of the parpart of the
LDPC PCM into a quastyclic structure similar to the informatiguart of the matrix enabling
parallel decodingNote thafType A LDPC codes already form a quagclic structure in the LDPC
encoding process, and hence, the parity interleaver is only used for the Type B LDPC codes.

The groupwise interleaving allows optimizing the combination between the FEC code and the
constellation, and hence the grewyse interleavers optimized for each ModCod combination
Since the grouvise interleaing is performed on a bit group basis, an LDPC codeword is first
split into multiple bit groups consisting of 360 bits (i.e., parallel factor oL ReC codeword or
CPM siz@. Then the bit groups are interleaved based on the equation in Section .3 2ud
theinterleaving ordem Annex B off3].

The groupwise interleaved codeword ikeninterleaved bythe block interleaver. There are
two block interleaver type3ype A and Type B, and the typsedfor eachModCod combination
is defined in Section 6.2.3 {8]. Note that some Type A FEC and constellation combinations use
a Type A blockmterleaver while other Type A FEC and constallacombinations use a Type B
block interleaver, and similarly for Type B FEC and constellation amaibns and Type A and
Type B block interleavers. That is, Type A FEC and constellation combinations areesgaily
always paired with a Type A block interleaver, and Type B FEC and constellatidrimations
are not necesséyialways paired with a Type B blockterleaver.The block interleamg is
performedusingmemory ontaines(i.e., columns for Type A block interleaver and rowsTgpe
B block inerleaver) with write/read operationghe Type A block interleaver uses the column
writing/row-reading operation, and the Type B block interleaver uses thevribvwvg/column
reading operation, as specified in Section 6.2 [3]of

The containers for both Type A and Type B block interleavers are divided into twoRzatts
1 and Part As specified in Section 6.2.3 |[&]. The configurations for Part 1 and Part 2 block
interleaving are determined based on each modulation format and code lienigghcase othe
Type A block interleavefpr example, if an LDPCodeof length 6480@nd 25&QAM modulation
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are usedthe numbers of rowsf Part 1 and Part 2 are 7920 and 180, respectively. If an LDPC
code of length 16208nd 256QAM modulation anesed the numbersf rows ofPart 1 and Part

2 are 1800 and 225, respectively. Note that the number of columns for Type A block interleaver
(04 is also determined by the modulation forniie also thathe numbers of rows and bits to

be written in Part 10s5and Ogsx Og are multiples of 360 (= bit group size) ad@0 x 0.,
respectively. Consequently, the numbers of rows and bits to be written in Part digreleained

by (%Dﬁ‘ 029 and( Oz ag £ Ossx 0, respectively If @%Dﬁ—" 0:5A> 0, at leastone bit
group of 360 bits is interleaved in Part 2.

5.2.3 Constellation Mapping

There is one neaniform canstellation(NUC) defined for each ModCatbmbination(see Section

6.3 and Annex C dB]). The interleaved LDPC codeword as the output bits of the block interleaver
is mapped onto the defined constellation points. For implementatimokaip table with the
defined constellation mapping for each ModCod combination can be used.

5.2.4 Layered Division Multiplexing (LDM)

LDM is a powerbased nororthogonalmultiplexing technology using constellation superposition
to combine multiple PLPs at different power levétsprovidesa significant capacity increase
compared with traditionalDM and FDM technologies endelivering multiple services with
different quality of service (QoS) requirements over theesBRifa channel.

A block diagram of a twdayer LDM structures shown in Figure 5.4see Section 6.4.1 (3]
for details) When LDM is used, it is recommended that Core PLP(s) belonging to the Core Layer
(CL) userobustModCod combinationintendedfor mobile, handheld, and indoservices(see
Section 4.2.8.2 for recommended Core PLP ModCod&nhanced PLP(s) belonging the
Enhanced LayerHL) useequal or less robust ModCod combinations as specified in Section 6.4.1
of [3], and hence, it is recommended that Enhanced PLP(s) use ModCod combaehmiag
higher capacity(i.e., less robust) intended for fixedrvices

Core PLP(s) BICM —'\D » Power Normalizer > TITCET:H{:?LE_E};EI— }—~
Enhanced PLP(s) Injection Level
BICM | Controller
BICM LDM Combining | . Framing and Interleaving

Figure 5.4 A two-layer LDM transmittecconfiguration.

The code lengtbf the inner codenay alsdoe different fortCore and Enhanced PLPss Core
PLP(s) araargetedor mobile, pedestrian and indoservicesshort codes (i.e., 16200 bitsjay
beused, resulting ilomputationakimplicity and low power consumption in ATSC 3deives
(see Sectiofi.2.1for mobile guideling).Enhanced PLP($dr higher data rate fixed servicesay
use longcodes(64800 bits)for better performance. For simpler receivemplexity and less
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memory useATSC 3.0 is designed such th@t and EL share the same time and frequency
interleaversas well as waveform parametemcluding the pilot patterni-FT size, and guard
intervak.

The Enhanced PLP injection level relative to CL is selectable from 0 dB to 25 dB betow
CL. Relative power distributions of the two layers as a function of the allowedtianjéevels are
listed in Table 6.15 if3]. TheSNRperformance o€oreandEnhanced PLPs highly elated to
the injection level. Smaller injection levels will bgirthe powes of the two layers closer. Under
such conditions, whiléhe Enhanced PLP will have higher transmission power for better SNR
performance, it will cause more interferencethe CL. Conversely a higher injection level
difference will reduce thEnhanced PLP power resulting in deteriorated SNR perfornfantees
Enhanced PLP angduced interference to tiet, making theCore PLPmore robustTherefore,
it is recommended thale injection level be selected basedthe QoS requirements tbfe Core
and Enhanced PLPsérvices and a balanced performance.

LDM usesthe power normalizer to normalizee average power tifie combined CL and EL
signals to unity. In Table 6.16 §3], the scaling and normalization factors as a function of the
injection level areshown As noted in the table, when the injection levebofEnhanced PLP
becomes larger (i.e., less power the Enhanced PLP}he scaling factor decreases and the
normalizatiorfactor increases in order éguate the average power of the combined signal to unity.

For L1 signaling, thé&enhancedLP injection level relative to that tfie CL is indicated by
theL1-Detail signaling field.1D_plp_ldm_injection_level in Table 9.8n [3]. The signaling format of
L1D_plp_ldm_injection_level IS indicated in Table 9.22 {B].

In the CTI mode, with LDM, the fieldLiD_pip_CTI_fec_block_start needs to be signaled
separately for bot@oreand EnhanceBLPs asspecifiedin Section 9.3.9.1 d8].

When LDM is used,1D_plp_type is signaled only for Core PLPs akRdhancedPLPswill not
have a specifiaon-dispersed or dispersed Piypeasdescribed in Section 7.2.206[3]. Further
implementation details and examplegth respect to the LDMbased framing and PLP
multiplexingare described in Sectidn3.3.

5.2.5 Protection for L1-Signaling

ATSC 3.0 L1 protection performs zero padding for the LDPC information part and pagdturi
the LDPC parity part with a set of optimized pattamaddition to parity repetition according to
the protection modeéAdditional parity can beptionallyused to further enhantieetime diversity
of L1-Detail.

5.2.5.1 Common Block for L1-Basic and L1-Detail

The signaling information ih1-Basic and LiDetail signalingis protected byoncatenation of
the BCH outer code antDPC inner codel 1-Basic and LiDetail are first scrambled and the
BCH-encoded, as described in Sections 6.5.2.2 and 6.5.13B ®fote thathe number of BCH
parity-check bitfor BCH encoding is fixed at 168 bits.

The concatenated signaling and BCH pacityeck bits are further protected &ghortened and
punctured 16K LDPC code. When the length of the concatenated signaling and BCldhpeoikty
bits is smaller than that of LDPC information bitgpc, zerepadding (i.e., shortening of LDPC
information bits) is performed to fillhe rest ofKigpc LDPC information bits. Since the zero
padding operation is performed arit-group basis, bigrouping ofthe LDPC information bits
preceds zero paddingas described iB.5.2.4 of3]. Note that the number of biroups is different
according to LDPC codes.

The coding performance of a shortened and punctured LDPC code depends on the number of
puncturedbits to the number o$hortenedits ratio(PSR. Moreover, the optimum zefmadding
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patterns are different according to 8R Table 6.20 of3] shows that the optimum pattern for
zeropadding is determined based on the L1 protection mode corresponding t&%Rcas
defined inTable4.9 of Section 4.2.10Since each LDPC code rate @@Rfor L1-Basic and L1
Detail is differentthe optimum shortening patterfos L1-Basic and LiDetail are also different,
as shown in Table 6.20 {8].

After the zerepadding operation, LDPC encoding is performed, followed by parity
permutation. Brity permutation is performed only for the parity pafran LDPC codeword The
purpose of parity permutation is to easily support an optimum puncturing of LDRZIptsfor
eachL1l protection modeNote thatfor L1-Detail Mode 3 to Mode 7parity interleavingis
performed beforgarity permutation Parity interleaving enables the parity part of the LDPC
parity-check matrix to have the same structure as the information part, i.e., almostygliasi
structure with parallel factor 36Mue to this quastyclic structure, parity permutation is
performedon abit-group basis to provide stable and good coding performance.

After parity permutationn the case oE1-Basic Mode 1 and L-Detail Mode 1 onlyparity
repetition is additionally performed before parity puncturing, as descni@atiion 6.5.2.7 of3].

The number ofrepeatedparity bits is determined based on the number of the concatenated
signaling and BCH paritgheck bitsIn the casef L1-Basc Mode 1 and LiDetail Mode 1the
repetition of parity bits allows enhamtelecodingperformance due to the partheck matrix
structure othe 16K LDPC code afate3/15.

After parity permutation and repetition, portionstbé LDPC parity bits are puncturett
provide desiredobustnesg/hile minimizing unnecessary overhedbte thathese punctured bits
are not transmittedThe number opuncturedbits is determined based &#6Rand a constant
integer corresponding to the minimum temporary size of puncturing bits for each Ldtiprote
mode. Once the final number of punctule Npuncis determined, the lasunc bits of theentire
LDPC codeword with parity permutatiaand repetition are punctured, as describe8ention
6.5.2.8 of[3]. Finally, the ATSC 3.0 transmitter transmits the final LDPC codeword excluding
zeropadding bits and puncten bits, as described in Section 6.5.2.93)f

5.2.5.2 L1-Detail Specific Block: L1 Segmentation

The numberof signaling information bits iiL1-Detail is variable and depends mainly on the
number of subframes and PLiAghe corresponding fram@&herefore, one or more FEC Frames
may be required for transmission of the total amount of signailfiogmationin L1-Detail. In
ATSC 3.0, wherthe size of LiDetail signaling exceeds thireshold numbeKseg the LEDetall
signaling issegmentednto multiple smaller blocks. Furthermore, each segmented block is
protected by concatenation of BCH outer and LDPC inner cadesthe coded bits are mapped
to appropriatenodulation symbols, as describedSections 6.5.2 of3]. Note that in the case of
L1-Detail Mode 1, the repetition of portions érity bits isusedbefore parity puncturing after
LDPC encoding of each segmented block.

Ksegis determined based on the LDPC coateandP SRwhich affect coding performancdn
Table 6.25 of3], L1-Detail Mode 1 andMode 2usethe rate3/15 LDPC code¢ and LXDetalil
Mode 3to Mode 7 usethe rate6/15 LDPC code Therefore Kseg has different values for each
LDPC code Despite the use of the same LDPC code feDietail Mode 1 andMode?2, the reason
why their values foKsegare different is thatlode 1 and Mode Rave differentargetedobustness
andPSR As shown inTable4.9, the PSRor L1-Detail Mode 1 is 7/2, whil¢hat for L1-Detail
Mode 2 is 2.
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5.2.5.3 L1-Detail Specific Block: Additional Parity

Additional parity may be used whehe performance of L-Detail under mobile ofndoor
conditions need$o be improved. This methobasically adds time diversity td.1-Detail by
including a certain number of additional parity bits in the previous frame adisgpegiSection
6.5.3.2 of[3]. The ratio of additional parity bits to be included in the previous frame is @ither
1/2,0r0 as signaled in L-Basic(L1B_L1_Detail_additional_parity_mode ), and the amount of bits may
be configured depending on the channel conditions.

The additional parity bits are selected among the punctured bits in the correggarde in
order to exploit not only diversity gain but also coding gain. In ATSC 3.0, the number of additional
parity bits is defined to be greater than that of punctured bits. As specifiedtionS26.3.2 of
[3], the repeated bits are selected when the number of additional parity bits ékeemdwnber of
punctured bits.

For the implementatioaspectadditional parity for LiDetail Modes 1, 2, and 3 has relatively
low hardware complexity in the receiv€onversely additional parity for LiDetail Modes 4, 5,
6, and 7 will require more hardware complexity in the receiver comparedbetall Modes 1,
2, and 3. Therefore, when additional parity is used, it is recommended tDattdail Modes 1, 2,
or 3 be usedNote that receivers can ignore any transmitted additiondlydats in situations
where those additional paribjts are not required (e.g., the receiver knows that it is not at the edge
of the broadcast area based on the measured SINR).

5.3 Framing and Interleaving
5.3.1 Time Interleaving

5.3.1.1 Convolutional Time Interleaving (CTI)

It is recommendethatthe CTI mode be always used for singlerePLP operationwith constant
cell rate The CTI operation provides twice the time interleaving depth of a block interleawer,
for the singleCorePLP case where botheHTI and CTI mods areallowed it isrecommended
that the CTl mode be always use@he CTI mode is also more efficieftecausansertion of
dummy modulation valugs obtainaninteger number of FEBlocks per subframe is not required.
Further details of the valid conditions for usihg CTI mode are described$ection4.2.11.1.

It is recommendethat the maximum CTI depth (1024 rows) be used. Unless the small savings
in latency are critical to the broadcaster operation, the maximum CTI deptidlgs the best
performanceATSC 3.0 eceiversshould be able teupport the maximum time interleaving depth,
and therefore, the choice of smaller depths of the CTI fransmitters is not desired.

5.3.1.2 Hybrid Time Interleaving (HTI)

The hybrid time interleaver is composedaatell interleaver a wistedblock interleave(TBI),
and a convolutionalalayline (CDL) (seeSection7.1.50f [3]). Different fromthe CTI mode, the
HTI mode can support all frame configurations regardless of the number of PLPs &adradie
product type, i.e., particular completelelivered product and a complete delivered proasct
described irBectiond.2.11. The following are the key propert@diTI component blocks:

x In principle, the HTI optimally interleaves subframes by accomplishingtemsubframe
interleaving(inner interleaving) and amter-subframe interleaving (outer interleaving).
The role ofthecell interleaver is to interleave the cells (output ftbemodulationrmapper
block) within a single FEC Bck. TheTBI for the intrasubframe interleaving interleaves
FEC blocks in a single TBlock consisting of FE@locks (celtinterleaved FEMlocks
or noncell-interleaved FECBlocks). The CDL for the intesubframe interleaving
interleaves TBlocks consisting of the output Tl Blocks thie TBI.
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x In HTI mode, the TBis alwaysused while the cell interleaver and CBie eacloptionally
used The use of theell interleaveiand CDL issignaledby L1D_plp_HTI_cell_interleaver and
L1D_plp_HTI_inter_subframe , respectively. The cell interleaver dodCDL may be usedo
further enhance robustness to burst elroessevere blodkultipath fading environment.

x Thecell interleavetakes inputellsin FECBlocks and arranges them intoBlbcks,each
of which containsone or mord=-EC Blocks. Cell interleaving is accomplished adinear
writing operation and pseudo-random reading operation.

x In the TBI, e FECBIlocks areserially written columrwise intoa TBI memoryand then
cells are read out diagonalise This diagonalwise reading operation increases the
interleaving depth (or robustness to a burst error) compared to a conventiowvakseow
reading operation. In particular, note tlaaty virtual FECBlocks usedo support a non
constantcell-rate PLParelocatedahead of data FEBlocks in order to guarantee the
twisted block danterleaving (TBDI) in a given singlmemory ata receiver(seeSection
6.3.2.2.2. The concept o¥irtual FECBIlocks is similarly applied to the CDaperation.

X The CDL is a kind of convolutional interleavasused in the CTl mode. Different from
the CTI, aFIFO registeiin each branclof the CDL delays agroupof cells The key role
of the CDL is tospread FEMIlocks within a TIBlock over multiple subframeafter
splitting a Tl Block into interleaving unit¢§lUs). Note that when the CDL isnabled by
L1D_plp_HTL inter_subframe =1, thefield L1D plp_HTI_num_ti_blocks denoteshe number of
subframes used for the interleaving while the number of Tl Bliscket to 1Thiswill in
general consuma large TI memoryand therefore, each PLP size within a subframe will
necessarily be limited in order to meet the TI memequirement Z1° cells). Another
constraint whemsing the CDL is that when a complete delivered product is composed of
multiple PLPs, the normative condition is that all the PLPs use the same IU in order to have
the same decoding time.

5.3.2 Frame Structure
There are many possible combinations of frame structure in ATSTHsection providesome
recommendatiohand examplesf frame structure combinatiefn the aspects of power saving
and performance.

It is recommendedhat thePreamble and the first subframe meet the following i@iahip
6@ &TF R6Q &T, where 6 Qis the usefusymboltime of thePreamble, & F is thepreamble
pilot spacingin the frequency direction of thedamble,6 Qis the useful symbol time of the first
subframe and & Tjis theunit of scattered pilot spacing the frequency direction of the first
subframe. The timeé Q & Tis the maximum interpolation length that receseancope with when
using both time and frequency interpolation. Note that this is always longer than when only
frequency interpolation is usec., 6 @ & T® ) and hencethe frequencyonly interpolation
case is not considered further here.

It is recommendedhat when multiple subframes are used, the order of the subframes are
arranged in order wittherelationship6 @ & TR 6 @ s/s& T - gnaintained whererepresents the
ith subframeandwhere the useful symbéme of thatsulframeis 6 @ and theunit of scattered
pilot spacingin the frequency direction of that subframe& T, In most caseghis works out to
keeping the order of the subframes as

x First 8K FFT subframe(s), followed by 16kFT subframe(s), followed by 32KFT

subframe(s)and
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x Within each FFT size groupinthe order of the subframes should be based on the unit of
scattered pilot spacing the frequency directioDx being from most dense to least dense
(that is, from the smalle§ix to the largesDy).
It is recommendedhat the number of subframes las low as possible in order to increase
efficiency by reducing the need for dummy cells and subframe boundary synitdsalso
enables receiveto do simple intermittent operation for power saving and to improve interpolation
at subframe boundaries for performance improvement.

5.3.2.1 Example Scenario for Power Saving Aspect

Figure 5.5 showan examplescenario including ATSC 3.0 mobile servidbatare restrictedo
using lower FFT sizes (see Sectiba.2).As shown inFigure 5.5 &), if the order of the subframes
is random ATSC 3.0 mobilereceives that only receivelower FFT sizewill switch on and off
several times, which wastes power onrtinabile receiversNote that receivers cannot switch on
exactly at the beginning of a subframe but in gershralldstart some number of symbols before
the startConverselyif the subframes are orderasl shownn Figure 5.519), mobilereceives can
stayin a poweron stateto receive mobile subframesdter the bootstrap arfdreamble andhen
switch off for the rest of the frame, whiaHowssimpleroperatiorand lower power consumption.

HEE o Lo

wearable | [ [ N

stationary

—

(@) )

Figure 5.5 Grouping of FFT sizesa] Not recommendedandom order k)
Recommendedn 8K, 16K and 32K order.

5.3.2.2 Example Scenario for Performance Aspect

Examplescenarios for the performance improvement aspedteawnfrom Figure 5.6 to Figure
5.12 In thesefigures,blue dots represent scattered pilots, and orange dots represent SBS pilots.
The arrows represent how interpolatiopéformed

(1) Dense to Sparse, Integer Multiples af(Recommende@®rder)

pta @00000@00C00OC0000@NC000C 8000 00800000000000800000 @0
symbol O 0 0@00000@000000000Q 0000008 000008000008 000C0800 OO0
32 @00000@000C008000008JO0C0 @000 0080 00COe00C00@00000 @0
0008000008 000000000F0800 000e 0000080000000 00C0800 OO0
Lastsess @ 00Q00@000000000000J0000 8000 000008000008 00000000 00
FirstsBS QO OO0 0C0C0OO0O00000000OCOL0CO00 0000 000000 LCO000O00OCCO000 00
000000@000000000000GPO000 Q000 0000000000000 00C0000 OO0
0000000000 00800000040000 0000 0000000000000 0C0000 OO

peta 0000000000000 00000@T 000 0000 0000000000000 @C0000 OO
Sl ®00000000000000000000000 8000 00000000000000000000 @0
~ 000000000000000000000000 0000 0080 0000000000000000 QO
ojololelolelololololole] JeloleleolelelolololeloNeloloionelcloloNolonele]l JolelojololeolelolololoNele)
O0O00000OOOOO000O0OOOCeCO0DOOO0O0 0000000000000 0O
ojeoJoleloleleolololololoiololololelolelolololeloN JololeNoleloloNololelololololololofeleloleloloN  10)]

Figure 5.6 Example at subframe boundary from SP3_2 to SP6_4.
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As shown inFigure 5.6 for integer multiples oDx and denseéo sparse pilot subframe order,
at the subframe boundamthe previous subfrangepilots can be usedthen estimatinghe channel
for the sparse subframehich improvesthe performance

(2) Dense to Sparse, Non-Integer Multiples @{DessRecommende@rder)

pata @O0CCO0OOCO00O@00000e00000e00000e00000e00000e00000 @0
symbol OCO@OO0O0O0@0O0 (ool Jojoyelojel ReleleleXel Jelelelele] Jolejelelel loloNele)
552 @OC0O00@00000e000 (o¥elololon  JololoRelel JoXelojelel lelelelolel jelolololoN 1@
[o]elol Tolololele] Jeolelelolel Jelvielexel leoleNelelel ReleleleXel jelelelelel Jelelelelol loloNole)
LestsBs QOOQ00O00CO000000000OYOOOO0OOOOOOOOOOOOOOOOOOOOOCOOLC 0O
FistsBs Q OO OQ000000000000 0000000000000 O0L0OOO0OOO0OOOO0O000O0O 00
0000800000000 0O0OPOCOBO0O0 0000 0000000000000 0O0000 OO0
0000000000000 O0OQYOOO0CO OO0 0000000000000 0O0C0O00 OO

o eseojelololoiolololelelel jelolelele lojojeleloloneiololoN Jololopelojololololelololofole]  (0IOIONOLY)
mT‘OOOOOOOOOOOOOOOO slojoleleleNolololoNolojelok - lololelelololololololololololoN - 10)
B elelelel-lolslololololololololololololod JololoNelololoNololofonolelole)  JololeleolojolelolololoNele]
[ONOXOI0I010I0IOL 1010101010100 101010I0N0IOISION ICIOIONCIOIOION0I01010101010101 10N01IC1010I0IONe1e)
00000000 COO0O0eL0000000OOOOOOO 0000000000000 Oe0 00 OO
000000000000 OOCOeO000OCO 0000 OO0COe00000000O0O000O0 @0

Figure 5.7 Example at subframe boundary from SP3_2 to SP4 4.

As shown inFigure 5.7 for noninteger multiples oDx and denséo sparse pilot subframe
order,the previous subfran®efrequencyinterpolated carriersan be reusedthen estimatinghe
channel for the sparse subframjch improvesthe performanceThis is not as accurate as using
the known pilots as shown in (1), but still can help to improve the time interpolation of tee spa
subframeTherefore(1) is preferredover(2).

(3) Spase to Dense, Integer Multiples of INot Recommended

[olelelelelelelololololololololololojoloNolojolol JojoloRelclolelolelolololololojololololeolololoN 1@
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WLZOOOOOOOOOOOOQQOUOG LO0C0C 00000000 0oLeQQ00000000000 00

000000000000 OOO0O 0000 0C0O0 0000000000000 000000 00
stses OO O0O0000000COC00000O0O00L0OO0O 0000 COCOOOCOOCOCOLOOOOOO 0O
FirstsBs QOO 0000000 Q00000000 0000000000000 LOOOOOOOOOOOOO 00

O00000@e00000000O0C0OYOLOOO0OOOOeCVOOOCOOOOOOOLOOOLL 0O

0000000000 0O00e000000OKYOOCO 0000000000000 0000000000 00
petz OOOO0OO0OOO00OO00C0OO00O00 0000 0000000000000 0OO00OO00000 00
m@'.OOOOOOOOOOOOOOOOOOOOOOO'OOOOOOOOOOOOOOOOOOOOOO0.0

- 0000000000000 0OOO0O0OOOCOLOOOOOOeOOOCOOOOOOOOOLO0OO OO

O00000CO0O00e0O00O0OO00OOO0OCOOOOCO0OO0CeOOOOOOOOOO0O 0O

0000000000000 00O0O0BO0O000CO 0000000000000 0O00Oe000O00 00

O00000CCOOOO0OOOO0OOOOOOOOec0OOO0OOOOCOOOOOOOOOO0OL @0

Figure 5.8 Example at subframe boundary from SP12_ 2 to SP6_4.

As shown inFigure 5.8 for integer multiples obx and spaseto dense pilot subframe order,
the previous subframe’s frequeniyterpolated carriersannot be used t@ccurately estimatine
channel for the dense pilot subfranteading to worse performanc&he time-interpolation
performancef the firstDy symbols may bpoor, sincet is not possible tseparate ouhe channel
effects from noise iatime/frequencyvarying channelThis can be seen in tifi@lowing example:
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Figure 5.9 Example showing channat areceiver before interpolation with
scatteregilots Dx= 6 and Q= 4.

Figure 5.10Example at aeceiver showing that after time and frequency
interpolation the channel can be well estimated uputé.

Figure 5.11Example a&receiver withDx= 12 and = 4 showing that the
receiver cannot estimate the channel well in this cisee the variation is greater
thanTu/12 which is the maximum that can be interpolated

It can be seen that using the interpolated results of a sparse pilot sulifrarh2 in the
example) can lead to incorranterpolation results in a channel with strong multipath. Therefore,
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if the strongnultipathchannels estimated using a sparse pilot subfrdirst, the resulcannot be
used to improve the chanredtimate for the dense pilot subframe as the resultxaa&yen worse
than beginninghannel estimatiofrom the subframe boundary itself.

(4) Spase to Dense, Non-Integer Multiples of (ot Recommended

Figure 5.12Example at subframe boundary from SP16_2 to SP6_4.

As shown inFigure 5.12 for nonrrinteger multiples oDx and sparséo dense pilot subframe
order, the pevious subframe’s frequendyterpolated carriers and pilots cannot be used to
accurately estimatine channel for the dense pilot subframe, leading to worse perforndrece
time-interpolation performancef the first Dy symbols may bgoor, sincet is not possible to
separate out channel effects from noise in time/frequesigyng channel

5.3.3 LDM and PLP Multiplexing

ATSC 3.0 allows up to twelayer LDM that can becombined with TDM antbr FDM
configurations in order to configure multiple PLPs within a subframe. When LDM igycoed
with more than2 PLPs, it can be formed as one of the configurations such as Layered Time
Division Multiplexing (LTDM), Time Layered Division Multiplexing (TLDM), Lgered
Frequency Division Multiplexing (LFDM), or Frequency Layered Division Multiplg (FLDM).

For the implementatioto have low complexity anldw memoryuse, A/3273] specifies that
the time interleaverblock including thetime interleavememoryis shared byboth Core and
Enhanced PLPs, and due to this transmission system atatetethere are certain cases that are
allowed or disallowed by A/322 when LDM ombinedwith TDM or FDM. Note that the
example configurations in Secti@n3.3.1to Section5.3.3.5are assumed to be TLDM or LTDM
configurations. FLDM or LFDM configurationsan be regarded as special cases of TLDM or
LTDM, respectivelyby subslicing dispersed Core PLPs as describedatioBes.3.3.6Notealso
that the example configurations in this section show up to 4 PLPs that may be asssrdled
complete delivered product requiring simultaneous recovery in receiaecording to the
constraint in Section 5.1.1 {8].

5.3.3.1 Definition of L1D_plp_start and L1D_plp_size

L1D_plp_start andL1D_plp_size are the signaling fields that determihe positiorand placemeruf
eachPLP within a subframe. Regardless of the use of LDM, these signaling fieldseoPCP(s)
are defined with respect to after timeariéaving (CTlor HTI) and framing. However, ken LDM
is used1D_plp_start andL1D_plp_size of Enhanced PLP(s) are defined with respect to before tim
interleavingoecauséhe LDM combining is performed after constellation mapping and before time
interleavingas described in Section 6.4.1[8]. Further details of the signaling definitions of
L1D_plp_start and LiD_plp_size for Core and Enhanced PLPs are illustratedrigure 5.13.As
presentedn the figure thosecellsindicatedby the signaling fields of Enhanced PLd&ts spread
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over a subframafter time interleaving, which will not be meaningful informatiat the framing
stage. In receivey Enhanced PLPs decoded after timarderleaving and cancellation of Core
PLR(s) will be recovered based on the corresponding pip_start and L1D_plp_size of the
Enhanced PLPis L1-Detail.

Figure 5.13L1D_plp_start andLiD_plp_size definitions for Core and Enhanced
PLPs

5.3.3.2 Indexing Tl Groups

When LDM is configured witmultiple Core PLPsach Core PLP represematsime interleaving
group (Tl Group) as defined in Section 7.2.7.43pfandasshown in the example of Figure 5.14
These Tl Groups are implicitly indexed in ascending order according to the order in which the
corresponding Core PLPs appear within theQetail control signalingFor the efficent use of
receiver memoryit is strongly recommended théite Core PLPs for each subframe be ayean
within that subframeén ascending order. That isp_plp_start Of the first Core PLP in subframe’s
L1-Detail control signalingindexed asti_Group_0 should have the lowest cell index of the
L1D_plp_start values for all Core PLRasithin that subframe. Thenip_pip_start of the second Core
PLP in that subfranig L1-Detail control signalingndexed as1_croup_1 should be larger than that
of the first Core PLPT(_Group_0) and smaller than that of the third Core PiPdroup_2), and so
on. Note that.ip_pip_id of each PLP is independent tbfe TI_Group values, so that it is not
necessaryor L1D_plp_id values to be arranged in ascending order within th@®éthil control
signaling (as in Figure 5.14
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Figure 5.14TI Group assignment for multiple Core PLPs.

5.3.3.3 Injection Level (L1D_plp_Ildm_injection_level ) for Multiple Enhanced PLPs

When multiple Enhanced PLPs agsociateavith a Core PLRs shown in the example Bigure
5.15(L1D_plp_id_2and L1D_plp_id_3 are associated with L1D_plp_idh@se Enhanced PLPs
shouldall have the same LDM injection leva$signaled by.1D_plp_Idm_injection_level . Note that
if those Enhanced PLPs have different injection levelspdintonsof the Core PLP associated
with the two different injection levelqe.g., L1D_plp_id_0 of Figure 515) will have different
robustness, which will eventually provide different coverage areas for a sioglent.

Figure 5.15Two Enhanced PLPs injectedo a Core PLP

5.3.3.4 Positioning Enhanced PLP(s) and Not Recommended LDM Cases

When Enhanced PLP(s) are positioned and associated with Core PLP(s) within a subfram
L1D_plp_start andLiD_plp_size of Enhanced PLP(s) should be carefully determined such that cells
of Enhanced PLP(s) are continuously associated with cells of Core PER{®)}e 5.16is an
example case that 3ot recommendeds an LDM configuration. As shown in the example,
L1D_plp_start Of the Enhanced PLPLip_pip_id_1) is not the same as that of the Core PLP
(L1p_plp_id_0). Forthe same reasasdescribed in Sectioh.3.3.3, portionsf the Core PLP in this
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configuration will have different robustness, and therefore, saictonfiguration is not
recommendedFurthermore1b_pip_size of the Enhanced PLP should not be either shorter or
longer than the Core PLP. Note that when the HTI mode is used, all the PLPs configured by t
HTI mode use integer numbers of FEC Blocks. In such cases, the nundotnalfdatacells in

the Enhanced Layer is only allowed to be less than or equal to thabke Core Layer,and
Enhanced Layer dummy modulation values described in Section 7.2.7[3]6aoé used when
necessaryMore details of the Enhanced Layer dummy modulation valieedescribed in Section
5.3.3.5.2.

Figure 5.16 Not recommended LDM configuration example #1.

Figure 5.17s another example case thabh@ recommendeds an LDM configuration. When
multiple PLPs are configured theEnhanced Layer,1p_plp_start of the following Enhanced PLP
in a subframe (i.eL1D_plp_start_3 of Figure 5.17) should correspondtte immediatelyfollowing
cell of the preceding Enhanced PLP (i.eb_plp_id_2), to prevengaps between Enhanced PLPs.

Figure 5.17Not recommended LDM configuration example #2.

5.3.3.5 LDM Configuration with Different TI Modes
5.3.3.5.1 CTI Mode

The CTImodemaybeused whera complete delivered product consists of a single Core PLP that
has a constant cell rate. A simple LDM example described in Section 7.2.7.3].1safne of the
common service scenarios using the CTlI mode, as both Core and Enhanced PLPsimipseich s
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LDM have the samelib_plp_start andL1D_plp_size With a constant cell rat&Vhenthe CTI mode

is used it is not necessary to achieve an integer number of FEC Blocks per subfratis so
thereforerecommended thdhe data cells in botlthe Core and Enhanced Layers be completely
filled in a subframe.

Figure 5.18 is another LDM configuration that is allowed by the CTI modervd subframe
consists of multie Core PLPs (i.emultiple TI Groups)representing different delivered products
as shown in this figure, each PLP wittivatsubframe should have a constant cell raterderto
be configuredvith the CTl mode. Furthermore, any Enhanced PLPs associated with Core PLPs
should not be spread over mplé Tl Groupsas exemplified irFigure 518. Note that in the CTI
mode, an incomplete FEC Bloekthe last part o Core PLP is time interleaved and it should be
buffered until the next subframe to be decodedricaiver.In suchacase, the FEC Block of the
Enhanced PLP associated with that incomplete FEC Block of the Core PLP shostmbioéfated
until the next subframe. This implies thahen an Enhanced PLP is spread over multiple TI
Groups, any subsequent FEC Blocks of that Enhanced PLP associated with the follbwing T
Group(s) should be buffered as well, which will consume a large amount of gnenageceiver.

Due to this reasonhé exampleonfigurations shown ikigure 5.14 and Figure 5.1 which an
Enhanced PLP is spread over multiple TI Groupsnatallowed when the CTl is uselNotealso
thatin the CTl mode, when an LDM configuration as showifrigure 5.18is used, buildinga
complete delivered product composed of PLPs belonging to different TI Groups is nedadisw
specified in Section 7.1.1 ¢]. A complete delivered product should be composed of the Core
and Enhanced PLPs within the same TI Group when the CTI mode is used.

Figure 5.18 Allowed LDM configuration example #1 using the CTl mode.

Figure 5.19s another LDMcaseallowed by the CTI modeAs shown in this figure, a Core
PLP that is associated withultiple Enhanced PLPs may be configured with a single CTI. When
suchaconfiguration is usedt is requiredthateach otheEnhanced PLPs associated with the Core
PLP also have a constant cell rat&his implies thatLiD_plp_start and LiD_plp_size Of each
Enhanced PLP should remain constamitn onesubframe to th@ext subframgso that receiver
do not need to track these signaling values of the previofimmés.
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Figure 5.19 Allowed LDM configuration example #2 using the CTI mode.
5.3.3.5.2 HTI Mode

Whenthe HTI mode is used, each thie Core and Enhanced PLIBscomposed of an integer
number of FEC Blocks, and therefore, the case that an Enhanced PLP is spread overThultipl
Groups can be implemented without further receiver memory regeire Figure 5.20s an
allowed LDM configuration when two Core PLPs associated with an Enhanced PLP agareahfi
with the HTI mode. The 4#LP coffigurations as shown iRigure 5.14 and Figure 5.Hse also
cass wherean Enhanced PLP is spread over multiple Tl Growbsch is allowed by the HTI
mode Note that using different TI modes for different TI Groups associated thattrsame
Enhanced PLP isotallowed. Note also that when the HTI neod used in those cases tta
sameEnhanced PLP is spreadesvnultiple Tl Goups, the use dhe Convolutional Delay ine
(CDL) isnot allowed.If the CDLwereused, the two Core PLRsighthave different interleavim
depthsover multiple subframes, ankereforethe prtions of the singl&nhanced PLP associated
with those two Core PLPmiight have different decoding tilmgwhich eventuallyvould require a
largeamount ofmemory in receives.

Figure 5.20Allowed LDM configuration example using the HTI mode.

Since the HTI modeaquires arnteger number odFEC Bocks for each PLRhe total number
of cells ofthe Core PLP(s) may be different from thattbé Enhanced PLP(s) depending the
ModCod choicefor each PLP. In such cases, Enhanced Layer dummy modulation ealues
described in Section 7.2.7.4.6[8f are usegdso thathe CL and EL have the samtme@mber otcells.
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Note that these Enhanced Layer dummy modulation values are only allowed to be insarted aft
the last Enhanced PLP in a ‘PLP group’ (defined in Section 7.2.7.43%) oFurthermore, these
dummy modulation values have the same constellation mapping and injection level as the
preceding Enhanced PLP, so that the Core PLP associated with the preceding EnbRracet P

the dummy modulation values hasiniformrobustness.

Whenan Enhanced PLP is spread over multiple TI Grqups HTlbased LTDM or LFDM
configurations)an extra frame buffer may be needed when the Tl depths of Core PLPs belonging
to multiple TI Groups are substantially different. For example, if the Tl depth of the firstRld?
is larger than that of the second Core PLP, the portidthedEnhanced PLP associated with the
second Core PLP should be buffered dusédarger Tl depth of the first Core PLP. Note tfat
buffering sucha portion ofthe Enhanced PLP, an extra frame buffer (€2RAM) can be gsed
rather tharconsuming the TI memory (e,§§RAM). In order to avoid the extra frame buffer for
Enhanced PLP, it is recommended that multiple Core PLPs associated with an Enh&asd P
the same or similar Tl depth as showrFigure 5.21 This can be achieved whéme number of
FEC Blocksper Tl Block is the same or similar for the multi@ere PLPs associated with an
Enhanced PLP. This is recommended not only to avoid extra frame memory, but also to provide
the same performance for a single Enhanced PLP.

Figure 5.21 Recommended use of Tl Blocks tdfl-based_.TDM or LFDM
configurations.

5.3.3.5.3 No Tl Mode

The no Tl mode is generally not recommendegardless of the use of LOMven thought is

allowed by the specificatioiRefer also to Sectiofh.2.11.2which discusses the use of the no TI
mode.When the no TI mode is used with LDM, those configurations described in Se&i8rb.1

and Sectiorb.3.3.5.2are all allowed. However, when an EnhanBé&® is spread over multiple Tl
Groups, the Core PLPs associated with that Enhanced PLP should have integer numbers of FEC
Blocks due to the reason described in Section 5.3.3.5.1.

5.3.3.6 Combination with FDM

FDM, which is enabled by cell multiplexing methods described in Section 7.23], shay be
combined with LDM such as FLDM or LFDM configurations, and such cell multiplexirtgode
controlled byL1D_plp_type, L1D_plp_subslice _interval , andL1D_plp_num_subslices areapplied with
respect to Core PLP(s) only. An FLDM configuration is relatively simple bec&sse and
Enhanced PLPs given the FDM cells have theesaumber ofcells as shown irFigure 5.22 Note

that when the cell multiplexing for FDM is applied, dummy modulation values described in
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Section 7.2.6.5 of[3] are required in many cases because dbé&ned subslice interval
(L1D_plp_subslice _interval ) may not be an integer multiple of the total number ¢4 dalls. Note
also that the cell multiplexing of FDM generallynot applied to the data part of the Preamble and
SBS as specified if8].

Figure 5.22FLDM configuration example.

Anothertype of FDM combination with LDM is an LFDM configuration as showifrigure
5.23.Since the subslicing parameters are only applied to Core PLPs, theitetf wrder of the
associated Enhanced PLPs follows the cell writing order of those=PLPs adescribedn Figure
5.23.As shown in this LFDM examplavhen the cell multiplexing for FDM requires a PLP to
span the whole subframe duration, recesweitl also need to buffeEnhanced PLP(s) fahe
whole subframe duration because the Enhanced PLP(s) that follow theittei order of Core
PLP(s) should be rerdered Note that for buffering the Enhanced PLP(s), an extra frame buffer
(e.g.,DRAM) can be used, rather than consuming the TI memory, @RAM). Due to this
additional frame memory requirement, it is recommendedtiigabhumber of cells of Enhaed
PLP(s)buffered in a frame memory be less tiiaequal ta??>° when suctanLFDM configuration
is used.That is, in the example d¢figure 5.23 the sum of1p_plp_size of PLP #0 and PLP #1 in
the CL (vhich is equal to the sum afip_plp_size of PLP #2 and PLP #3 in the EL) should not
exceed2? cells due to the limitation of frame buffer in receivers. Nttat in the example
configuration shown ifrigure 5.23the Enhanced PLP (PLP #3) is spread over multiple TI Group
and therefore the CTI mode is disallowed.
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Figure 5.23LFDM configuration example.

5.3.4 Frequency Interleaving

The use of a frequency interleaver (FI) is recommenalguioviderobustness to a burst error on
particular frequencypins in block/multipath fading channels. In particular, in order to enhance the
stability of FI over a burst error, the FI applies a different interleav@égience everFDM
symbol within a subframe. The key properiés-| are

X The Floperaes onthe data cellgnot pilots)of oneOFDM symbol, i.e.Preamble symbg]
datasymbols and subframe boundary sym&olhe Fl is optionally used for data and
subframe boundary symbols, whilaéstalwaysused forPreamble symbolsThe use of Fi
on a per subframe basssindicated by 1D_frequency_interleaver .

X Three Flistructuresre provided for 8K, 16K, and 32K FFT sizes, respecti(gggSection
7.3 0of [3]). When FlI is not used, input data celle output in the same ordes they are
input.

X Each Fistructuremainly consists of ainterleaving sequence generator and a symbol offset
generator. n particular, the symbol offset generator shifts cyclically the output of
interleaving sequence generator. The cyclic shificcomplishedrior to the following
addresscheck blockin order to guarantee thieequencydeinterleaving in a single
memory at a receiver side, even if thember ofdata cek in an OFDM symbol pair is
different fromeach other (seBection6.3.1).

x Inthe 32K FFT size case, for ex@RDM symbolsa linear writing operation into memory
is performedand then g@seudo-randomeading operation from memorypgrformed For
odd OFDM symbols,a pseudo-randonwriting operation into memory igerformedand
then a linear reading operation (in a sequence rilem memory isperformed
Converselyin case of 8K and 16K FFT sizes, two memories are used alternatétg for
frequencyinterleavingof odd and eve@FDM symbols.

In frequency interleaving, the normative conditions related to frame configurati@s $ollows:

X In the 32K FFT size casdigsum of the number of data and subframe bounsiambols
in the subframes always evenexcept for the first subframe of a frame where thma sf
the number oPreamble, subframe boundary and data symis@sen(Section 7.2.4.2 of
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[3]). This normative condition guarantdesquencydeinterleaving in a singlenemory at
a receiver side.

x Onthefirst Preamble symbabf the framethe Flis reset to the initial state of interleaving.
Such a reset operation is accomplished by setiegymbol index count to zero and setting
the PRBS registers of the interleaving sequence generatdhesymbol offset generator
to the initial values.

x With the exception of the first subframe in the frathe, Fl is reset to the initial state of
interleaving on the first symbol of the second and subsegubeframsin the frame

5.4 Waveform Generation

5.4.1 Pilot Insertion

ATSC 3.0 employs scattered, continual, edgeamble anduldrameboundarypilots. These cells

are modulated with reference information whose transmitted valesknown to ATSC 3.0
receives. The pilots can be used for frame synchronization, frequency synchronization, time
synchronization, channel estimation, and phase mi@sking Table5.1gives an overview of the
different types of pilaand the symbols in which they appear, where a check mark indicates the
presence of a particulailot type in that symbol type.

Table 5.1 Types of Pilots in Each Type of Symbol

Svmbol Tvpe Preamble Scattered Subframe Common Additional Edge
y yp Pilot Pilot Boundary Pilot Continual Pilot Continual Pilot Pilot
Preamble 7

Data 7
Subframe 7

Boundary

5.4.1.1 Scattered Pilot Insertion

ATSC 3.0 defines sixteen scattered pilot (SP) schemes. The terminology empl&/ed is,
where a = Ris the separation of pildiearing carriers (i.e., in the frequency direction) and § = D
is the number of symbols forming one scattered pilot sequence (i.e., time direagishpwn in
Figure 5.24.

Figure 5.24 Scattered pilot pattern SP12_2,®12, [ = 2).

To enhance the channel estimation quality without degrading the data cells, the $Pgomowe
be optionallyboosted. For each SP pattern, the boosting factor can be selected frposfilde
values andis signaled byL1B_first_sub_scattered_pilot_boost ~ and L1D_scattered_pilot_boost . FOr
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example, the boosting power for SP8_4 ranges from 0 dB (no boosting) to 6.6 dB. The different
boosting valuesare listed inTable 9.14 of3].

5.4.1.2 Continual Pilot Insertion

The minimum number oEommoncontinual pilots (CPs) is set to 45 for 8K Fkhen the
minimum number of carriers (NoC) is configuraad doubles with each doubling of the FFT size.
The number of common continual pilagsaugmented slightly with the NoC increase. The indices

of the CP locations (see Annex D[8f) were selected to landom anevenly distributed within
eachOFDM symbol and occupy roughly 0.7% of the cells. They are transmitted at a boosted power
level of 8.52 dB.

5.4.1.3 Edge Pilot Insertion

The edge carriers, that is carriers with relativeieamdices k=0 and k= No€ 1,areedge pilots
in every symbol except for the Preamble symbol(s). They are inserted in order tbredjogancy
interpolationof channel estimatag to the edge of the spectrum.

5.4.1.4 Preamble Pilot Insertion

TheDyx value used for the Preamble pilots of a fragless than or equal to the Balue used for
the scattered pilots of the first subframe of the same frame, in ordeowiolgp more accurate
equalization for the Preamble symbols.

5.4.1.5 Subframe Boundary Pilot Insertion

The pilots for subframe boundary symbols @gssentiallydenser than for the adjacent normal data
symbols of the same subfrarsiace the samevalue is used butds assumedb be equal to 1
for subframe boundary symbols.

542 MISO

ATSC 3.0includes a optionalMultiple-Input SingleOutput (MISO) antenna scheme, known as
Transmit Diversity Code Filter Sets (TDCFS), in orderniinimize the possibility of cross
interference among the transmitted signalan SFNover the entire reception area. TDCFS
introduces a frequency padistortion of the common waveforms from the different trattens of

an SFN in such a way that special signal processing at receivers is not yecessarthe
frequency pralistortion appears as part of thegpagation channel to receivers. The coding is
done using linear filters so that the decoding in receigan be implemented as part of the
traditional equalizer process. Furthermore, the coding filters are desigrsethi a way as to
provide robust performance at reces/ever a wide range of expected multipath behavior in the
transmission environment.

5.4.2.1 Signal Model

A transmit diversity code filter set is a set of urquansmit filters used to filter a common
modulated signal. These filtered signals are transmitted $eparate transmitters in an SFN. The
design of the transmit diversity code filter set is basext@ating aHpass filters using a minimized
metric, called the Peak Side Lobe (PSL), over all filter pairs within theraams of the number
of transmitterdM and the length of the filtets The use of such filter code sets createsgmoved
overall signal condition at receivetaking into account the likelihood of multipath transmission
conditions.

The common modulated sigrgk] is individually filtered througtM strategically optimized
filter vectors {Ci[k],Co[K],...,Cm[K]} to create uniquely prelistorted signals Ri[k], F2[K],...,
Fm[K]}. The code filters are implemented as a multiplicatbfixed coefficients across all carrier
frequencies, indexed within each block kyEach pralistorted signal block is transformed
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throughaninverse Fast Fourier Transform (IFFT) and cyclically extended with a guardahin
an OFDM manner before being transmitted throutghrespective transmit antenna. These
transmitted signals will then be modified through different channel conditionseeped in the
time domain by the channel impulse respon$gsy, ho[n],..., hm[n]}. The superposition of these
signals combined with AWGM/[n] is received by an antenna at a receiver as fungfiojn

If the FFT block size of the OFDM systemNg and, assuming proper synchronization of
symbol blocksthe system can be described as

£

)G=m* [G%GqaG+ 9[G
t@s

where:
)G=FFT(QJ,0,)
*$G=FFTTO§J, 0,) with E #../}
9[G=FFT( 9 J, 0,)

The system in the time domain can be described as:

£

¢J=nD{I0URIqOI+ I
U@s

where * is the circular convolution operator over lengghand:
I =1FFT(% G 0,) with E £1../}
®J =1FFT( 0J, 0,)

5.4.3 Inverse Fast Fourier Transform (IFFT)

As an OFDM system, the IFRAlgorithm for Preamble and subframe symbols is used as described
in Section 8.3 0fi3]. Given the three different choices of FFT sizes,@l€, 16K and 32K) allowed

by ATSC 3.0, recommended choices of FFT sizes depending on broadaattededservices

are described in Sectigh2.1.

5.4.4 Guard Interval

The guard interval (Gl) is a cyclic extension of the useful portion dfrtteedomain symbol which
consists ofthe samples belonging tbe last part of the OFDM symbol. The guard intergal
prependeds a prefix to the original symbd Quseful symbol length), leading to a new symbol
of length 6total symbol length). Gl insertion issedto prevent intesymbol interference (1SI)
at the expense of introducing overhead. When signals arrive outside the GI, IQlatlegra
increases until a certain valué,L. is reached.6 Lis defined as the Nyquist limit and can be
considered aslamit to the channel extent that can be tolerated by the system when more than one
signal is received-urthermore, it has to be taken into account that the GI does not remove Self
Symbol Interference, i.ethe interference between the samples of the same OFDM symbol, but
thatcan be easily equalized at reces/@heGl is appended at the trangtarand discarded at the
receiverby means of the FFT window positioning, which has a lengté Qifrhe Gl is also used
for synchronization aspects at receivers.

ATSC 3.0 offers twelve possible selections of Gl which carcddiguredwith the three
different values of FFT sizes. However, ATSC 3.0 does not allow certain corohmatiGl and
FFT size due to excessive overhead. The lengthumber of samples of the different Gl values
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and the FFT allowed combinations are presentdébie5.2where check marks indicate allowed
combinations.

Table 5.2 Allowed Combinations of Gl and FFTiZ&s

Gl Samples FFT Size
8K 16K 32K

192 6 6 6
384 6 6 6
512 6 6 6
768 6 6 6
1024 6 6 6
1536 6 6 6
2048 6 6 6
2432 N/A 6 6
3072 N/A 6 6
3648 N/A 6 6
4096 N/A 6 6
4864 N/A N/A 6

5.4.5 Bootstrap

An ATSC 3.0 frame starts with the highly robust bootstrap, which provides a univerggh@nt
into a digital transmission signaBroadcasters anticipate providing multiple wirelbssed
services, in addition to just broadcast television, in the future. A highly ralgusi &8 needed to
indicate, at a low level, the type or form oivaveform thats being transmitted during a particular
time period, so that a receiver can discover and identifgigmal. The bootstrap with extensible
signaling transmission suitable as aervice indicator.

The bootstrap consists of a number of symbols, beginning with a synchronization symbol
positioned at the start of each frame period to enable signal discovery, sgacheonization,
frequency offset estimation, and initial channel estimation. The remaindetaidtstrap contains
sufficient control signaling to permit the reception and decoding akthainder of the frame to
begin. The bootstrap is first generatedhafrequency domain anid then transformedchto the
time domain by Inverse Fast Far Transforming the frequenaomain sequence. Then, the
signaling information isommunicatedy a cyclic shift of the timedomain signal. There are two
variants of the timelomain structure: @\-B and BC-A. Thepostfix or hyper prefixpart B, and
the prefix, part C, are each composed of samples taken from thddmeen main body signal,
part A, with a frequency shift (equal to the carrier spacing). The initiabslyof the bootstrajs
provided for sync detectioand employs the €A-B variant. The remaining bootstrap symbols
conform to the B-C-A variant.

The generation athe bootstrap is defined if2]. The syntax and semantics of the signaling
fields for each bootstrap symbol atescribedn [2].

5.5 Channel Bonding

Channel bonding allows a single PLP to be spread aorokmple RF channelsand the primary
purpose of channel bonding is to enable total service data rates that exceed the mgttapac
singleRF channel andhat areup to twice what can be transmitted in one RF channel.
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Other benefitsof channel bonding include greater frequency diversity mode efficient
statisticalmultiplexing. The performance of statistical multiplexingpdnds on the transmission
bandwidth,the number of multiplexed services, the statistical propexieservice traffi¢c and
implementation. An example of the possible gains is showialhe5.3.

Table 5.3 StatisticalMultiplexing Gains

. ) Number of Services (%StatMux Efficiency Increase)
Available Capacity (Mbps)
4K UHD @15 Mbps HD 1080p @5 Mbps HD 720p @2.5 Mbps
10 0 (0%) 2 (7.5%) 4 (15%)
20 1 (0%) 4 (15%) 8 (25%)
40 2 (7.5%) 8 (25%) 16 (31%)

It is possible to bon&RF channels from both the VHF and UHF bands (&/glF/UHF), as
well as differenRF channelsn the same band (e.@JHF/UHF).

Channel bonding is described in detail in Annex K3jf There are twadlifferenttypes of
channel bonding described in the specification, plain channel bonding and SNR avéflaging.
channel bonding can lvealizedat a receivewith two separatelemodulators and the additioh
combininglogic and memory, and is more likely be supportedthan SNR averaging, which
requires exchangef data in the middle of the receiver data path.

5.5.1 Memory Considerations

Channel bonding places additional memory constraints on res@iviite reconstruction circuit
to absorb any delays from the two different paths that#te will take after pétioning at the
transmitter so it is important that the transmitter make efforteethuce these delays amichas
possible. For example, if one RF channel uses time interleaving and thRBtteannel does not
use time interleaving, it can be easily seen that memecgcommodaté¢he delay equivalerib
twice the time interleving depth will be required at receisgsince both the transmittéime
interleavingdelay and receivaime dedinterleavingdelayshould be considered.

Thereforg it is recommendedhat after partioning a PLP, the sanfelLP parameters should
be usedor both RF channels. That is, the same modulation, coding, time interleaving, number of
symbols and so on should be usHuis is required if channel bonding with SNR averaging is used,
and is recommended if plain channel bonding is used.

The channel bonding specification in AnnexoK[3] also limits the reconstruction memory
size by requiring that Baseband Paclketsassigned to the different RF channels in proportion to
their respective PLP rates. Furthermatrés specified that no more than 5 consecutive Baseband
Packets are assignemlone of the RF channdb&fore at least one Baseband Packet is assigned to
the other RF channel

In the casavherethe two RF channels use exactly the same paramdtessecommended
that the delay on each RF chan(ehd thus the required receiver memdog minimized by
sending consecutivBaseband Packetdternativelyto each RF channel. That, is Baseband
Packet sento RF channel 1 should be followed by a Baseband Packet sent to RF channel 2,
followed by a Baseband Packet to RF channel 1, and so on. This reduces the latency of the overall
outputand minimizeghe need for buffering at receivers.

5.5.2 Channel Bonding Examples

An example of plain channel bonding with a single PLP split over two RF channels is stawn be
in Figure 5.25, which shows the transmitter side, and Figure 5.26, slinets the receiver side.
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Figure 5.251-PLP 2Channel Bonding example transmitter architecture.

Figure 5.261-PLP 2Channel Bonding example receiver architecture.

An example with parametealuesrelevant bit rates and order of Baseband Pamksitioning
is shown inTable5.4. Note that since the data rates for each of the RF clsaamethe same,
Baseband Packets are assigned to eatlte®F channels in an alternating mannHris reduces
latency through thehannebonding process.

Table 5.4 ExampleParameters anBit Rate for XPLP Channel Bonding

Input PLP RF 1 RF 2 Output PLP
Data Rate 57.69 Mbps 28.845 Mbps 28.845 Mbps 57.69 Mbps
BBP Order 1,2,3,4,5,6,7,8,9... 1,3,5,7,9 ... 2,4,6,8, ... 1,2,3,4,5,6,7,8,9...
PLPO Modulation - 256QAM 256QAM -
PLPO Coding Rate - 10/15 10/15 -
PLPO FEC Length - 64K 64K -
PLPO FEC Outer - BCH BCH -
PLPO TI Depth - 1024 1024 -
PLPO TI Type - CTI CTI -
PLPO FFT Size - 32K 32K -
PLPO Guard Interval - 5 1024 5 1024 -
Pilot Pattern - SP24 2 SP24 2 -
Num. Symbols - 49 49 -
Preamble FFT - 32K 32K -
Preamble Gl - 5 1024 5 1024 -
Preamble Dx - 12 12 -
Preamble L1B - Mode 5 Mode 5 -
Preamble L1D - Mode 5 Mode 5 -

An example of plain channel bonding with 4 PLPs split over 2 RF channels is ghéwgure
5.27andFigure 5.28 The Baseband Packets pagtitionedandchannebonded on a PLP basis.
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Figure 5.274-PLP channelbonding exampléransmitter architecture

Figure 5.284-PLP channelbonding example receiver architecture.

5.6 TxID Code Assignments
The insertion point for the 18it TxID code for identification of individual transmitgeis shown

in Table N.2.1 in ATSC Standard A/3P3. However, no code assignment methodology or actual
values are assigned in the A/322 Standard.

5.6.1 TxID Code Assignments for the United States of America.

Next Gen TV (ATSC 3.0) TxI)17] is an industrydeveloped and maintained TxID database for

full and low power television stations in the U.S. and within the licensing coordinatios one
Canada and Mexico It also includes the methodology used for determining TxID code
assignments. [174$ recommended for use by such licensed stations in the designated regions for
the purpose of assigning TxID code values to their transmitters.

5.6.2 TxID Code Assignments for the Republic of Korea

ATSC 3.0 TxID[18] is an industrydeveloped and maintained TxID database for high and low
power television stations in the Republic of Korea. It also includes the methodolabyouse
determining TxID code assignmenits8] is recommended for use by such licensed stations in the
Republic of Korea for the purpose of assigning TxID code values to their transmitter

6. GUIDELINES FOR RECEIVER IMPLEMENTATION

6.1 Signal Discovery and Synchronization

For ATSC 3.0receiverssymbol timing offset (STOand carrier fequency offset (CFO) have to
beestimated andompensated before conducting data detecliba.bootstrajnserted at the very
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beginning of eachHrame is utilized for fast timé&equency tracking and fominimal initial
signaling transmission. The bootstrap has the following four main purposes:
1) To enable receiveito detect and validate the presence staadardized frame.
2) To enable receiveto achieve coarse frequency and timing synchronization in a very short
time.
3) To signal somdransmissiorparameters describing the associated physical layeefram
structure to permit the reception of the succeeding portion of the frame.
4) To identify the standard version used when generating the signal

6.1.1 Use of Bootstrap for Signal Acquisition and Synchronization

6.1.1.1  Signal Acquisition and Timing Synchronization

The bootstrap acquisition aims to detect the presence of bootstrap symbolsrah geceives
can achieve signalkquisition and coarse timing synchronizasonultaneouslypy employing the
same metric. The signal detected at the correct posii®a relatively high power, which indicates
the presence anexpected signal. The number of OFDM symbolthimbootstrap iextensible
which enables dynamic signaling transmission capacity. In ATSGh&fyur-symbol bootstrap,
whichbegins with a synchronization symbol and proceedstivwiesuccessive signaling symbpls
isused A, B, and G respectivelydenote the timéomain main body signal, the postfix or hyper
prefix, and the prefixas describeth Section5.4.5.

6.1.1.1.1 Delayed Correlation

Delayed Correlatioan beused to achieve faandcoarsesynchronization. The implementation
diagram shown irFigure 6.1performs the correlation for all guard intervals of four bootstrap
symbols.The diagram comprises three branches, one for correlating parts A and C, another for
correlating parts B and C, and the third for correlating parts A and B. The corretsidis are

denoted asdy,o( &, 4yye- &, and 4y,,,( @, respectively, where DC denotes delayed
correlation. The sum of theorrelation values above is:

41/21/4k%3: A0 k o+ dijgsos » k @0+ A/( @

which is the simplest combination method. The timing estion ais obtained by locating the
peak of 4.,k @presented as:

a= argmax| 4.3 KX
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Figure 6.1 Delayed correlation diagram.

6.1.1.1.2 Local Sequence Based Correlation

As the first bootstrap symbahirries limited informatiofior detectiornby receiversthe waveform

of the first bootstrap symbohn be generatddcally at a receiveand received samplesrrelated

with this local sequencé&ince this methodequiresmore complexity in receivers, mhay be used

to searchwithin a smaller range after finding a rough range of valid signal by the delayed
correlation method. To findhe local sequence correlatiareceived signal can be descrilzesd

N= Q, AT6 ¢

where ¢, Bs the normalized frequency offset with respect to thearsspacingand ais the delay
of samplesFirst, differentiate the received samples by

= 7 (Qr ®F,,,) AE U

where &denotes the differential value. The phase shift caused by carrier frequemty ©F®)
is transformed to a fixed phase te® ¥ Meanwhile, differentiate the local sequence as

7= Q®e,J= &..... F1

Correlating the two differentiated sequences results in:

A2
(% — i (% 210
Awya— | < | '-Sa ]
4@ %

The correlation sequenoé/:\;/)»%‘,51 has a significant peak and will not be influenced by CFO.

However, the differential operation will ampligny noise resulting in SNR degradation. To

minimize the influence of SNR degradation, multipléfedentiatiors can be calculated as
(A;/Z;))%é, ,4%/2; 1/4; where &, &, ... & » sare the differential values with common difference

e.g., 16, 32, 48, etc. Taking each adjacent differential correlation and doing conjugate

multiplication yields:
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A yod A o
al = 42 ® GX,A E012,..0F2
This operation can turn different phase terf<® ¢ Whto identical termsA'® ¥4 thus all
correlation values can be summed equally to get the overalldequence based correlation as:

Cc?6

A »ya= i a4/ A
V@4

The timing estimation is obtained as:

a= argmax{ 4, WC )

6.1.1.2 Fractional Frequency Offset (FFO) Estimation

FFO is estimated using results of delayed correlatg,( &, 4> and 4yu,,( 9 in
Figure 6.1 where ais the estimation of time sync position. The FFO estimasi@btained as:

_ 4ys0( 9
((1s= =J CH(\T)
o Aigos (D ®4yy,,( ) 0
((leg= =J0K 55 )
_((1s+ ((16
((1= — 5

6.1.1.3 Integer Frequency Offset (IFO) Estimation and Validation

The FFT of the received firstootstrapsymbol including pre/postfix (note thatesidual timing
offset may exist) is taken, and then the FFT results are circularly shiftadgfeen value in the
set += [ FO0: 0]. Eachcircularly-shifted sequence is conjugate multiplied with the FFT of the local
replica of the first bootstrap symbol (also pre/postfix inclusive), and then the dFEach
conjugate multiplication result is taken.

For each IFFT result, significant peaks corresponding to main paths are pickeahabined
to get the total poweB s G where Gbelongs to+ Among all2 0+ 1 combined powers, the

largest oneD ¢3 sz ¢S picked, and the corresponding shift values regarded as the IFO.

As for the validation operation, the petkaverageratio, which is defined as
Ds a5 a0 62Dk 65 e IS Used for validation wheré s 5 asgdenotes the average®0 + 1 powers.
Only when such pealo-averageratio is larger than a pr@efined thresholdare the results of
acquisition and synchronization validated.
6.1.2 Signaling Detection of Bootstrap Symbols
Once the bootstrap is correctly detected and centdredsignaling detectioand decodings
achieved through two stepsne domain cyclic shift detection and Gray de-mapping.
6.1.2.1 Time Domain Cyclic Shift Detection
6.1.2.1.1  Detection Method A

The bootstragignaling information is conveyed through the ageyclic shifts in the time domain
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after thelFFT of the originating frequency domasequenceSpecifically, the signaling is carried

by the relative cyclic shift between tweonsecutive bootstragymbols, which can eliminatny

side effectorought in by false detection afprevious symbol. The relative cyclahift value can

be detected as followslote that i is assumed that the channel transfer functiorcoon$ecutive

bootstrapsymbols are almost equal. The method is performed in the frequency domain to take full
advantage of the channel transfer functioelbminate the channel effects.

Step 1 Remove the prefix and postfix of the receimmbtstrapsymbol and take the FFT of the
remaining portion of the symbol to get the frequency domain equivalent of the symy@ddas
where the subscripd denotes the index of the bootstrap symbol.

Step 2.Divide NA3 by a known referencel( G to get the transfer functiori s G of the
bootstrap symbol.

Step 3Eliminate the channel effects of the symii3 by multiplying it by the conjugate of the
preceding symbol’s transfer functior, , £ G to get Y G.

Step 4. To leave out the extra IFFT operation by taking advantage of the cint@ahiiting
theorem, the cyclic shift in time domain applied in each symbol period can be cedsaida
phase rotation in the frequency domain; thus¢fetivecyclic shift / ; can be obtained as:

648;

e, =

2o g

6.1.2.1.2 Detection Method B: Iterative Detection

As described in Sectigh1.2.1.1 the channel estimates@ainsecutive bootstrap symbols are used
for the detection of bootstrap symbolhe reliability of thee channel estimateaffects the
detection performance of the bootstrap symbols. In order to improve the rgliabithannel
estimats, the channel estimates fiovo consecutive bootstrap symbols can be iteratively averaged.
The iterative detection consists of forward and backward detections.

Stepl. Forward detection

The original channel estimates( G can be obtained byultiplying the received signal(A3
by a known referenc&( G. The channel estimaté, , £ G of t,he preceding symbol is used for
the detection ofhen-th symbol.Then, the relative cyclic shiff€; can be obtained as

C..A?5

3 i £ P&y 6
/4= arg ‘min’ | dNAG F *4,{G5(GA G2 d
P@ 4

=arg maxRe[+ (6 MAG * .4 G 5( G} _

where i 3 denotes the set afl possiblevalues of theelativecyclic shift
Conversely after detecting the relative cyclic shiffy, another estimate of the channel gain
, 0%y 3
can be calculated a%;,4 G A ¢--A for the n-th symbolusing the detected€;. Then, by

averaging the original channel estimates( G and the calculated channel estimate
Oy

==V .
* 4.4 G A ¢-A the channel estimate can be updated as
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, & oA
€(G=5 M dGACA + *(Gq

Using the updated channel estim#g G, the subsequent symbol can be detected. In this manner,
all symbols are successively detected up to the lagtveeleyclic shift. Accordingly, channel
estimates are updated using original channel estimatiedeai@cted relative cyclic shifts.

Step2. Backward detection

Since the detected relative cyclic shift is used Ifier update of the channel estimate in the
forward detection, the symbol detection affects the reliability of the updateshelhastimate.
Therefore, in order to improve the reliability of the channéhede, it can be further updated
alongthebackward directionFor backward detection, the updated channel estifB4té is used
for the detection athen-th symbolusing the preceding received signgd G. Then, the relative
cyclic shift /€, can be obtained as

C..A?5 2 6
; ) } ; 5 K?ay
Bi=argmin | dNA{G F&(G5,{GA Cx d
uv vy
P@ 4

=argmaxRe D{ (6 [ YA G %( 3 5,4G E

The backward detection is started from the last symbol. Using the updated chanragbgest
the last relative cyclic shiff€c, » sis redetected as

[€c,»5= argmaxRe Dy ( 6] 'g.ﬁe( G %4 35..d G E

Converselysimilar to the forward detection, another estimate of the channel gain {od the)-
4 \(—’ q7%0 . . . - i
th symbol can be calculated &( G A ¢--A with the detected relative cyclic shifé,. Then,
by averaging the original channel estimatg,{ G and the calculated channel estimate
] ¢ A7% _
€ (G A ¢-A | the channel estimate can be updated as

, 1 P R2A
’ea?igzzL’ea(GA CA + *4,dGM

Using the updated channel estima®e,{ G, the subsequent symbol is detected altimey
backward direction. In this manner, all symbols are successively detected upitst tfeative
cyclic shift. Accordingly, channel estimates are updated ubimgriginal channel estimates and
detected relative cyclic shiftdoreover, the channel estimatean be iteratively updated the
forward and backward directions in turn.

6.1.2.2 Gray De-Mapping

In [2], a Gray code mapping of signaling bit values to a corresponding relative cydlicadie
for transmitter operation is specified. The correspondingndeping operation is present as
follows.
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Let the detected relative cyclic shif; be represented in binary form ¥£,¥ 2 .. Y 2Y 4.
The signaling bit values expected &yeceiver can be estimated as follows, whBreepresents
the logical exclusive OR operator.

Y&, E0
H= PrinuRYspy  1Q E 08
0, 04 Q E 11

Note that0& denotes the number of actual signaling bits for a given bootstrap byhiien the

signaling blts%% ﬁahave been decoded, the transmission parameters catelgeted by
looking up thaelevantsyntax and semantics tables.

6.2 Waveform Demodulation

6.2.1 Channel Estimation and Equalization

ATSC 3.0usesOFDM modulation, which is a form of muitiarrier transmission, where each
carrier delivers coherently modulated complex symbaolsareceiver, the receivecbnstellation
symbolfor thekth carrierof thelth OFDM symboimay be expressed:as

£G=5G®fG+ G

whereS(K) is the transmitted symbadHi(k) is the channel response of tkta carrier in thdth
OFDM symbol,andz(k) is the system nois&iven the received symbol, equalizatiomay be
performed as
4 G
0= %35
£ G

where £( G is the estimate of the channel respoihs).

In ATSC 3.0,scattered pilots g Section 8.1.3 ¢B]) are transmitted on dedicated carriers,
which are designed for receivers to obtain estimateseothiannel status of each carrier. Each
pilot pattern is defined by the spacing of the scattered pilotiseifrequency domain and the
number of OFDM symbols forming one scattered pilot sequence. Theataitets are allocated
to different carrier locations in multiple consecutive OFByWhbols in order to better compensate
for frequency selectivity. Since scattered pilots are transmitted in e\’dDMGymbol and are
evenly distributed over the active frequency band, a commonly used channel estimttahise
to perform frequencgomain interpolation. The least squélt&) channel estimatesanbe first
obtained as

where £( G) is the received pilot symbot,{ G) is the transmitted pilot symbol, atg is the
carrier index assigned in tiidn OFDM symbol for scattered pilot. The most popular method is
linear interpolation, whicimay be carried out as

(EFG@e[f@
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where G is theclosestpilot carrier index lower thak, and GE is theclosestpilot carrier index

larger thark. In addition, no matter what scattered pilot pattern is used, known symbols are also
transmitted on the two edge carriers. These are oadlgd jiots andare used to obtain accurate
channel estimates on carriers close to eitherétioe active spectrunNote that continual pilots

(see Section 8.1.4 ¢8]), which are also inserted in each OFBymbol, areusually used for
system frequency synchronization, rather than equalization.

Linear interpolation performs well for propagation chasnth limited frequency selectivity,
i.e., with small multipath delay spread. In this case, the channel frequency sebpbtmeen two
adjacent pilot carriers can be well approximated bgeal curve. However, for wireless channels
with multipath components of large delays, the channel respoagehange significantly on
carriers between two adjacent pilot carriergnear interpolationmay degradethe channel
estimation performancd-or more accurate channel estimgtérequencydomain interpolation
methodssuch asthe cubiespline interpolatio, DFT-interpolation, orWiener interpolation
methodsmay be used

6.2.1.1 Channel Estimation for Mobile Reception
ATSC 3.0mobile receivergor handheld, portable, angthicularreception mayexperience very
challenging channel conditiossich as

x Channel most likely consisting of many multipath components;

X Large multipath delay spread;

X Fast channel timgariation, which introduces high-level Doppler noise;

x Slow channel timevariation, which introduces lonigsting timedomain fade;

X Low signal strength, especially for indoor reception.
For the improvement of reception performance under these challenging mobile channel
environmentsa short timedomain windowmay be beneficiaif a receiverusesa timedomain
smoothing filter. A longer time domain smoothing filter mble less effectivewith the time
variation of a fast moving channel. The higherder cubiespline interpolation or DFT
interpolation in the frequency domain will outperform lin@zerpolation if there is significant
frequency selectivity due to large dglspread.

6.2.1.2 Channel Estimation for Fixed Reception

For receiving high throughput services watiationarypowerful antennas (e,gooftop antennas),
the received signal halse following characteristics:

x Strong received signal power, resulting in high SNR;
x Little or no timevariation;

x For signal received from one transmitter, the chamraglbe mostly modeled as either a
near lineof-sight (LOS) channel or a Rician channel with a strong LOS component;

X Possibly large delay spread, especially in SFN environment.
Channel estimation for fixed serviceanbe quite accuratbecause¢he channels usuallipllow
the predictabld.OS or Rician models, which are generally easier tnese. Furthermore, if a
typical value of SNR fofixed signal detection iaroundl5 dB, whichis equivalent to pilots with
a very high power boostingsuchhigh SNR on pilot symbols can provide accurate channel
estimats for normal propagation conditions with limited multipath delay spréacbrder b
achieve further improvement on channel estimation, or to overcome channels in teRNwi
long delay spread, longer timalomain windownay be beneficiaf a receiveusesa timedomain
smoothing filter.
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6.2.2 Removal of Peak to Average Power Ratio Reduction Techniques
Tone Reservation (TR) afut Active Constellation Extension (ACE) techniques maypplied
at a transmitteto reduce the Peak to Average Power R@BPR)of thetransmittedATSC 3.0
signal, as indicated hytB_papr_reduction (Section 9.2.bf [3]) in L1-Basic
WhenTR is enableda set ofcarriersis reserved for PAPR reduction atids set of reserved
carriersdoesnot overlap with pilot carriers. Therefore, ATSC B0eives cansimply discard the
receivedsymbols in the corresponding reserved carriers. CHheulation of indices of reserved
carriersis the same as the transmitter side, which is described in Section 3.1 of
WhenACE is enabled, no specific operation at ATSCradeives is required.

6.3 De-Framing and De-Interleaving

6.3.1 Frequency De-Interleaving

To minimize the use of dmterleaving memory aa receive, the frequency deterleaving
method ina single memoris recommended whetlee single memory size should be setvalue
a0é_

greater than or equal 10, 5= max ( 028 G676 2 028 &GOS A 2 OSQQ<A)
X 03857 g the maximum number of data cells carried in one 32K OFDM symbol.
X 03855 i the maximum number of data cells carried in one 16K OFDM symbol.
x 028 Q;O<A themaximum number of data celisrrried in one 8K OFDM symbol.

For data recovery at a receiyéhe frequency danterleaver (FDI) performthe inverse of Fl
operation Note that the denterleaving sequences used for FDI operatomidentical to the
interleaving sequense@sed for the FI operation, whiahplies the address generatoir frequency
interleavingis identically used for generating the de-interleaving sequences.

6.3.1.1 Frequency De-Interleaving for 8K/16K FFT Size

In the 8K16K FFT size, frequency daterleaving is accomplished by switchirdternately
betweentwo memories. That is, the first inp@FDM symbol is written to the first memory for
the deinterleaver. The second inpOFDM symbol is then written to the second memory while
the first memory is being read.

6.3.1.2 Frequency De-Interleaving for 32K FFT Size
From the interleaving operations for even and @DM symbols in 32K FFT size, theDI
shouldperformthefollowing two basic operations:
x For even symbols, a pseudo random writing operation into mempeyfamedand then
a linear reading operation (in a seqeeorder) from memory is performed

x For odd symbols, a linear writing operation into memonyegormedand then a pseudo

random reading operation from memorypeformed
Furthermorenotethat in order tgerformfrequency denterleaving in a singlenemoryof size
an Swithout losing data cells (or overwriting between datsgeven if a sequence varies every
symbol pair and each symbol lendth units of data cellsin a symbol pair is different (data
symbol and subframe boundary symbol, for example), the FDI should comply with the following
operations:

X In a received symbol pair, the address sequence for writing the odd symbol should match
to the address sequence for readimeeven symbol. Using the address generased for
frequency interleavingthe matching condition can be satisfied, especially by cyclically
shifting the output address of the interleaving sequence genenadothen checking the
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availability of the output address in the addrebeck blockafter the symbol offset
generator

x Thecell of the previous symbol should be read out from the memory location to which the
cell of the current symbol is to be written. Otherwsame data cells dhe even symbol
will be overwritten.

6.3.2 Time De-Interleaving

6.3.2.1 Extended Time De-Interleaving

As explained irSection4.2.11.3 the key role of the extended interleaving mode wotgblethe
interleaving depth ofhe CTl and HTImodesand the implementatioof each mode&lepends on
manufacturechoice. h the support of the extendediaéerleaving mode at a receiyan efficient
memory managementay be used order to reducthecost of time denterleaving memoryAn
efficient memory management can be achieveadhystingthe bit resolution oéachcell of de
interleaving memory andppropriately quantizinghe inputvaluesof that memory. Figure 6.2
illustratesthe reconfiguration of a linear (sequentiag-interleavingnemoryatfter adjusting the
bit resolution ofeachcell. Note that a linear memory configuration may be considered practically
for convolutional time denterleaving (CTDI) and hybrid time dmterleaving (HTDI). From
Figure 6.2 it is shown that the number of memory celiblesafter memory reconfiguration,
which meanshat / ;3= 2 °cells (without extended interleavingiode)aresufficient to support
the extendede-interleaving mode.

I
Single data cell with-git resolution ) .
Memory figuration

LT

Single data cell with/2-bit resolution

Figure 6.2 Memoryreconfiguration to support extended ihterleaving

6.3.2.2 Hybrid Time De-Interleaving

The hybrid time interleavecan be flexibly configuredwith a combination among theelt
interleaver TBI andCDL. Note that the use @dhe TBI is mandatoryif the HTI mode isenabled
while the use othecell interleaver and CDls optional andheir usds indicatedto a receivevia
L1D_plp_HTI_cell_interleaver andL1D_plp_HTI_inter_subframe , respectively(seeSection7.1.50f [3]).
The configuration ofhehybridtime deinterleaver (HTDI) depends on the HFbr data recovery
at a receive the HTDI performs the inverse of HTI operation. That is, the inverse CDL
corresponding to the CDL used for HTI is fipgtrformedf L1D_plp_HTI_inter_subframe =1. Twisted
block deinterleawng is then performed and cell denterleawng is lastly accomplished if
L1D_plp_HTI_cell_interleaver =1. In the following, the inverse CDL, TBDI and cell-tieerleaer are
described separateyynce each deterleaving operation is unique and independenh®fothers
(seeSection7.1.50f [3]).

6.3.2.2.1 Inverse CDL

From Section5.3.1.2 the CDL follows a typical convolutional interleaving operation (ref. CTI
mode) except thaFIFO registein CDL delaysa group otcells defined as a block uniote that
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the information needed for calculating the FIFO registee $ delivered to a receiveia
L1D_plp_HTI_num_ti_blocks , L1D_plp_HTI_num_fec_blocks , and L1D_plp_HTI_num_fec_blocks_max . The
inverse CDL at a receivesimply performs the inverse ttie CDL operation at a transregt and
its entire operation and implementation is similar to the CDL. The key role afwbese CDL is
to collect thespread FE@locks over multiple subframes in order to feedompletel'l Block to
the TBDI.

6.3.2.2.2 Twisted Block De-Interleaver

An efficient TBDI implementatiomethodis described bwusinga single memory that @nly one
TI-block's worth ofmemory.The input ofthe TBDI can be the output of the dieming process
or the inverse CDL. In the followingto simplify the description, it is assumed that
L1D_plp_HTI_inter_subframe =0. The deinterleaving method for a constandll rate will be described
in detail since itanbe a basis to understand the core of the method featieble cellrate(non-
constant cell rate)ase. The denterleavermethodfor thevariablecell rate case is almost identical
to the constant cell rate cage the TIBlock is synchronized tthe subframéoundary in the time
direction, receivescan begiriime deinterleavingaftersubframe detectiorA receiver first detest
the Preamble to get information abodiBl configuration viaLib_plp_HTI_num_ fec_blocks and
L1D_plp_HTI_num_fec_blocks_max . Then thereceiver can immediately start-dgerleaving using an
allocated TBDImemory

For acomprehensive understandinglddDI operation ima singlememory,a constant cell rate

caseis first consideredin which a wtual FECBIlock is notrequired An example case is given
wherea TBDI operation on a single linear memory array of siZe 0z 04 is consiegredwhere

05 and Ogdenote the number of cells in a FEC Block and the number of FEC Blocks in a T| Block
respectively. Note thatnaaddress generation needed for accomplishing the exact reeming
writing operation on a single linear memory array may be different dependingpamentation
methods, anthis example is basean a 2dimersional memoryarray such as a TBI operatioh.
basic TBDI operatiocan be achieved dsllows.

1) After initial subframesynchronizationgdata cels of the first Tl Blockarereceived and
written intoamemory inaninterleavingsequencerder.During this TIBlock only, there
areno outputdata cellsOnce the whole TBlock isstoredin the memorydata cells are
ready to be output.

2) While the inputdata cel of the second Tl Bloc&rebeing received, thdata cells of the
first Tl Block areread out(in a dedinterleavingsequence orderNote thatthe addresss
for readingwill also be used to write the nedata celldelonging to the second Tl Block,
which leads to the efficient usé TBDI memory

3) When thedata cells of theecond input TBlock areall stored(andthe first Tl Bock is
completely read outjhose data cell@ill alsoneedto be read out.

4) Repeat the second and third steps for the following input TI Blocks.

The following describesthe address generation to performsuccessfulreadingandwriting
operationfor Tl Blocks continuouslypeing input into TBDI. By referring to the principle of the
address generation used in the T&de &ction 7.1.5.4 0f3]), the address faeadingandwriting

on a singlelinear memoryarray carbe achievedAs aforementioned, it isssumed that the first
input Tl Block tothe TBDI is written into a linear memory arrayaminterleavingsequencerder.

In the following input Tl Bocks, he addressyneededor readingandwriting operation can be
generated as follows

=ov= 03x %y+ 4pyfor E0, ®,/ F 1
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where Hs the input cell index andhis the int Tl Block index. The parameters ofyand %yare
calculated as follows

4iv= HEnod Oy
By= SXx 4gymod Og
%= @f+ T UAnod O

Here, the parameters dfjyand %ydenote th&ow and column indices under the assumption of a
2-dimersionalmemory arraysuch @ a TBI operation and Gyis a twisting parametewith the
parameters;,defined as

Q= IK@& @ sF1, 050 SDMNAG:=0.

The following exampleillustrates an example off BDI operation on a single linear memory
array.In this exampletwo Tl Blocks are considered, where each Tl Block has siz8f0y=
4 x 3, andthe Tl Block after interleaving is directljed to theTBDI. Figure 6.3 illustrates the
input Tl Blocks and outpuT| Blocks duringthe TBI operation.

Figure 6.3 Example of inpu®| Block and outpu®| Block in a TBI operation:g)
TheO-th TI Block, (b) The st Tl Block.

Then, an example d¢he de-interleaving process using a single linear memory array as shown in
Figure 6.4is as follows

1) Data cel$ of the first TI Blockarewritten into amemory inan interleavinggequencerder
as shown in Figure 6.4). During this Tl Bock only, no outputiata cel$ areproduced.
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2) When data cedl of the second TI Bloclre being received, the data cells of fiirst Tl
Block will be read outThe addressassed for readingyill also be used to write the new
data cells benging to the second Tl Bck. Figure 6.4 If) denotes the addresses for
readingandwriting on the memory after the first stapd thoseaddresseare calculated
by using the aforementioned address generation.

3) When the data cells of theecond input TBlock are allstored(anddata cells of the first
TI Block arecompletely read ougs shown irFigure 6.4 ¢), those dataellswill alsoneed
to be read au Figure 6.4 d) denotes the addresses for reading the data cellstladter
second step.

4) The second and third steypsl be repeatedor the following input TI Blocks.

Figure 6.4 Example of input Tl Block and outptlit Block in TBDI operation

(a) Memory data cells for th@th TI Block, (b) Address generation for reading

the Gth input TI Block, €) Memory data cells for thiest Tl Block, (d) Address
generation for readintpe kst input TI Bock.

In the case advariable cell ratéLPthat is,the number of FEC Blocks varies everyBlbck,
the position of virtual FEC Blocks (or virtual cells) which are not actually tratesmshould be
known for correct dénterleaving in receivers. Note thatch position information of virtual cells
as well as actual data cels needed to generatke memory address for readingandwriting
operations. Figure 6.8hows arexample of time interleavingnd de-interleavingperations for
the variable cell rate case. In particulhis example illustrates thposition of virtual ce when
aninput Tl Block is writteninto a linear memory array at receisepfter writing, thefollowing
de-interleaving operations on a singledar memory array are similar withe constantell rate
case In this example, it is assumed thafTaBlock has sizeOgx 0¢= 4 x 3 , andthe maximum
number of FEC Bcks and thecurrentnumber of FEC Bcks are 3 and 2, respectivdlye., a
single virtual FEC Block is used). The interleaving andndlerleaving operabns are illustrated
as follows.

1) Figure 6.5 &) shows the output TlIBck after TBI operation atransmiter, where virtual

cells are notransmitted In practice suchskip operation of virtual cellnay be realized
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by neglecting the memory addressf virtual cells during reading operation. That is, the
actual skipping of virtual cells is performed by an address generation, whemayme
address calculation is neglected since the virtual eeflgositioned ahead of the actual
data cells at the TBI input

2) Figure 6.5 ) shows the memory data cells after writing the ingage TI Block into the
TBDI memory Here, note that the position informationvatual cellsskipped inthe TBI
reading process is recoveredhie TBDI writing operationlIn practice, thevirtual cellsare
not inserted as actual data caliglthe memory addresscorrespondingo the position of
virtual cells are not necessarily generated as well.

a0 | e0
bo | fO
bO| g0 a0 | fO | dO | eO | cO | hO
cO | g0
(output data cells after twisted block interleaving
do | ho
— @)
(0th TI block

Memory address 0 1 2 3 4 5 6 7 8 9 10 11

Memory data cells
for the 0-th TI block b0 | g0 | )

a0 | fO / do | e0 cO | hO

Recoverefestimated
virtual cells

(b)

Figure 6.5 Example of time interleaving/dimterleaving with virtual FE®locks
(a) Output data cells afteFBl operation (b) Memory data cells after writingto
TBDI memory.

6.3.2.2.3 Cell De-Interleaver

The output cells ofhe TBDI correspond to the input cells thfe cell deinterleawer. The cell de
interleaver simply performs the inverse of the cell interleaver: 1) Psandom writing operation
and 2) linear reading operatidfrom the insight of cell interleaving operati(aeeSection7.1.5.2
of [3]), it is analyzedhat two memories required for cell-dgerleavingmay bereplacedoy two
memories for FEC decodingor example, bfore thepseudorandom writing operation of cell e
interleaving (into a FEC memory), tleell deimapper operatioms performed ofthefly. This
immediate demapping is possible since tbell mapper blockperatesndependently on each cell
at atransmiter. From the cell denterleawng operationgachoutput vector othe celldemapper
block is pseudorandomly transferred into FEC memory -threefly (without memory required)
After a single FE@lock is stored in FEC memorthebit deinterleawvng and FEC decodingre
performedsequentially Note thatsuch cell denterleaving andcell deimapping orthedly is
possiblesince thecell interleaer performghe inearwriting operation and pseudandom reading
operation.As another example (se€lausel0.4.4 of[10]), it may be possible to use the same
memory as for the preceding or following stageadtdeinterleaver obit de-interleavey.
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6.4 LDM Decoding

The block diagram for LDM decoding anATSC 3.0 receiver is shown Figure 6.6 In ATSC
3.0, since botlCore Layer CL) andEnhanced LayerHL) signals share the same OFDM signal
structure, including FFT sizesuard Intervallength, and pilot pattern, only one process for
synchronizationchannel estimation, frequency / time-iderleavingis needed fothe decoding

of services in both CL and EL.

Figure 6.6 LDM decoding block diagram.

6.4.1 Decoding Process of Core and Enhanced Layers

When ATSC 3.0 receivermocesssombined cells o€L andEL, the CL should be decoded first
treatingthe associated Ehsadditional noise, and then the EL is decoded through the CL re
generation and cancellation. When LDM is usaah decoding process of CL and EL should be
performed withminimal memory consumption as shownFigure 6.7 As shown in the figure, the

first FEC Block of CL in a subframe is decoded first, and then the first FEC Blodkisfdecoded
through the reggeneration and cancellation of the first FEC Block of CL. Then, the same process
is performed for the second FEC Block, and so on. Notd-tB@Block sizes of CL and Emay

be differentin general depending on the choice of ModCod combinations in CL and EL, and
therefore, additional memory receiverswill be required in order to buffer an entire FEC Block.
However, this additional memory will be no more tlthe size ofone FEC Block regardless of
subframe length because of the decoding process shown in Figure 6.7.

Figure 6.7 LDM FEC Block decoding process of Core and Enhahesers
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6.4.2 Core PLP Decoding

As shown inFigure 6.6 decodinga service carried in Core PK$) follows thesameprocess aa
nonL.DM receiving processvith the addition of a power dsormalization step prior to symbol
de-mapping. The received two-layer LDM symbatseachcarriercan be expressed:as

R{G= E®R$G ® G+ EDO®DHG ®FG+ 0{ G

wherel is the OFDM symbol indeX is thecarrierindex. 5,and 5,are theCore and Enhanced
PLP signals, respectivelyzand >are scaling and normalizing factors as defined in Section 6.4 of
[3], Hi(K) is the channel response of #tle carrier in théth OFDM symbol, and\i(K) is the system
noise. Note that when decoding the CL signal, the EL sigisahigly treated as interference.

The CLdecodings performedusing theoutput of thechannel equalizatiofollowed by time
dedinterleaving and power deormalization For the derivation ofinput valuesfor the channel
decoding, th&NR of the CL signal can be calculated: as

_ 2,
Yo 2 20 2

wherePc is the power of the received CL sign@t, is the power of the received EL signk: is
the power of intecarrierinterference (ICl) generated by timariation in OFDM signals, anéy
is the power of system noise.

6.4.3 Core PLP Cancellation and Enhanced PLP Decoding

As shown inFigure 6.6 to decode the services deliveredhrEL, the received CLighal needs
to be removed first, whickequires theCL signal detection and 1generation. In generahe EL
is used to deliver high throughput services that require high SNR conditions. Theref@g, the
signal cancellation needs to be quite accurate in order ¢b thie EL signal SNR requirements.
Fortunately, when there is sufficient SNR to support the EL reception, the sutcessvery of
CL is guaranteed.

The CL signal cancellation can beectly affectecby the channeéstimationperformance,
where thepower of the residual CL signal aftesncellation is calculated:as

v
Jax Tg

where 4y is the power of the crodayerinterference (CLI)and 1£ is the mean square errof

the channel estimat@&herefore, the channel estimation for EL signal detection needs to be highly
accurate in order to support the high SNR conditions. The CLIsigneellation can bgerformed

as

£(G= 4G F = €3 @G

where £ G is the EL symbol after CL cancellatioBl{ G is the regenerated CL signal, and
#£( G is the channel estimate. At higher SNR for EL signal decoding, it can élg aasumed
that the CL signal can be perfectly detected.

Figure 6.8&howsthreedifferent methods for Ckignalre-generation in the Core PLP canceller
block of Figure 6.6. As shown inFigure 6.8, theCL signal can be rgenerated by one of the
following cases:
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1) Whole codeword case: Information and the parities of LDR€Cauter code are directly
usedfrom the Core Layer LDPC decoding block. LDPGereoding in the CL re
generation is not needed.

2) Information + outer code parity cageformation and the outer cogarities are used from
the Core Layer LDPC decoding block. Outer code (8GH) reencoding in the CL ke
generation is not needed.

3) Information only caseOnly information is used from the Core Layer outer code decoding
block. Theentirere-encoding process (i,eouter and LDPC rencoding) in the CL re
generation is needed.

For fixed receptiorwith a high SNR environment (e,dl5 dB or higher), a Core PLWill be
configured with a robust ModCod to have sufficient ShEadroombetween the CL and EL
decoding. In such cases, the CL decoding in a fixed reception area can be easilyl acitieve
quasi error free (QER)erformanceand therefore, the CL signalgeneration cabe performed
using the (1) whole codeworése or (2) inforration + outer code parity case.

Figure 6.8 CL signal re-generation: YWhole codeword(2) Information + outer
code parity, and (3) Information-ontase.

After the CL signal cancellatiomhichis performednthe output of the channel equalization
followed by the time dénterleaving and power deormalization EL decoding is performed using
the output of CL signal cancellatiofor the derivation ofnput valuesfor the channel decoding,

the SNRof theEL signal can bealculated as
2%, 2%,

= — N
Y o 24 2
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wherePcy is the power of Cl after the CL signal cancellation, aRelis the thermal noispower.

6.5 Channel Decoding

The channel decoding process includes thandpping of NUCs bit deinterleaving, and
inner/outer decodingAfter the demapping of NUCs values which correspond to the -bit
interleaved codewords in the transmitter are fed to the hittddeaver, andien to the inner/outer
decodes. Note that these values are often called channel values and they may be obtaimked in har
or soft decisiorform in receives.

6.5.1 LLR De-Mapping for Non-Uniform Constellations

For optimal performancén decoding the demapping of NUCs may be performetda soft
decision such as Log LikelihoeRlatios (LLRs)calculation In ATSC 3.Q two types of non
uniform constellations (NUC3re usedl-dimensional (1BNUC) and 2dimensional (2ENUC).
When 1DNUCs are used, the LLRs can be calculated using thekweln one-dimensional de-
mapper described Section6.5.1.1 In the case of 2INUCSs, the derivation of the LLRs is shown
in Section6.5.1.2.

6.5.1.1 De-Mapping for 1D-NUC

In the cases 0iD-NUCs (QPSK, 1024QAM and096QAM), areceiver mayform LLRs as a
function of two noruniform l-dimensional pulse amplitude modulation (PAM) constellations
representing the tphase (1) and quadrature (Q) components of th&llU. A 2-dimensional de
mapper can be also applied but with higher computationalnegp€onsidering thaa QAM
constellation conveym coded bits, i.e.each constellation component h#®2 possible states,
the structure of the de-mapper is shown in Figure 6.9.

Figure 6.9 De-mapper structure for HDUC.

6.5.1.1.1  Computation of Perfect LLR for 1D-NUC

Giventhe demapper structuref Figure 6.9 LLRs may bedefinedfrom the received constellation
componentd andQ. Note thatindexi refers to the bits dmappedfirom thel components and
indexj from the Q components, antthese expressions describe the Elf& theith bit bj andjth
bit by:
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A positive LLR indicats thatb; or bj wasmore probably transmitted as 1, a negalik® thatb;

or bj wasmore probably transmitted as 0. A particular constellation poisttransmitted with
coordinatedx andQx. Ideally, the received constellation componehtndQ are expected to be
identical. In practicehowever,they are different becaudsie cells in which andQ travel are
subjected to amplitugiading factors!; and lo, respectivelyand additiorlly to noise Therefore,
given that the poink wastransmittedthe conditional probability distribution function (pdf) of
receiving goarticularl andQ can be expressexk

1 LR B
KH TS=ON=JORR)®x —— A 6
32 eé
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Consideringeception of a particular bt or by, if 1 wastransmitted thenthis implies that any of
3,60 3
% possible statewastransmitted, which depesdn the state of the othe%( F1) bits. If Owas

360
transmitted then one of the otheﬂ% possible statewas transmitted Let % denote the set of

constellation points for which theith bit, bi, takes the valuk (0 or 1) and % denote the set of

constellation points for which thejth bit, b, takes the valuk (0 or 1). The conditional pdf for
the received valudsandQ, given thaby or by wastransmitted as,is thus given by the following

360
expression, under the assumption that all of—/%epossible transmitted states for whigh= 1

andb; = 1 are transmitted witlequal probability. In other words, each of the othagrl?(l) bits
takes the values 0 and 1 with equal frequency.

L oA
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32 €éebG
) 2

1 3 7|(E? AEz0
Lk3 x=1o0 2T . I A
T%eeéas

The conditional pdf for receivingand Q, given thatbi or Iy wastransmitted as,ds the same
except that the summation is taken over poinB 9% andx D 9. If Bayes theoremis used and
further assunmg that the transmitted biii or by is itself equally likely to be O or 1, then the LLR
can be obtained as
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6.5.1.1.2  Computation of Simplified LLR for 1D-NUC
The LLR computatiomaybe simplified by applying the Max-Log approximatias

In( A2 + ®+ AY ng x( =)

Then, heapproximatd LR may be obtaineds

4(>|)N I-ﬂmn((+F,gQG) len((+F,gg)6)I

1 . 6 . 6
.4k %0 Nﬁshgngg @k3 RE&0A Fggrcl; @k3 RE&oAI

Note that this simplification of LLReomputationfor 1D-NUC may be suitable for hardware
implementation due to low complexity.

6.5.1.2 De-Mapping for 2D-NUC

In the case oRD-NUCs (16QAM, 64QAM and 256QAM)LLRs may be calculateds a2-
dimensional function. The structure of the de-mapper is shown in Figure 6.10.

Figure 6.10De-mapper structure for 2NUC.
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6.5.1.2.1  Computation of Perfect LLR for 2D-NUC

Given the demapper structure oFigure 6.10,the LLRs may be defined fom the received
constellatior andQ, which describes the LLR for th#h bitb; as

202 1] +93

. G
2R>=0] t3)

LLR(>) = In

A positive LLR indicatsthatb; wasmore probably transmitted asahda negative valumdicates
thatbi was moreprobably transmitted as O. particular constellation pointis transmitted with
coordinatedx andQx. Ideally, the received constellatidnandQ are expected tbe identical. In
practice however they aredifferent becausehe cells in which and Q travel aresubjected to
amplitudefading factors! and !g, respectivelyin addition tonoise. herefore given that point
x wastransmittedthe pdf of receiving particularandQ maybe expresseds

1 (R oA)->kE? AEj0
3] TS=ON=JORR —= A 6 -
L(+3] Y

Considering reception of a particular bitif 1 wastransmitted, then any of"2 possible stateis
transmitted, which depesdn the state of the othen¢ 1) bits. If Owastransmittedthen one of
the other 2 possible statewastransmitted. Let%§ denote the set of constellation poimtfor
which theith bit, b, takes the valup(0 or 1).The conditional pdf for the received valuendQ,
given thatb; is transmitted as,lis thus given by the following expression, under the assumption
that all of the 21 possible transmitted states for whigk 1 are transmitted witbqual probability.
In other words, each of the othen { 1) bits takes the values 0 and 1 with equal frequency.

1 (R oA >KE? a0
F1) = = [ A 6

ebG

The conditional pdf for receivingandQ, given thatb wastransmitted as O is the same except
that the summation is taken over poirt® %, If Bayes' theoreris used andassuminghat the
transmitted bib; is itself equally likely to be 0 or 1, then the LitRaybe obtaineds
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6.5.1.2.2  Computation of Simplified LLR for 2D-NUC
The LLR computatiomaybe simplified by applying the Max-Log approximatias

a & _
In( A* + ®+ AY N{Pgﬁé,(‘l)
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Then, heapproximated.LR may be obtained as:

1
L 4(>) N=— Hnin @+ F )%+ k3 F §3,0A Fmin @+ F £+ k3 F £3,0A1
28°% spo eDG

Note that this simplification of LLReomputationfor 2D-NUC may be suitable for hardware
implementation due to low complexity.

6.5.2 Bit De-Interleaving

Bit de-interleavingin a receivers the reverse operation of the bit interleaving operatiorain
transmitter.Note thatthe bit deinterleaving in receiveris performedon channel values (e.g.,
multi-bit LLR values) while the bit interleaving in transmitas performedon individual
codeword bits.

The channel values such as LLR values are firshtdeleaved by the block daterleaverFor
correct decoding the type and configurationghefblock deinterleavershould bethe same as
those of the block interleaverihe transmitterThe block denterleavng can beperformedusing
memory ontaines (e.g., columns for Type A block deterleaver and rows fdrype B block de
interleaver)based on thevrite/read operations. As shown kiigure 6.11 when the Type A and
Type B block interleavers are implemented basethemolumnwriting/row-reading and row
writing/columnreading operations, respectivetiie Type A and Type B block dmterleavers
should be implemented based tme row-writing/columnreading and columriting/row-
reading operations, respectivelNote thathe column and rowperationsan be implemented by
switchingeach other.

Write Read
r _____________________ 1 I ___________________ =
: Column 0 Column Nc-1 : I Column 1 Column Nc-].:
|
: RowO [ S = B > : | Row1 :
| . . .| : I
I » | | ] ‘," |
| S | Partl | e |
I I | I
| | | ;" |
[ | | [
| | | |
Iﬁlow Nri-1 [ ., > : Row Nri1-1 :
l | I T COT
I_ ______________ _ _______ I I_______+___‘v ______ . ;"'___I

| Column1 . Column Nc-1 | Column 1 . Column Nc-1

|
1 |

ROW Nri-1 . ””” l::’:t:::t::::—::::. : :ROW Nr1-1 . . . :

Row Nr1+Nr2 1 T p Part2 pow er+Nr2 1 I

| |

Figure 6.11De-interleaving process of Type A block deerleaver

Similar to the block interleaven the transmitterthe containers fathe Type A and Type B
block deinterleavers aredivided into two partsPart 1 and Part 2, and the configurations for Part
1 and Part 2 block de-interleaving are also determined based on each modulation forme¢ and c
lengthusedin the transmitterin the case ofypeA block deinterleaverfor examplejf an LDPC
code of length 64808nd 256QAM modulation angsed inthe transmitter, the numbers of rows
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in Part 1 and Part 2 are 7920 and 180, respectively. If an LDPC code of lengttah@8 ZBRAM
modulation areisedin the transmitter, the numbers of rows in Part 1 and Part 2 are 1800 and 225,
respectively. Note thdhe unit for deinterleaving is the channel values.

The number of columns of th#ock deinterleaver is determined by the modulation format
used inthe transmitterln the case of Type A daterleaver, the number of rows in Part 2 is

obtained b}(%‘aﬁ 0z2) where Ogand 035 denote the numbers of columns and rows in Part 1,
|

respectively. If@%ﬁaﬁ 035 A> 0, the channel values corresponding téeastone bit groupof

transmittersare divided in at least two columns andinterleaved in Part 2.

Following the block denterleaver, the groupise deinterleaverdeinterleaves the output of
the blockde-interleaver. Since the growpise deinterleawng is performed on a group basis, the
block deinterleaved channel values are first split into multiple channel value gridops.that
each channel value group has the same size as thleldactor of the LDPC codeword (i.e., 360)
S0 as tocorrespondo a bit group(360 bitg in transmitters The channel value groups are- de
interleavedbased on the equation and de-interleaving order defined in Section 6.2.2 and Annex B
of [3], respectively. Since the deterleaving order is a reverse of the interleaving order, the de
interleaving is also performed based on the pattern defined in Annej3B of

When a Type A LDPC code is usenh the transmitterthe output of the groupise de
interleaver ighe input to the LDPC decodeWhen aType B LDPC code is usethe output of
the groupwise deinterleaver is furtheparity deinterleavedand the parity deiterleaved values
are theinput to the LDPC decoder.

6.5.3 Inner and Outer Decoding

For inner decoding, the LDPC decoding corresponding t&@@M is performedo correcterrors
over a physical channel. Theaeea number of LDPC decoding algorithms which may provide
tradeoffs between decoding performance and hardware complexity.

The sumproduct algorithm (SPA) is known as the best performing and the most complex
decoding algorithm. In order to reduce decoding complexity of the SPA, simplified decoding
schemegan be used. Firsthe minrsum algorithm (MSA) is a simplified method that can dyeat
reduce decoding complexity comparedhe SPA, but it may introduce substantial performance
degradation in terms of bit error rate (BER) or framerate (FER)The modified MSAgan be
usedto improve the BER and FER performance of Mf&A, and there arthe normalized min
sum algorithm (NMSA) and offset msum algorithm (OMSA), which use normalization and
offset terns for the output of check node operatiomspectively.

Given the four different LDPC decoding algorithms (i%PA, MSA, OMSA, and NMSA),
the simulation performance of ATSC 3.0 LDPC codean®WGN channelwas analyzedor
the NMSA and OMSA decoding parameters for each combination of code rate and code length
should be appropriately determindable 6.1 shows the optimized scaling and offset values of
OMSA and NMSA that support the best decoding performance with extensive gimulat
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Table 6.1 Optimized Offset and Scaling Values

Code Rate 16200 BiF 64800 BiF
Offset V alue Scaling Value Offset V alue Scaling Value

2/15 0.31 0.9 0.46 0.63
3/15 0.47 0.65 0.48 0.63
4/15 0.47 0.67 0.46 0.62
5/15 0.5 0.65 0.48 0.64
6/15 0.5 0.8 0.51 0.8

7/15 0.57 0.78 0.44 0.73
8/15 0.57 0.76 0.6 0.77
9/15 0.6 0.78 0.54 0.75
10/15 0.6 0.72 0.57 0.75
11/15 0.6 0.73 0.56 0.73
12/15 0.6 0.72 0.58 0.72
13/15 0.63 0.65 0.6 0.72

The performance AATSC 3.0LDPC codesvas analyzediven the theoreticahresholdsand
computer simulatiomesults Note that theheoreticathresholdf each codevere calculatetby
Density Evolution algorithpmandthe computer simulation result&reobtained using 50 iterations
for LDPC decoding. Note also thattaeshold is defined as the theoretical performance tmait
a given LDPC code can achieve when the code length goes to infiaiie 6.2 andTable6.3
show theperformance differenceBom the Shannon lims to the theoreticathresholdsand
simulationresults in the cases of ATSC 3l@ort and long coderespectively. Note that the target
FER for LDPCcodesin computer simulatiowasset to10* since the concatenation of LDPC and
BCH codes provides overall FER performance lower thah 10

Table 6.2 Performance Difference from ti8hannorCapacity Limit to the
Theoretical Thresholds and Simulation Results (Short Code Cases)

Performance D ifference from Theoretical Performance D ifference from Simulation R esults
C%i‘ie Threshold s (dB) (dB) @ FER=10%
SPA MSA OMSA NMSA SPA MSA OMSA NMSA

2/15 0.5 2.47 0.78 0.96 1.35 2.09 1.58 1.69
3/15 0.5 2.07 0.9 0.86 1.14 2.52 1.49 1.46
4/15 0.56 1.85 0.86 0.82 1.1 2.07 1.37 1.34
5/15 0.41 1.61 0.69 0.71 0.93 2.18 1.35 1.34
6/15 0.24 1.66 0.58 11 0.91 2.09 1.18 2.32*
7/15 0.23 1.52 0.54 0.94 0.82 1.93 1.08 2.16*
8/15 0.16 1.37 0.41 0.8 0.74 1.78 0.95 1.96*
9/15 0.25 1.16 0.4 0.54 0.72 15 0.86 1.04*
10/15 0.15 1.12 0.32 0.49 0.65 1.49 0.77 1.44*
11/15 0.25 0.91 0.35 0.36 0.64 1.22 0.72 0.82*
12/15 0.19 0.8 0.28 0.29 0.62 1.12 0.68 0.75
13/15 0.23 0.75 0.31 0.29 0.62 1.08 0.68 0.71*
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Table 6.3 Performance Difference from ti8hannorCapacity Limit to the
Theoretical Thresholds and Simulation Results (Long Code Cases)

Performance Difference from Theoretical Performance Difference from Simulation R esults
C%iete Threshold s (dB) (dB) @ FER=10"
SPA MSA OMSA NMSA SPA MSA OMSA NMSA

2/15 0.19 2.28 0.70 1.00 0.71 2.62 1.66 2.37
3/15 0.19 2.00 0.57 0.65 0.63 2.27 1.01 1.09
4/15 0.21 1.75 0.50 0.47 0.6 1.99 0.89 0.93
5/15 0.22 1.58 0.46 0.44 0.6 1.79 0.81 0.81
6/15 0.29 1.67 0.58 1.09 0.73 1.87 1.05 2.59*
7115 0.25 1.23 0.43 0.45 0.58 1.39 0.74 0.76
8/15 0.24 1.38 0.44 0.76 0.58 1.56 0.84 2.03*
9/15 0.19 1.17 0.36 0.54 0.53 1.35 0.69 1.63*
10/15 0.18 1.08 0.33 0.47 0.5 1.25 0.65 1.05*
11/15 0.18 0.90 0.29 0.33 0.46 1.05 0.56 0.82*
12/15 0.17 0.82 0.27 0.30 0.43 0.99 0.52 0.58
13/15 0.17 0.68 0.24 0.25 0.41 0.85 0.48 0.52*

As shown inTable6.2 andTable6.3, the performanadifferencedrom the Shannon limits to
the theoreticathresholdsn the use othe SPA algorithmare0.15 to 0.56 dB for short LDPC code
casesand0.17 to 0.29 dB for long LDPC codeEhis implies thatthe ATSC 3.0 short and long
LDPC codesre weltdesigned to approach the Shannon capacity limits. The results also show that
the long LDPC codes haapproximately 0.15 to 0.64 dB better performance thashort LDPC
codes because of length benefit. The SPA algorithm outperforms all other alganthies
theoreticalthresholdsand computer simulatioresuls for all casesalthoughit has the highest
decoding complexityThe OMSA alsoprovides stable and good decoding performance close to
the SPA.Converselythe NMSA has significant performance degradation for somescasarked
by asterisks immable6.2 andTable6.3. In those caseshe NMSA performs simildy or worse
thanthe MSA. This is caused by NMSA's inevitable error floors due to the channel mismatc
effect. To resolve this problem, BCH csdean be used in conjunction with LDPC cede
Therefore, it is recommended traat ATSC 3.0 transmitter use tloencatenation of BCH outer
code and LDPC inner code to support good decoding performance at ATSC 3.0 receivers.

Figure 6.12 showshe Shannon limit and the FER performance for each LDPC decoding
algorithm for code rate 10/15 and code length 64800. As shown in this tigei&2Ashows the
best performancenhile theMSA providesthe worst performance. The performancéhelOMSA
and NMSA is similar in high FER regiphoweverthe NMSA has a serious error floor at FER
lower than10* and can predict that there is a crosgr near FER 20° between théSA and
NMSA. Converselythe OMSA provides stable performance without any error floor in all FER
regions. The decoding complexity tife OMSA is slightly higher tharthe NMSA, but it can
provide a stable and superior coding performance in atlakes.
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Figure 6.12LDPC code performance based on various decoding algorithms
(Code rate = 10/15, Code length = 64800, AWGN channel).

6.5.4 Decoding of L1 Signaling

Decoding of L1 signaling ithe reverse operation of L1 protection operation in the transmitter.
First of all, receives can acquirghe information abouthe L1-Basic Mode from the bootstrap.
Since the length of L-Basic signaling ifixed at 20(its, receiversaneasily calculatéhe number

of cells occupied by L-Basic signaling bits in the firfreamble symbol. After decodihg-Basig
ATSC 3.0 receivers aagre the informatiombouttheL1-Detail Mode and the length of Detail.
Note thateachL1 protection modés determined based arcombination of the LDPC codate
modulation orderandthe number of punctured bits tlee humber oshortenedits ratio (PSR,
asshown inTable4.9 of Section4.2.10.

Since thd_1 signaling is protected by a shortened and puadluDPC codeat the transmitter
the LDPC decoder at a receiver determines the length of shortened (i.epadénng) and
punctured bits in an LDPC codewaad well asappropriateshortening and puncturing patterns.
For each L1 potection mode, the shortening and puncturing patterns are determined based on the
LDPC coderate modulation order, aneSR Note that the shortening and puncturing patterns are
defined oma bit-group basis.

Based on the determined shortening length and pattern, the decoder inserts a fixed channel
value at the positions corresponding to shortenedHbiie, the fixed channel value is usually set
to the maximum LLR value defined the LDPC decoder since zeropadding bit can be treated
as a signal with LLR =», theoretically. Similarly, based on the determined puncturing length and
pattern, the decoder inserts another fixed channel value at the punctured pos#tientheHatter
fixed channel value is usually set to LLR = 0 since a punctured bit is an erasurepsesjgnial.
Whenthe repetitiorof parity bitsis applied at the transmittéar L1-Basic Mode 1 and LDetall
Mode 1, the decoder combines the LLR values for the repeated parity bits. The combthag of
LLR values is simply achieved by adding the LLR values of repeated pasifpbihe same parity
bit locatiors. Note that the length of the repeated parity bits is determined based oretlo¢ si
concatenation of L1 signaling and BCH parityeck bits.
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After the insertion of appropriateLR values for the shortened and punctured bits and
combining of LLR values for repeated parity biiginterleaving corresponding to the Greup
Wise Interleaver included in the parity permutation specified in Section 6,5,2,822 8] is
performed, followed by LDPC decoding. Aftdre LDPC decoding and zero removal for the
output of LDPC decoding, the decoder performs BCH decoding, and finally, the L1 signaling is
obtained by desaamblingthe output of BCH decoding.

Whenthe size of LiDetall signaling exceeds a segmentation reference ¥algethe Lt
Detail signaling is segmented into multiple smaller kéoat the transmitter arttie LI1-Detall
signaling is transmitted byne or more FEC Frames. Therefore, when applying the segmentation
of L1-Detail signaling at the transmitteATSC 3.0 receivergombine thesegmented multiple
blocksbased orthe valueKsegafter decoding each segmented bld¢kqfor each LiDetail mode
is determinedbased on the LDPC codateandPSR as described inegtion5.2.5.2.

Whenadditional parityis configuredat thetransmitter and the number of additional parity bits
exceeds the number of punctured bits, repeated bits are selected. Thaniaithé repetition of
parity, the decoder combines the LLR values for the repeated parity. THénoapof the LLR
values § simply achieved by adding the LLR values of repeated parity bits for the satpdpar
locations.

6.6 TxID Detection

TxID can beutilized by specializedeceivers to obtain channel impulse response information for
separation of signals from multipi@nsmittes inanSFN. A block diagram for TxID detection in

a specialized receivére., a TxID analyzers shown inFigure 6.13WhenRF signals including
TxID from multiple transmitters are received @geceiving antennabootstrap decodes used

to decode the bootstrap atwachievesynchroniationwith the following ATSC 3.0 framaihen
preamble_structure  IN the bootstrap is obtained, the FFT sizethef Preamble is known, which
determines the length of a TxID sequeridee TxID sequence is generated from a TxID sequence
generator according to Annex N of [3], and then a correlatoised to perform a correlation
between the received baseband signal and the generated TxID seduerosemble average
scheme may be usdd improve TxID detection performance, as this scheme agtgegnd
averagegshe correlation value®ver multiple ATSC 3.0 frames. Channptofiles of individual
transmittersn SFNare representeat a TxID profile display.

Figure 6.13Block Diagram of ATSC 3.0 TxID Analyzer

Preamble ancellation methods may be also used to improve the TxID detection perfermanc
more significantlyFigure 6.14shows three differemhethodgshatperformPreambleancellation
Thedetails of thePreamble canclaltion methodsre as fows:

1) Preamble pot cancellationmethod When the randomness ofie Preamble is not

sufficiently highdue toapilot patternin the PreambleTxID detection performance can be
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2)

3)

saturated evethough @ ensemble average is used oviarge number of frames. The key
idea of this cancellation method is to remove constant components, i.&,,ipitbe first
Preamble symbol so that the frame averaging gairbe significantly increased. First of
all, the pilot generator generat@seamble pilos and common continual pileaccording

to the indicated value @feamble_structure . The generated pilsare therOFDM modulated,
which transforms frequency domain p#anto time domain signalsA channel gain
compensator includes channel estimation and compensation of the received sighal base
on the estimated channel response. The channel respotise flrequency domain is
estimated by using the pikof the firstPreamble symbol, and the compensated signal is
generated by using the estimated channel response and the modulatedThp#ot
compensated signals are subtracted from the receiveebdrad signals so that the
componets corresponding to pilstof the firstPreamble symbol are removed from the
received signals. Therefore, the output of Breamblecancellationblock consists of
ATSC 3.0 signalsvithout pilots of the firstPreamble symbol, TxID, and noise.
Preamblecancellation with full LDPC decodind he Preamblgilot cancellation method
provides a significant performance omghenthe number of averaging frames is large
enough.For improveddetection performanceithout usingthe ensemble average over
multipleframes it is necessary to remotteewhole Reamble including thdataand pilos.

To remove the data partthie Preamble, LDPC decodingf thePreamble is required\fter
the Preamble is decodedhe signals corresponding to the decoded data agemerated
according to the prossof protection for L1signalingas specifiedn Section 6.5 of [3].
After the Preamble rgenerabn, the samerocess am the Preamblepilot cancellation
methodis used

Preamblecancellation with QPSK hard decisidmplementatiorof Preambledecoding in
method (2) includesn LDPC decoder, which masesult in high complexityf a TxID
analyzer. For achieving lowcomplexity of TxID analyzer hardwarehard decision
decoding othe Preamblemay be usedAs QPSKmodulationis used for Model, 2, and

3 of L1-Basic and L1Detail,a TxID analyzer performs QPSK hard decision decoding of
thePreamble. Therefore, the LDPC decoding and Preamiglerreration as in method (2)
can be omitted to achieve low complexity of a TxID smat. Note that this method may
provide similar TxID detection performance as method (2), but it is useful dvely Mode

1, 2, or 3 of L1 signaling is used.

87



ATSC A/327:2025-02 Guidelines for the Physical Layer Protocol 24 February 2025

(@)

(b)

(©

Figure 6.14Preamblecancellatiormethods (a) Preamble ot cancellation (b)
Preamblecancellation with full LDPC decodingc)(Preamblecancellation with
QPSK hard decision

7. GUIDELINES FOR MOBILE SERVICES

As theATSC 3.0 physical layer protocoffersflexibility, it allows broadcasters to choasavide
range of physical layer parameters frattra-robustmodes to higtcapacitymodes.This section
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provides a guidelinéor ATSC 3.0 mobile services, by taking into account ATSC 3.0 physical
layer parameter choices enabling robust reception and lower power consumption.3ArSC
mobile receivers that may have limited power resources and require lower gmvgaimption
(e.g., portable or handheld devices) should be able to support the physical layer paitzoresr
described in this section.

7.1 Input Formatting

Thesame Input Formatting guidelimas in Sectiorb.1.1 should be applied for ATSC 3.0 mobile
servicesWhen a complete delivered product is composed of multiple PLPs, ATSC 3.0 mobile
receivers maylecode only a portion of the delivered product. For example, when SHVC is used
such thatheBase Layer is carried in a robust PLP #meEnhancement Layer is carried in a high
capacity PLP (i.e., less robust), ATSC 3.0 mobile receivers may decode only the tdhust P

7.2 Bit Interleaved Coding and Modulation (BICM)

7.2.1 BICM for Data Payload

The recommendeModCod combinations for ATSC 3.0 mobile services are describ&dhle

7.1 Note thatTable 7.1 defines a subset of thénner= 16200 lits (i.e., short codesmodCod
combinations offable4.8 with the higher code rates of 12/15 and 13/15, as well as the Hhigher
order modulation of 256 QAM, being omitted due to lower robusttieissalso recommended that
BCH be always used dke outer codén order to provide additional error correction capability
and prevent possible error fl@oAlthough acheck markr in Table7.1representthe mandatory
ModCod combinationgsee Sectiod.2.9), it is recommended thatl the ModCod combinations
described inTable 7.1 be implemented in ATSC 3.0 mobile receivers as welAaSC 3.0
transmitterdor the full range of flexibility withirthis limited set offable7.1.

Table 7.1 Recommended ModCodoghbinations foATSC 3.0 Mobile 8rvices
(Ninner= 16200 ltts, i.e., Short Codes)

Code Rate/ 2/ 3/ 4/ 5/ 6/ 71 8/ 9/ 10/ 11/
Constellation 15 15 15 15 15 15 15 15 15 15

QPSK r r r r r r r r

16QAM r r r r r

64QAM r r r r r r r

7.2.2  Protection for L1-Signaling

The recommended L1 protection modes for ATSC 3.0 mobile service$-&asic Mode 1, Mode

2, or Mode 3, and L-Detail Mode 1, Mode 2, or Mode Bdditional parity may be used to further
enhance time diversity of LDetail. When additional parity is used, it is also recommended that
L1-Detail Mode 1, Mode 2, or Mode 3 be used.

7.3 Framing and Interleaving
7.3.1 Time Interleaving

7.3.1.1 Time Interleaver Modes

It is recommended thaachPLP intended for an ATSC 3rfiobile service be configured with

eitherthe CTI mode (see Section 7.1.48) or the HTI mode (see Section 7.1.93)). Whena

complete delivered product for an ATSC 3.0 mobile service is configured with a GmglPLP

thathasa constant cell rate, it is recommended that the CTI mode with the maximum¥&pth (

rows in the norextended mode) be usedn@ximize time diversity. When a complete delivered
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product of an ATSC 3.tnhobile service is configured with multip@ore PLPs(up to four) it is
recommended that the HTI mode be used.

7.3.1.2 Time Interleaver Size

As the maximum size of time interleaver memory foingle, complete delivered product2¥
cells (see Section 7.1.2[@]), ATSC 3.0 mobile receivers should be able to support 8 tells
for time deinterleaving(and up to 2 cells for extended time daterleaving)

7.3.2 Framing
7.3.2.1 Frame Length

It is recommended thalhe ATSC 3.0 framdengthbe set less than or equal to 250 ms when fast
service acquisitiofs required .t is alsorecommended that botime-aligned frame and symbol-
aligned frame be supportefbr ATSC 3.0 mobile services.

7.3.2.2 PLP Multiplexing

It is recommended that all the multiplexing techniquesttt@®ATSC 3.0 physical layer protocol
offers (i.e., TDM, SSM, FDM, and LDM) be supported for ATSC 3.0 mobile services. When a
multiplexing technique is used, ATSC 3.0 mobile receivers should be able to decodtRaP(
are intended for mobile service($jor example, when TDM is used atdo subframes are
configured to deliver mobile and fixed services, ATSC 3.0 mobile receiverdeutide the first
subframethat is intended for mobile servicésee Sectio®.3.2) When LDM is used, ATSC 3.0
mobile receivers will decode Core PLP(s) intended for mobile ser{seesSection.2.4).

7.3.3 Frequency Interleaving

It is recommended th#he frequency interleaver address generation schemes for the 8K or 16K
FFT sizes be used. The frequency interleaver addressagem scheme for the 32K FFT size
should not be used as the 32K FFT size is not recommended for ATSC 3.0 mobile services.

7.4 Waveform Generation
7.4.1 Pilot Insertion

It is recommended thatcatered pilotsfor ATSC 3.0 mobile services always uSg¢= 2. The
recommended choices of scattered pilot pastton ATSC 3.0 mobile services are described in
Table7.2.Note thatconfiguration combinations which anet allowed are indicatealy N/A.

The pilot boost signaled hyB _first_sub_scattered_pilot_boost ~andL1D_scattered_pilot_boost Mmay
be used for improved channel estimation performanéd SC 3.0 mobile service®etails of the
pilot boost recommendatioase described in Sectigh2.4.
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Table 7.2 Recommended ScatterPdiot Patterns for ATSC 3.0 MobileeBvices

Gl Pattern Samples 8K FFT 16K FFT
GI1_192 192 SP32_2, SP16_2 SP32_2
Gl2_384 384 SP16_2, SP8_2 SP32_2, SP16_2
GI3_512 512 SP12_2,SP6_2 SP24_2,SP12_2
Gl4_768 768 SP8 2,SP4 2 SP16_2, SP8_2
GI5_1024 1024 SP6_2, SP3 2 SP12_2, SP6_2
Gl6_1536 1536 SP4 2 SP8_2, SP4 2
GI7_2048 2048 SP3 2 SP6_2, SP3_2
GI8_2432 2432 N/A SP6_2, SP3_2
GI9_3072 3072 N/A SP4 2
GI10_3648 3648 N/A SP4 2
Gl11_4096 4096 N/A SP3 2

7.4.2 Inverse Fast Fourier Transform (IFFT)

It is recommended th&8K or 16K FFT sizes be used for ATSC 3.0 mobile servid2k. FFT size
should not be used for ATSC 3.0 mobile services due to the narrower carrier shatenthat
this recommendation applies to both Preamble and subframe symbols.

7.4.3 Guard Interval

The recommended guard interval choices for ATSC 3.0 mobile services are descFilgd7.3.
Note that the guard interval choicesTiable7.3 are onlylisted for 8K and 16K FFT sizesince
the 32K FFT size is not recommended for mobile use. Note alsthéward intervals allowed
for each FFT size are indicatéy a check markr , andthe disallowedguard intervals are
indicatedby N/A.

Table 7.3Recommendeuard Intervals for ATSC 3.0 MobilecBrices

Gl Pattern Duration in  Samples 8K FFT 16K FFT
Gl1_192 192 r r
Gl2_384 384 r r
GI3_512 512 r r
Gl4_768 768 r r
GI5_1024 1024 r r
Gl6_1536 1536 r r
GI7_2048 2048 r r
GI8_2432 2432 N/A r
GI9_3072 3072 N/A r
GI110_3648 3648 N/A r
GI11_4096 4096 N/A r
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. System Performance

A.1 INTRODUCTION

This section describdhe system performance ¢ifie ATSC 3.0 physical layeincluding BICM,
OFDM, and time andfrequency interleaverin various channel conditions. The system
performance was measurdéstough computer simulations, laboratory tests and field tests.

Note that the computer simulation results shown in Annaxe&Ahe theoretical limits that each
ModCod combination in ATSC 3.0 can achieve. The laboratory and field test rthstilgere
obtained through professional ATSC 3.0 equipment show possible implementation losses
compared to the theoretical limits. Note also that whienh poosting is used, theeasuredalues
can be recomputed by adding the power reduction values showialieB.4.1.

A.2 CHANNEL MODELS

The system performancgas measured undeour different channel models such as AWGN,
Rician (DVB-F1), Rgleigh (DVB-P1), and TU6 channel models. Rianand Rayleigh channel
modelsare commonly used to simulate fixed reception and portable reception, respeRiiah
channel consists of one main hoésight (LOS) path and 20 multipatkvithout Doppler shift
Rayleigh channel has one maiomLOS path and 19 multipastwithout Doppler shift.TU-6
channel is used to simulate mobile reception conditions easn be simulated with different
velocities (e.g., 3 ~ 300 km/hhe details of each chanmabdelare described ifiLO].

A.3 SIMULATION, LABORATORY TEST AND FIELD TEST RESULTS

The system performance othe ATSC 3.0 physical layewwas measuredhrough computer
simulatiors, laboratory tesf and field test. In computer simulatianand laboratorytess, the
channel model were accurately simulated and reflected. In tleal field tess, the reception
locationswereselected by measuring the real channel conditionsaeedclose tothe channel
models used for computer simulations and laboratory tests. Nevertheless, nbie fhaailike
channel in the field environmewnias worse than the Ran model used for computer simulason
and laboratory test In addition, the RayleigHike channel in the fieldvas milder than the
Raylegh model used for computer simulat@nd laboratory testThe detailedystenparameter
choices for the ModCod performan@sultsareshown inTableA.3.1. The system performance
results in AWGN, Ri@n, and Rayleigh channels are showhableA.3.2, TableA.3.3, andTable
A.3.4, respectivelyThe smulation performance results in T8 channelvith variable velocities
(3 ~ 300 km/h) are shown ifableA.3.5 andTableA.3.6.
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Table A.3.1 SystemParameters for Simulations, Laboratory Tests, and Field

Teds
Frame Length (Symbol Aligned M ode) 255.33ms (Including the bootstrap)
Bandwidth 6 MHz
RF Channel 50 (Center frequency = 689 MHz)
FFT Size 16K
Guard interval Gl7_2048
Preamble Parameters Pilot Pattern SP_Dx=3
Signaling Protection L1-Basic Mode 1
# of Preamble Symbols |1
FFT Size 16K
Guard interval GI7_2048

Payload OFDM Parameters

Pilot pattern

SP_Dx=3,SP_Dy=4

Pilot boosting

No pilot boosting

# of payload symbols 94
Time interleaver CTI (1024 depth)
Frequency interleaver On

Payload BICM Parameters

Inner/outer code

LDPC 2/15~13/15 (64800, 16200) /BCH

Constellation

QPSK ~ 4096QAM for AWGN, Rician and Rayleigh
QPSK ~ 256QAM for TU-6
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Table A.3.2 Required C/NdB) for BER = 16 After LDPC and BCHDecoding

Under AWGNChannel
2/15 3/15 4/15 5/15 6/15 7/15 8/15 9/15 10/15 11/15 12/15 13/15
Lab test 40 31 20 [10 [05 [09 0o 28 3.7 W42 51 60
Long Simulation |-6.1 42 |28 1.6 |04 04 1.3 P21 29 (3.7 46 6
Fieldtest -3.9 29 1.9 -07 07 11 22 29 B9 |44 B3 .2
QPSK Lab test 42 28 16 07 07 1.4 P21 28 3.7 42 51 .1
Short Simulaton |55 +-3.7 2.3 1.2 |02 [06 15 23 31 39 48 |58
Fieldtest |-41 27 |15 -05 09 [1.6 23 29 B39 [45 |53 6.3
Lab test 18 07 1 36 55 59 7.2 83 9.2 101 [11.1 [12.3
Long Simulation |26 -0.1 1.6 29 |44 (54 65 75 85 (9.6 107 [11.9
Fieldtest 1.6 09 [24 37 /7 1 73 85 94 |105 [114 [12.6
16QAM Lab test -1.4 10 P26 38 55 63 74 83 9.4 102 [11.3 [125
Short Simulaton 2.1 04 20 33 |46 57 66 7.7 [87 (9.8 1109 [12.2
Fieldtest 1.3 12 [29 39 558 65 76 86 9.6 [105 [11.8 [12.8
Lab test 05 130 49 65 [89 95 [11.3 126 [13.8 [150 1163 [17.6
Long [Simulation 0.2 2.4 43 61 7.8 9.1 105 [11.7 13.0 144 [157 [17.3
Fieldtest 06 3.2 [52 6.9 9.2 9.6 11.4 128 139 [152 [16.6 [17.7
64QAM Lab test 09 35 B3 69 91 104 [11.7 12.7 140 [151 16.4 [17.9
Short Simulaton 0.4 2.8 47 68 (8.1 95 [10.7 12.0 [13.2 [14.7 160 [17.4
Fieldtest 1.2 3.7 [55 (71 9.3 [10.6 11.9 129 142 [155 [165 [18.1
Lab test 23 48 72 9.1 [11.7 |12.7 149 165 183 [19.7 [21.3 [23.0
Long [Simulation 1.7 4.4 6.7 87 109 [12.2 14.1 [157 17.3 189 [20.6 [22.4
Fieldtest 25 50 (7.3 9.3 [11.8 [12.9 150 (16.8 185 [19.9 [21.6 [23.4
256QAM Lab test 27 53 78 95 [11.8 [13.8 [15.4 16.6 184 198 [21.5 [23.3
Short Simulaton (2.4 4.8 [7.2 9.0 [11.1 12.8 144 16.1 [175 [19.2 209 [22.8
Fieldtest 29 56 (8.1 9.8 [12.1 [14.1 156 (16.8 185 [19.9 [21.7 [23.4
Lab test 38 6.8 9.4 [11.7 [14.4 |16.0 185 20.6 225 253 [26.4 [28.4
1024QAM  |Long [Simulaton 3.4 6.3 8.9 11.2 (13.8 154 (17.7 19.7 21.6 [23.6 257 [27.8
Fieldtest 4.1 7.2 (9.7 [11.9 145 [16.4 18.7 20.8 22.8 [252 [26.6 [28.5
Lab test 52 85 [11.5 [14.1 [17.0 |19.1 [21.7 [24.0 265 [28.7 [30.8 [33.4
4096QAM |Long Simulation |47 (8.0 10.8 [13.6 [16.3 |18.3 [20.9 23.3 25.8 [28.1 30.5 [33.1
Fieldtest 5.4 8.8 [11.9 14.2 [17.1 [19.3 22.1 24.2 26.7 [28.9 315 [34.0
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Table A.3.3 Required C/NdB) for BER = 16 After LDPC and BCHDecoding
Under RicanChannel

2/15 3/15 4/15 5/15 6/15 7/15 8/15 9/15 10/15 11/15 12/15 13/15
Lab test -43 29 1.8 08 09 12 24 3.2 4.1 4.7 5.7 6.8
Long [Simulation 6.0 4.2 |27 15 0.2 (0.7 1.6 25 3.4 4.2 5.2 6.4
Field test -3.7 23 1.2 00 14 21 32 42 .1 5.8 7.0 8.7
QPSK Lab test -39 27 |14 04 11 17 25 3.2 4.2 4.8 5.8 7.0
Short Simulation |-5.5 |36 |22 |11 (0.1 (10 [1.8 (2.7 [35 4.4 5.4 6.6
Field test -3.6 21 09 (04 18 (23 3.2 39 50 6.1 7.2 8.5
Lab test -16 09 24 38 /58 6.2 7.7 B89 9.8 10.8 119 113.1
Long [Simulation |25 0.1 |18 (3.2 47 56 6.8 7.9 .0 101 112 (126
Field test -1.0 15 |27 45 61 69 86 99 (106 (11.8 [13.1 (144
16QAM Lab test -1.1 1.1 29 41 60 69 (79 88 9.9 109 (119 |134
Short Simulation |-2.0 06 (22 36 49 B9 [70 81 9.2 10.3 114 129
Field test -05 (18 (3.7 48 6.7 75 86 (9.8 [11.3 [12.2 (136 [14.9
Lab test 07 33 51 [7.0 9.4 ]10.0 11.9 13.2 145 |15.7 [17.1 [18.6
Long [Simulaton 0.1 2.6 4.6 6.4 8.2 93 {109 (121 135 (149 [16.2 [17.8
Field test 1.3 38 (B9 (75 [10.0 [10.7 124 140 153 (164 [18.0 |19.5
64QAM Lab test 12 38 7 (7.2 96 [11.0 12.2 134 (146 |158 [17.2 |18.7
Short Simulation 0.6 (3.1 5.1 (7.2 85 99 [11.1 124 |13.7 (151 165 [18.1
Field test 20 45 6.6 @81 |10.5 11.8 [13.1 145 157 (172 (187 205
Lab test 26 52 [76 9.6 123 133 156 [17.1 19.1 [20.2 [21.8 [23.5
Long [Simulation (2.0 4.7 (7.0 (9.0 [11.2 [12.6 14.5 16.1 17.7 [19.4 21.0 229
Field test 33 6.3 8.3 [104 131 [14.1 16.5 (18.1 |195 [21.3 231 24.8
256QAM Lab test 3.1 58 83 [100 126 (144 16.3 (17.3 188 [20.3 [21.9 [23.8
Short Simulation 25 5.2 76 (9.4 114 (13.1 (148 |16.5 |180 [19.7 [21.3 233
Field test 39 6.6 9.1 109 134 (156 17.3 (18.1 |20.2 (215 [23.3 25.2
Lab test 42 7.2 9.9 (122 |15.0 |16.7 |18.9 21.0 23.0 [25.9 [27.6 [29.7
1024QAM |Long [Simulation 3.5 6.6 9.3 [11.6 [14.2 (158 (18.0 [20.2 22.0 [24.1 26.2 28.3
Field test 5.1 8.5 |10.9 [13.2 [159 |17.6 [20.0 22.2 239 26,5 [28.3 30.8
Lab test 5.6 89 121 [14.8 |17.4 |19.9 22.2 25.0 27.8 [29.9 [32.9 [35.8
4096QAM  |Long |Simulation 5.0 8.3 |11.2 [14.0 |16.7 [18.8 21.4 23.8 26.2 [28.4 31.0 335
Field test 6.6 (9.6 [(13.1 (158 [18.7 21.0 23.4 26.0 289 (31.0 [339 37.1
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Table A.3.4 Required C/NdB) for BER = 16 After LDPC and BCHDecoding
Under Rayleigh Channel

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

Lab test 831 18 |04 11 29 31 44 56 6.6 7.9 9.7 12.0

Long [Simulation |-5.7 |-3.7 |-20 06 (0.8 1.8 3.2 |43 |55 6.8 8.5 10.7

Field test -39 |25 10 01 1.7 22 35 46 |56 6.6 8.3 10.1

QPSK Lab test -34 |14 (0.2 |16 3.0 35 48 7 6.9 8.1 10.0 12.6
Short Simulation |-5.1 |-3.1 |15 |02 (1.0 23 3.3 45 |7 7.2 8.9 11.2

Field test -40 2.1 |-0.7 04 (18 23 33 44 56 6.5 8.5 10.6

Lab test 01 26 837 50 |73 [79 96 [11.1 125 |13.6 154 [17.7

Long [Simulaton |-1.9 (0.7 [26 4.2 59 71 85 98 |11.3 (127 (143 |16.6

Field test -1.2 |16 29 44 65 |71 87 [10.2 |11.3 120 (142 (157

16QAM Lab test 05 [28 41 5.7 75 86 9.8 [11.2 |126 139 (157 (18.2
Short Simulation 1.2 1.3 33 46 63 [75 8.8 [10.1 115 [(13.0 147 |17.0

Field test -05 18 32 46 63 7.5 8.7 (100 11.2 |125 141 165

Lab test 27 44 65 84 11.0 11.8 13.7 154 169 |184 [20.3 [22.7

Long |Simulaton (0.8 (35 |58 (7.6 9.8 [11.1 (12.7 [14.1 156 [17.4 [19.2 |22.6

Field test 16 37 57 (7.8 9.9 0.7 |13.0 146 159 [16.6 (185 |21.1

64QAM Lab test 29 49 |r1 89 11.2 127 143 (155 170 |185 205 [23.2
Short (Simulaton 1.5 41 6.4 |81 [10.0 11.5 |13.0 144 159 [17.6 195 |22.0

Field test 16 40 6.0 81 [10.1 115 |13.2 (144 16.0 (174 196 |21.7

Lab test 41 6.8 9.2 113 142 153 17.7 193 21.3 |23.0 242 [27.5

Long |Simulaton 2.8 [5.8 8.3 |10.5 [13.0 14.4 |16.4 |18.1 20.0 [21.7 [23.8 |26.4

Field test 29 6.0 8.1 [10.5 (13.3 |145 16.4 18.0 |20.3 [21.8 [23.2 |26.0

256QAM Lab test 45 [7.4 100 (119 143 16.7 184 194 214 [23.1 245 [28.0
Short (Simulation 3.6 65 9.1 |11.1 [13.3 [15.1 |16.8 [18.6 [20.2 [22.2 242 |26.8

Field test 35 6.6 (9.2 |11.0 135 |154 |17.3 18.3 [20.2 (21.8 [23.8 [26.4

Lab test 54 88 |11.6 14.0 17.1 18.7 [21.3 [23.7 259 |27.7 [29.6 [32.2

1024QAM |Long |Simulation 4.7 7.9 [10.9 [13.1 |15.9 |17.7 [20.2 [22.4 24.3 [26.4 [28.6 |31.3
Field test 50 8.2 [11.1 [129 16.1 |17.9 20.2 22.8 [24.8 [26.8 [29.6 |32.0

Lab test 6.9 10.6 |13.7 |16.5 |20.0 22.0 [24.6 |27.8 29.8 [32.5 35.2 |38.0

4096QAM  |Long [Simulation 6.1 (9.8 |12.9 |15.7 18,9 20.9 [23.6 26.4 28.6 [31.1 [33.6 [36.3
Field test 6.5 10.0 (129 [16.1 |18.9 |21.0 |23.9 [26.9 295 325 [35.8 [38.9
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Table A.3.5 RequiredC/N (dB) for BER=10* After LDPC and BCH Decoding
Under TU-6 Channel (Long LDPC Codes)

Mobile Velocity [km/h

3 10 20 60 80 100 120 200 250 300
2/15 -0.667 |-2.11 -2.89 -3.70 -3.68 -3.78 -3.78 -3.38 -2.98 -2.28
3/15 1.21 -0.39 -1.10 -1.79 -1.89 -1.88 -1.88 -1.38 -0.88 0.20
4/15  2.74 1.29 0.50 -0.39 -0.29 -0.28 -0.28 0.22 1.02 2.12
5/15 4.21 2.60 1.91 111 1.18 112 1.12 1.82 2.82 4.52

6/15 5.64 4.09 3.31 261 251 2.52 2.62 3.62 5.02 8.02
7/15  6.63 5.09 4.31 3.61 3.61 3.72 3.72 5.02 6.82 11.72

QPSK
8/15 [7.84 639 |560 |491 482 |502 |512 |7.02 |10.62
9/15 9.03 750 [6.81 [6.01 [6.11 622 642 |9.40
10/15 10.33 |8.79 811 |741 |751 |7.72  [8.11
11/15 1173 |10.19 (950 |8.81 |9.01  |9.42  |10.12
12/15 13.34 |11.89 |11.20 |10.71 |11.11 |11.92 |13.62
13/15 1541 |14.10 1351 1320 |14.31 [17.22
2/15  13.03 1.48 |os0 |-0.19 [-0.18 [-029 |-018 032 [1.02 [2.13
3/15 5.53 3.99 (300 (229 (231 |231 |242 (342 492 [8.32
4/15  [7.33 579 (489 [421 |421 (432 |442 |591 |8.72
5/15  8.93 739 [6.49 [580 [591 612 632 |9.32 [17.62
6/15 11063 |9.08 [830 |761 |7.70 [8.01 [8.41

L60AM 7/15 11.82 |1029 (939 (879  |9.10 952  |10.11
8/15 [13.33 |11.78 |10.90 [10.40 |10.80 |11.62 |13.22
9/15 1463 |13.08 [12.20 [11.90 |12.61 |14.01 |17.71
10/15 16.03 |14.58 |13.70 |13.70 |15.00 |18.73
11/15 1753 |15.99 1520 |15.60 |18.20
12/15 19.33 |17.89 |17.10 |19.30
13/15 2153 |20.19 |19.50
2/15 5.59 398 [300 [240 [240 241 252 342 |471 [8.02
3/15 8.36 669 |580 |50 |5.10 |521 |541 |7.62  |12.92
4/15 1056 |8.88 |8.01 |7.41 |761 |7.81 822 1532
5/15 [12.46 |10.78 [9.91 |9.40 |9.70  |10.11 |11.02
6/15 [14.46 |12.78 [12.00 [11.70 [12.30 |13.61 [16.92
7/15 1586 |14.19 (13.31 [13.20 |14.20 |16.52

64QAM

8/15 [17.48 1588 [15.10 |15.60 18.50
9/15  |18.93 17.48 ]16.69 |18.30
10/15 [20.61 19.09 |18.39
11/15 [22.51 20.89

12/15 23.08
13/15
2/15 [7.58 5.86 5.00 421 4.30 4.43 451 6.22 9.42

3/15 |10.59 8.97 8.09 7.40 7.61 7.81 8.21 16.21
4/15  [13.03 1150 |10.61 |10.11 |10.51 |11.11 |12.31
256QAM |5/15  [15.16 13.70 |12.81 |12.60 13.40 |15.41 |21.61
6/15 [17.56 16.10 |15.31 |15.90 19.30
7/15  19.23 17.77 |17.01 |18.80
8/15 19.87 |19.13
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9/15

21.68

21.21

10/15

11/15

12/15

13/15
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Table A.3.6 RequiredC/N (dB) for BER=10* After LDPC and BCH Decoding
Under TU-6 Channel (Short LDPC Codes)

Mobile Velocity [km/h]
3 10 20 60 80 100 120 200 250 300

2/15 -0.27 |-1.81 -2.70 -3.49 -3.50 -3.48 -3.48 -3.18 -2.68 -2.08
3/15 1.73 0.10 -0.80 -1.49 -1.50 -1.48 -1.48 -1.08 -0.38 0.52
4/15 3.23 1.69 0.81 0.00 0.00 0.02 0.02 0.62 1.42 2.62
5/15 4.53 2.98 2.10 131 1.30 1.32 1.32 2.12 3.12 4.92
6/15 5.73 4.18 341 2.50 2.60 2.62 2.62 3.72 5.22 8.22
7/15 6.83 5.29 4.48 3.70 3.70 3.82 3.92 5.22 7.42 13.33

QPSK
8/15 803 649 |572 (480 [490 |503 |5.12 |7.22  |10.92
9/15 923 (768 |6.90 |6.10 [620 [6.32 662 |9.82
10/15 [10.43 [899 [821 (740 |750 |7.82 [8.22
11/15 [11.93 |10.49 [9.81 |9.01 |9.20 |9.62  |10.42
12/15 [13.53 [12.08 |11.50 |10.80 |11.20 |12.12 |13.92
13/15 [15.84 [14.49 [13.81 13.60 |15.00 |18.92
2/15 349 (177 |oo0 |020 [o10 Jo11 o012  [o72  |152  [262
3/15 576 417 |341 [2.60 |260 |261 |272 [3.72 |522 |93
415 [7.77 |6.06 |530 |460 460 (472 |482 [6.72 |10.72
515 [9.17 (757 669 |6.00 [6.10 [6.21 641  |9.92
6/15 [10.67 |9.08 [831 [7.70 [7.80 [8.02 |8.41
L60AM 7/15 12.00 |10.38 (959  [9.00 |9.21  |9.72  |10.41
8/15 [13.36 |11.79 |11.01 |1050 |10.90 |11.72 |13.32
9/15 [14.66 |13.09 |12.40 [12.00 |12.61 |14.12 |17.72
10/15 [16.06 |14.58 [13.81 13.80 |15.20 |18.92
11/15 [17.56 |16.09 |15.51 |15.90 |18.91
12/15 [19.36 |17.88 |17.41 |19.50
13/15 [21.66 |20.40 |19.90
2/15 588 (428 [371 [270 [280 [272 |282 (382 [522 [8.12
3/15 858 689 |6.11 |531 |550 |552 |572 (871  |17.22
4/15 1089 |9.04 |860 |7.70 /800 |8.21  |8.61
5/15 [12.56 |10.89 |10.20 |9.60 |9.80  |10.43 |11.41
6/15 [14.46 |12.78 |12.11 [11.71 [12.31 [13.72 |17.01
7/15 [16.06 |14.38 |13.71 (1351 1471 |17.91
64QAM

8/15 17.56 |16.00 |15.28 1561 |18.51
9/15 19.08 |17.60 |17.02 18.51
10/15 [20.66 [19.08 |18.60
11/15 [22.58 |20.98
12/15 23.37
13/15
2/15 7.77 6.16 5.50 4.61 4.60 4.71 491 6.61 9.61
3/15 10.87 |9.26 8.61 7.80 7.90 8.31 8.81

4/15 13.37 |11.76 |11.20 10.61 |11.00 12.02 |14.31
256QAM  |5/15 15.27 |13.90 |13.20 1281 |13.81 16.62
6/15 17.68 |16.10 |15.61 1590 |18.91
7/15 19.47 |17.90 |17.64 |1951
8/15 19.87 |19.41
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9/15

22.36

22.09

10/15

11/15

12/15

13/15
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- ATSC 3.0 Receiver C/N Model

B.1 INTRODUCTION

This section describes a method aaficulating the ATSC3.0 receiver C/N specification for
different modulation parameter settings, assumingaheteiver implements channel estimation
in the time domain using linear time interpolatidhis method has been adopted for DVB in
Clause 3.4.10.3 of7], Clause 2.5.4 of8], and in[9]. The description of the boosted pilot
correction factor calculation is based©lause 14.5 of [10].

Note that the performance values shown WTSC 3.0Receiver C/NModelAnnex B are
computed based on the assumptions of receiver implementation losses, concerningsthe w
possiblereception case. Therefore, the performance resultsaedeaverimplemented according
to the specificatiofi3] are expected to be better than the values shown in Annex B.

B.2 METHOD
The overall receiver tuner input C/N can be expressed by the following equation:

% 0= FL0 .Kg,a07*Ca >°>:4A>ARS4E 105 S4q [ @ [Eq.1]
where

% 03 o & required raw BICM C/Nn dB for BER=10° after LDPC decodingsee Tablet.3
to Table4.6in Seciton 4.2.9for these values)

#= 0.5 dB. The additional C/N in d® achieve QEF BER=18after LDPC decoding

» £= correction for pilot boosting as defined8) (see Tabld3.4.1for these values)

4 is the mplementatioMargin This is the C/N loss due to real channel estimatiog,, ),
plus various other losses such as imperfect LDPC decoding, synchronization, demodulator
fixed point losses and other imperfections not considered part of the backsto hese.
other losses are estinedtto be approximately 0.5 dB.
Thus # = gy, 0.5dB. gy,4s estimated inEq. 6] below.

2= backstop or excess noise of transmitter and recdiveéhis document, the transmitter
contribution has been set to -50 dBc, representing a good quality transmitter with minimal
contribution to the overalB:. The receiver contribution has been set to the standard value
of -33 dBc for QPSK, 16QAM, 64QAM and 256QAM. tighter value of-38 dBc was
used for 1024QAM and 4096QAM. For further information Zsee thenote below.

Note on 2:

In the transmitterthe contribution to2; represents the nedeal characteristics of the
transmitted signal, such as the presence of intermodulation products.

In a receiver, 2; correspondsnainly to the effect of the noise floor of the tuner plasal
oscillator phase noise ampiantization effects of the demodulator Analog to Digital Converter
(ADC). These have the effect of raising the required receiver tuner Mplitso that the
demodulator sees the correédt O to demodulate the signaliis more dominant at high values of
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% 05 o avhich, when combined with the other terms Bf[ 1], start to approach the value &f2..
The value of2; for 4096QAM needs more verification from actual receiver messents when
they become available but for the time being it idc¢he same value &sr 1024QAM to allow
comparisons of performance requiremeNste that for a Rayleigh channel, ev&8 dBc is not
sufficient for 4096QAM 13/15 code rate because the other terms é8bt0én [Eq. 1] exceed 38
dBc in a Rayleigh channehat is,a value better thar88 dBc might be needed for 4096QAM if
used in a Rayleigh channel.

B.2.1 Calculation of Boosted Pilot Correction Factor
The ideal’ ;205 0r % 03 5 Simulation values are for BICM only and do not take into account the
decreased receivesignal power due to boosted pilotdis means the receivéib 0 specification

is increased by a small amounj gto compensate for the fact that the data carriersfdosver
power compared to the total signal power.

6KPSHI>KHKS AN

= ) I
»e= 10 Ko G BSKKoOBE @ KZK S AN
Sao
o laclOinadakaeds
»E™ 10 K§4\‘L" RmG i\ [Eq 2]
where:

Total symbol power is given in Tables 1.2.1 to 1.2.5 of the ATSC 3.0 physicaldpgeification
A/322 [3]. The total symbol power given in these tables also varies with the amplitude value of
the scattered pilot boost factab_scattered_pilot_boost as listed inTable 9.15 of3].

NoC = number of useful carriers/symbol (each carrier has a nominal unboosted pojvéasf 1
varies with the value of €a_coeffSO that must also be taken into accoatC is given inTable 7.1

of [3]. Precalculated values of , gare given infableB.4.1.

B.2.2 Estimation of Channel Estimation Loss

In a practical receiver, each received data caisielivided by the channel frequency response
estimate at that particular carrier frequendgwever errors in the interpolation of the scattered
pilots used to calculate the channel estimate aneftbets of added noise cause the resulting data
carrier estimate to contain an error, which increasedniplementation loss of receigeiThe
accuracy of this noisy channel estimate derived from the scattered pilotsls@pethe degree of
pilot boosting as well as the accuracy of scattered pilot interpoldfiowever summing the
contributions from different pilots in the interpolator also has the effeaveraging the noise
slightly resulting in a small noise gaifhis noise gain can also be taken into account in estimating
the channel estimation loss.

Assume that the interpolator changes the np@e&er in tle pilotbased measurements by a
‘noise-gain factor B, ¢,;jso thatB ¢ < 1 corresponds to a reduction in the noise power. Assuming
that the noise added to all carriers, pilot and data, has the same power, it foltdtws 8RS (in
linear power ratios) for the data carriers and interpolatehreel estimates can be relatesi
follows:
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~ _ As5®0¢ccoabBapa=dChig
50400éé@@ae90309@ G, A
<

[Eq. 3]

B ciactually varies from carrier to carrier due to the different phases witigntwo
dimensional frequency/time structure of the scattered pdtierns, but it is possible to estimate
an average value d .

B.2.3  Estimation of Average Value of &,¢

Assuming the pilot patterns are chosen in relation to the guard intervals to allocatiayper
approaching the Nyquist limit, there is very little noise gain in the frequency intenpola
Therefore, it is assumed that the negsen contribution from frequency interpolation is
approximately unity and can be ignored.

The time interpolator is assumed to be a linear interpolator which doesmfferroise gain
benefit depending upon the value &f.
1) For scattered pilot patterns wiif of 2, the two phases of the interpolator will be either
lying on a pilot, or be half way between two pilofbereforethe average noise gain is:

5>kd9 >49 0 N
Bor ~2 2% (ap [Eq. 4]

2) For scattered pilot patterns wiif of 4, the four phases of the interpolator will be either
lying on a pilot, or be quarter or half way between two pilbitereforethe average noise
gain B ¢is:

5>k4;9>4690kd9 >49 0>kd69>4;9 0 ~ /s
BcF - = UR&ab [Eq. 5]

The SNR of the channel estimates will affect the SNhefequalied data carrierdJsing the
normal method o€ombining SNRs, the SNR of the equalized data carrierbe@stimated as

1 1 1

= +
SMgaxao 50qo S5Mobaagmeciadco
So from Eq. 3]:

R S B
500para0 50hgo  1& =P P ANBOKK O P

So the channel estimation losg., ;gzan be written as

o 504x@o
Ev, ¥ 5 0dg 2 00

Sao

G, A A
Asys® OccodRERAaec

evr 10 . KE, @+ [Eq. 6]
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Precalculated values of g1, sare given inTableB.5.1.
Tables of C/N based on this model are givehableB.6.1 —TableB.6.15.

B.3 EXAMPLE C/N CALCULATION
An example calculation is given below assuming the following parameters:

32K FFT, 256QAM, 13/15 code ratey B2, Guard interval 1024 samples, SP12_2, 64K
LDPC size

L1D_scattered_pilot_boost = 1€ coet= 0, D, = 2
Receiver2; =-33 dBc for 256QAM. Transmitteg;= —-50 dBc
% 0= F10 .K €,d0%(*#Cna >°>:4A>AES54E 108 549 [ @Y

% Og 6 o= 22.224 dB

A=0.5dB

o daclitadakaedg Z44<8: UaacO@A65[7 ,

»e= 10 .Kg,@ — A=10 .K§4%};:8= L‘aﬁagé@g<[7JA_o'366 dB
com 10 LK €, @+ e a A

S8 ) 4 Asve® Occdabbrdaaeec

B¢ F 0.75for Dy = 2

1& O =PPANRHIKK © B.2 dB or 1.445 in linear terms from Table 9ai43]

4:9

5889A= 1.332dB

SO ey# 10 .Ke, @+
SOH = g,#05= UallSn
2= 10 .K€,407775%4 1079454 -32.914 dB

So% 04 F10 . Kg4ao?(0fﬂ@">0b> U0 R B ually 54F lo?Ul:ﬁUﬁ54g: 257 dB
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B.4 EXAMPLE CALCULATED VALUES OF ¢,

Table B.4.1Calculatedvalues of , g

Cred_coeff 0 1 2 3 4
L1D_scattered_pilot_boost 000 001 010 011 100 000 001 010 011 100 000 001 010 011 100 000 001 010 011 100 000 001 010 011 100
SP3_2 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.79
SP3_4 0.18 0.31 0.50 0.64 0.75 0.18 0.31 0.50 0.65 0.76 0.18 0.31 0.50 0.65 0.76 0.18 0.31 0.50 0.64 0.75 0.18 0.31 0.50 0.64 0.75
SP4_2 0.18 0.26 0.49 0.67 0.81 0.18 0.26 0.50 0.67 0.81 0.18 0.26 0.50 0.67 0.81 0.18 0.26 0.49 0.67 0.81 0.18 0.26 0.49 0.67 0.81
SP4 4 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.51 0.62 0.73
SP6_2 0.18 0.33 0.53 0.68 0.79 0.18 0.34 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79
SP6_4 0.18 0.35 0.49 0.59 0.68 0.18 0.36 0.49 0.60 0.68 0.18 0.35 0.49 0.60 0.68 0.18 0.35 0.49 0.59 0.68 0.18 0.35 0.49 0.59 0.68
SP8_2 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.77 0.18 0.35 0.53 0.65 0.77 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.76
SP8_4 0.18 0.35 0.47 0.56 0.63 0.18 0.35 0.47 0.56 0.63 0.18 0.35 0.47 0.56 0.63 0.18 0.35 0.47 0.56 0.63 0.18 0.35 0.47 0.56 0.63
8K FFT SP12_2 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70
SP12_4 0.18 0.34 0.44 0.52 0.57 0.18 0.34 0.44 0.52 0.58 0.18 0.34 0.44 0.52 0.58 0.18 0.34 0.44 0.52 0.58 0.18 0.34 0.44 0.51 0.57
SP16_2 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.49 0.58 0.65 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.58 0.65
SP16_4 0.18 0.33 0.42 0.49 0.54 0.18 0.33 0.42 0.49 0.54 0.18 0.34 0.42 0.49 0.55 0.18 0.33 0.42 0.49 0.54 0.18 0.33 0.42 0.49 0.54
SP24 2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP24 4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP32_2 0.18 0.34 0.43 0.49 0.56 0.18 0.34 0.43 0.49 0.56 0.18 0.34 0.43 0.49 0.56 0.18 0.34 0.43 0.49 0.56 0.18 0.34 0.43 0.49 0.56
SP32_4 0.18 0.31 0.37 0.42 0.46 0.18 0.31 0.37 0.42 0.45 0.18 0.31 0.37 0.42 0.46 0.18 0.31 0.37 0.42 0.46 0.18 0.31 0.37 0.42 0.46
SP3_2 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.79 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.79
SP3_4 0.18 0.31 0.50 0.64 0.75 0.18 0.31 0.50 0.64 0.75 0.18 0.31 0.50 0.64 0.75 0.18 0.31 0.50 0.64 0.75 0.18 0.31 0.50 0.64 0.75
SP4_2 0.18 0.26 0.49 0.67 0.81 0.18 0.26 0.50 0.67 0.81 0.18 0.26 0.49 0.67 0.81 0.18 0.26 0.49 0.67 0.81 0.18 0.26 0.49 0.67 0.81
SP4 4 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.51 0.62 0.73 0.18 0.34 0.50 0.62 0.73
SP6_2 0.18 0.33 0.53 0.68 0.79 0.18 0.34 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79
SP6_4 0.18 0.35 0.49 0.59 0.67 0.18 0.35 0.49 0.59 0.68 0.18 0.35 0.49 0.59 0.67 0.18 0.35 0.49 0.59 0.67 0.18 0.35 0.49 0.59 0.67
SP8_2 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.77 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.76
SP8_4 0.18 0.35 0.46 0.56 0.63 0.18 0.35 0.47 0.56 0.63 0.18 0.35 0.46 0.56 0.63 0.18 0.35 0.46 0.56 0.63 0.18 0.35 0.46 0.55 0.63
16K FFT SP12_2 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70
SP12_4 0.18 0.34 0.44 0.51 0.57 0.18 0.34 0.44 0.51 0.57 0.18 0.34 0.43 0.51 0.57 0.18 0.34 0.44 0.51 0.57 0.18 0.34 0.43 0.51 0.57
SP16_2 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.58 0.65
SP16_4 0.18 0.33 0.42 0.48 0.54 0.18 0.33 0.42 0.49 0.54 0.18 0.33 0.42 0.48 0.54 0.18 0.33 0.42 0.49 0.54 0.18 0.33 0.42 0.48 0.54
SP24 2 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.53 0.59
SP24 4 0.18 0.32 0.39 0.44 0.49 0.18 0.32 0.39 0.45 0.49 0.18 0.32 0.39 0.44 0.49 0.18 0.32 0.39 0.44 0.49 0.18 0.31 0.39 0.44 0.49
SP32_2 0.18 0.34 0.43 0.49 0.55 0.18 0.34 0.43 0.49 0.56 0.18 0.34 0.43 0.49 0.55 0.18 0.34 0.43 0.49 0.55 0.18 0.34 0.43 0.49 0.55
SP32_4 0.18 0.30 0.37 0.41 0.45 0.18 0.30 0.37 0.41 0.45 0.18 0.30 0.37 0.41 0.45 0.18 0.30 0.36 0.41 0.45 0.18 0.30 0.37 0.41 0.45
SP3_2 0.18 0.18 0.44 0.62 0.79 0.18 0.18 0.44 0.62 0.80 0.18 0.18 0.44 0.62 0.79 0.18 0.18 0.44 0.62 0.79 0.18 0.18 0.44 0.62 0.79
SP3_4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP4_2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
32K FFT SP4 4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP6_2 0.18 0.33 0.53 0.68 0.79 0.18 0.34 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79 0.18 0.33 0.53 0.68 0.79
SP6_4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
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SP8_2 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.65 0.76 0.18 0.35 0.53 0.64 0.76
SP8_4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP12_2 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.37 0.51 0.61 0.70 0.18 0.37 0.51 0.62 0.70 0.18 0.36 0.51 0.61 0.70
SP12_4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP16_2 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.57 0.65 0.18 0.36 0.48 0.58 0.65 0.18 0.36 0.48 0.57 0.65
SP16_4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP24 2 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.53 0.59 0.18 0.35 0.45 0.52 0.59
SP24 4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
SP32_2 0.18 0.34 0.43 0.49 0.55 0.18 0.34 0.43 0.49 0.55 0.18 0.34 0.43 0.49 0.55 0.18 0.34 0.43 0.49 0.55 0.18 0.34 0.43 0.49 0.55
SP32_4 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
B.5 CALCULATED VALUES OF ¢._ 0q
Table B.5.1Calculatedvalues of g,
Calculated Real Channel Estimation Loss ¢_,4(dB)
Pilot Pattern SISO L1D_scattered_pilot_boost 1 000 001 010 011 100 101 110 111
SP3 2 2.430 2.430 1.885 1.619 1.413 RFU RFU RFU
SP3 4 2.272 1.755 1.312 1.094 0.968 RFU RFU RFU
SP4 2 2.430 2.183 1.651 1.386 1.230 RFU RFU RFU
SP4 4 2.272 1.535 1.140 0.968 0.837 RFU RFU RFU
SP6_2 2.430 1.815 1.359 1.135 1.004 RFU RFU RFU
SP6_4 2.272 1.286 0.948 0.786 0.692 RFU RFU RFU
SP8 2 2.430 1.619 1.181 1.004 0.868 RFU RFU RFU
SP8_4 2.272 1.140 0.837 0.692 0.609 RFU RFU RFU
SP12_2 2.430 1.332 0.983 0.816 0.718 RFU RFU RFU
SP12 4 2.272 0.948 0.692 0.570 0.501 RFU RFU RFU
SP16_2 2.430 1.181 0.868 0.718 0.632 RFU RFU RFU
SP16 4 2.272 0.819 0.596 0.490 0.430 RFU RFU RFU
SP24 2 2.430 0.983 0.718 0.593 0.521 RFU RFU RFU
SP24 4 2.272 0.677 0.490 0.403 0.353 RFU RFU RFU
SP32_2 2.430 0.850 0.619 0.521 0.447 RFU RFU RFU
SP32 4 2.272 0.596 0.430 0.353 0.309 RFU RFU RFU
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B.6 EXPECTED RECEIVER AWGN C/N BASED ON CALCULATION MOD EL

This section contains the RF guidelines for expected receiver performah@&K, 16K and 32K FFT mode$ables are colecoded
such that cell with abackground color o6REEN indicate a mandatory ModCod combination, while a cell with a background color
of GRAY indicates a homandatory ModCod combination.

All entriesare in units of dB and are for the following conditions:
L1D_scattered_pilot_boost = 001,
Cred_coeﬁ: 0,
LDPC code length = 64800
Dy =4 for 8K and 16K FFT, = 2 for 32K FFT,
Receiver2, =—-33 dBc for QPSK, 16QAM, 64QAM and 256QAM.
Receiver2; =-38 dBc for 1024QAM and 4096QAM (preliminary placeholder value — requires furtust) st
Transmitter 2:= -50 dBc
Compared to the expected C/N range of current digital television receivers, A/322 aovaach larger range of C/N valuesgs
Secton 3.4.10.2f[7]), both in the very noisy range belowlB and also the very high C/N range aboveB5Careshouldbe exercised

when expecting consumegceiverdo conform to the values in these ranges and further study of the performance ofoacineataal
receivers and refinement of the values may be needed.
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Table B.6.1 GaussiarChannel 8K FFT, QPSKxpected C/NValues

FFT Size: 8K

Gl: 192 samples
(Dx=16)

Gl: 384 samples
(Dx=8)

Gl: 512 samples

(Dx=6)

Gl: 768 samples
(Dx=4)

Gl:1024 samples
(Dx=3)

Gl: 1536 samples
(Dx=4)

Gl: 2048 samples
(Dx=3)

Mod

Code-
length

Code
rate

Threshold C/N

QPSK

64800

2/15

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

Threshold C/N

Threshold C/N

Threshold C/N

5.7

7.4

Threshold C/N

Threshold C/N

Threshold C/N

13/15

QPSK

16200

2/15

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

51

54

5.6

8.4

5.8

6.0

5.8

6.0

11/15

6.0

6.3

6.5

6.7

6.9

6.7

6.9

12/15

6.9

7.2

7.4

7.6

7.8

7.6

7.8

13/15

7.9

8.3

8.4

8.6

8.8

8.6

8.8
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Table B.6.2Gaussian Gannel 8K FFT, 16QAM Kpected C/NValues

Gl: 192 samples

Gl: 384 samples

Gl: 512 samples

Gl: 768 samples

G1:1024 samples

Gl: 1536 samples

Gl: 2048 samples

FFT Size: 8K (Dx=16) (Dx=8) (Dx=6) (Dx=4) (Dx=3) (Dx=4) (Dx=3)
Mod Ccl)gr?g;th C?gf; Threshold C/N Threshold C/N Threshold C/N Threshold C/N Threshold C/N Threshold C/N Threshold C/N
16QAM 64800  |2/15  |-0.6 -0.2 -0.1 0.2 0.3 0.2 0.3
3/15  |1.9 2.2 2.4 2.6 2.8 2.6 2.8
4/15
5/15
6/15 6.4 6.7 6.9 7.1 7.3 7.1 7.3
7/15
8/15
9/15
10/15 |10.5 10.9 11.0 11.3 11.5 11.3 11.5
11/15
12/15 [12.8 13.1 13.3 135 13.7 13.5 13.7
13/15 [14.0 14.4 14.5 14.8 15.0 14.8 15.0
16QAM 16200  |2/15 0.0 0.3 0.5 0.7 0.9 0.7 0.9
3/15 |25 2.8 3.0 3.2 3.4 3.2 3.4
415 |41 45 4.6 4.9 5.1 4.9 5.1
5/15
6/15
7/15
8/15
9/15 |9.8 10.1 10.2 10.5 10.7 10.5 10.7
10/15 |10.8 11.1 11.3 115 11.7 11.5 11.7
11/15
12/15 [13.0 13.4 135 13.7 13.9 13.7 13.9
13/15 [14.3 14.6 14.8 15.0 15.2 15.0 15.2
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Table B.6.3GaussiarChannel 8K FFT, 64QAM ¥pected C/NValues

FFT Size: 8K

Gl: 192 samples
(Dx=16)

Gl: 384 samples
(Dx=8)

Gl: 512 samples
(Dx=6)

Gl: 768 samples
(Dx=4)

G1:1024 samples
(Dx=3)

Gl: 1536 samples
(Dx=4)

Gl: 2048 samples
(Dx=3)

Mod

Code-
length

Code
rate

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

64QAM

64800

2/15

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

1.9

17.9

2.2

18.2

2.4

18.4

2.6

18.6

2.8

18.8

2.6

18.6

2.8

18.8

13/15

19.4

19.7

19.9

20.1

20.3

20.1

20.3

64QAM

16200

2/15

25

2.8

3.0

3.2

3.4

3.2

3.4

3/15

5.0

5.3

5.5

5.7

5.9

5.7

5.9

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

6.8

18.2

7.1

18.5

7.3

18.7

7.5

18.9

7.7

19.1

7.5

18.9

7.7

19.1

13/15

19.7

20.0

20.2

20.4

20.6

20.4

20.6
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Table B.6.4GaussiarChannel 8K FFT, 256 QAM ¥pected C/NValues

FFT Size: 8K

Gl: 192 samples
(Dx=16)

Gl: 384 samples
(Dx=8)

Gl: 512 samples
(Dx=6)

Gl: 768 samples
(Dx=4)

G1:1024 samples
(Dx=3)

Gl: 1536 samples
(Dx=4)

Gl: 2048 samples
(Dx=3)

Mod

Code-
length

Code
rate

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

256QAM

64800

2/15

3.8

4.7

4.5

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15

256QAM

16200

2/15

6.5

7.4

7.2

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15
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Table B.6.5GaussiarChannel 8K FFT, 102d4nd4096QAM Expected C/NValues

FFT Size: 8K

Gl: 192 samples
(Dx=16)

Gl: 384 samples
(Dx=8)

Gl: 512 samples
(Dx=6)

Gl: 768 samples
(Dx=4)

Gl:1024 samples
(Dx=3)

Gl: 1536 samples
(Dx=4)

Gl: 2048 samples
(Dx=3)

Mod

Code-
length

Code
rate

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

Threshold C/N

1024QAM

64800

2/15

5.4

5.7

6.1

6.3

3/15

8.3

8.7

9.0

9.2

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15

4096QAM

64800

2/15

10.9

11.3

11.7

11.8

3/15

10.0

10.3

10.5

10.7

10.9

10.7

10.9

4/15

12.9

13.2

13.4

13.6

13.8

13.6

13.8

5/15

15.6

16.0

16.1

16.4

16.6

16.4

16.6

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15

18.2

18.6

18.7
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Table B.6.6 GaussiarChannel 16K FFT, QPSKxXpected C/NValues

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096
FFT Size: 16K samples samples samples samples samples samples samples samples samples samples samples
(Dx=32) (Dx=16) (Dx=12) (Dx=8) (Dx=6) (Dx=4) (Dx=3) (Dx=3) (Dx=4) (Dx=4) (Dx=3)
Mod Code- |Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
length rate | CIN C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N
QPSK 64800 |2/15
3/15
4/15
5/15
6/15
7115
8/15
9/15
10/15 (4.7 4.9 5.1 5.3 54 5.7 5.8 5.8 5.7 5.7 5.8
11/15
12/15 |6.4 6.6 6.8 7.0 7.1 7.4 7.6 7.6 7.4 7.4 7.6
13/15 |7.4 7.7 7.8 8.0 8.2 8.4 8.6 8.6 8.4 8.4 8.6
QPSK|[16200 |2/15
3/15
4/15
5/15
6/15
7115
8/15
9/15
10/15 |4.8 51 5.2 54 5.6 5.8 6.0 6.0 5.8 5.8 6.0
11/15 |5.7 6.0 6.1 6.3 6.5 6.7 6.9 6.9 6.7 6.7 6.9
12/15 |6.6 6.9 7.0 7.2 7.4 7.6 7.8 7.8 7.6 7.6 7.8
13/15 |7.7 7.9 8.1 8.3 8.4 8.6 8.8 8.8 8.6 8.6 8.8
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Table B.6.7 GaussiarChannel 16K FFT, 16QAM ¥pected C/NValues

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096
FFT Size:16K samples samples samples samples samples samples samples samples samples samples samples
(Dx=32) (Dx=16) (Dx=12) (Dx=8) (Dx=6) (Dx=4) (Dx=3) (Dx=3) (Dx=4) (Dx=4) (Dx=3)
Mod Code- |Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
length rate | CIN C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N
16QAM (64800 |2/15 [-0.8 -0.6 -0.4 -0.2 -0.1 0.2 0.3 0.3 0.2 0.2 0.3
3/15 |1.7 1.9 2.0 2.2 2.4 2.6 2.8 2.8 2.6 2.6 2.8
4/15
5/15
6/15 |6.1 6.4 6.5 6.7 6.9 7.1 7.3 7.3 7.1 7.1 7.3
7/15
8/15
9/15
10/15 |10.3 10.5 10.7 10.9 11.0 11.3 11.5 11.5 11.3 11.3 11.5
11/15
12/15 |12.5 12.8 12.9 13.1 13.3 13.5 13.7 13.7 13.5 13.5 13.7
13/15|13.8 14.0 14.2 14.4 14.5 14.8 15.0 15.0 14.8 14.8 15.0
16QAM 16200 |2/15
3/15
4/15
5/15
6/15
7/15
8/15
9/15 |9.5 9.7 9.9 10.1 10.2 10.5 10.7 10.7 10.5 10.5 10.7
10/15 |10.5 10.8 10.9 11.1 11.3 11.5 11.7 11.7 11.5 11.5 11.7
11/15
12/15 |12.8 13.0 13.1 13.3 13.5 13.7 13.9 13.9 13.7 13.7 13.9
13/15|14.0 14.3 14.4 14.6 14.8 15.0 15.2 15.2 15.0 15.0 15.2
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Table B.6.8 GaussiarChannel 16K FFT, 64QAM ¥pected C/NValues

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096
FFT Size:16K samples samples samples samples samples samples samples samples samples samples samples
(Dx=32) (Dx=16) (Dx=12) (Dx=8) (Dx=6) (Dx=4) (Dx=3) (Dx=3) (Dx=4) (Dx=4) (Dx=3)
Mod Code- |Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
length rate | CIN C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N
64QAM 64800 |2/15 |1.6 1.9 2.0 2.2 2.4 2.6 2.8 2.8 2.6 2.6 2.8
3/15
4/15
5/15
6/15
7/15
8/15
9/15
10/15
11/15
12/15 |17.6 17.9 18.0 18.2 18.4 18.6 18.8 18.8 18.6 18.6 18.8
13/15 |19.1 19.4 19.5 19.7 19.9 20.1 20.3 20.3 20.1 20.1 20.3
64QAM (16200 |2/15 |2.3 25 2.6 2.8 3.0 3.2 34 34 3.2 3.2 34
3/15 |4.8 5.0 51 53 55 5.7 5.9 5.9 5.7 5.7 5.9
4/15 |6.6 6.8 6.9 7.1 7.3 7.5 7.7 7.7 7.5 7.5 7.7
5/15
6/15
7/15
8/15
9/15
10/15
11/15
12/15 |17.9 18.1 18.3 18.5 18.7 18.9 19.1 19.1 18.9 18.9 19.1
13/15 |19.4 19.7 19.8 20.0 20.2 20.4 20.6 20.6 20.4 20.4 20.6
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Table B.6.9GaussiarChannel 16K FFT, 256 QAMMpected C/NValues

FFT Size:16K

Gl: 192
samples
(Dx=32)

Gl: 384
samples
(Dx=16)

Gl: 512
samples
(Dx=12)

Gl: 768
samples
(Dx=8)

Gl:1024
samples
(Dx=6)

Gl: 1536
samples
(Dx=4)

Gl: 2048
samples
(Dx=3)

Gl: 2432
samples
(Dx=3)

Gl: 3072
samples
(Dx=4)

Gl: 3648
samples
(Dx=4)

Gl: 4096
samples
(Dx=3)

Mod

Code-
length

Code
rate

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

Threshold
CIN

256QAM

64800

2/15

3.5

3.8

3.9

4.1

4.2

4.5

4.7

4.7

4.5

4.5

4.7

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15

256QAM

16200

2/15

6.5

6.6

6.8

6.9

7.2

7.4

7.4

7.2

7.2

7.4

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15
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Table B.6.10GaussiarChannel 16K FFT, 1023AM and4096QAM Expected C/N &lues

12/15

13/15

117

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096
FFT Size:16K samples samples samples samples samples samples samples samples samples samples samples
(Dx=32) (Dx=16) (Dx=12) (Dx=8) (Dx=6) (Dx=4) (Dx=3) (Dx=3) (Dx=4) (Dx=4) (Dx=3)
Mod Code- |Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
length rate | C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N
1024QAM |64800 |2/15
3/15
4/15
5/15
6/15
7/15
8/15
9/15
10/15
11/15
12/15
13/15
4096QAM [64800 |2/15
3/15 |9.8 10.0 10.1 10.3 10.5 10.7 10.9 10.9 10.7 10.7 10.9
4/15 |12.6 12.9 13.0 13.2 13.4 13.6 13.8 13.8 13.6 13.6 13.8
5/15 |15.4 15.6 15.8 16.0 16.1 16.4 16.6 16.6 16.4 16.4 16.6
6/15 |18.0 18.2 18.4 18.6 18.7 19.0 19.2 19.2 19.0 19.0 19.2
7/15
8/15
9/15
1015
11/15
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Table B.6.11GaussiarChannel 32K FFT, QPSKxpected C/NValues

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096 Gl: 4864
FFT Size:32K samples samples samples samples samples samples samples samples samples samples samples samples
(Dx=32)  (Dx=32)  (Dx=24) (Dx=16) (Dx=12) (Dx=8)  (Dx=6)  (Dx=6)  (Dx=8)  (Dx=8)  (Dx=3)  (Dx=3)

Code- |Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
length | rate | CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN

QPSK 64800 |2/15
3/15
4/15
5/15
6/15
7/15
8/15
9/15
10/15|5.0 5.0 5.1 5.3 5.5 5.7 5.9 5.8) 5.7 5.7 6.4 6.4
11/15
12/15 6.7 6.7 6.8 7.0 7.2 7.5 7.6 7.6 7.5 7.5 8.1 8.1
13/15|7.7 7.7 7.9 8.1 8.2 8.5 8.7 8.7 8.5 8.5 9.2 9.2
QPSK|16200 |2/15
3/15
4/15
5/15
6/15
7/15
8/15
9/15
10/15|5.1 5.1 5.3 5.5 5.6 5.8) 6.1 6.1 5.8) 5.9 6.6 6.6
11/15 6.0 6.0 6.2 6.4 6.5 6.8 7.0 7.0 6.8 6.8 7.4 7.4
12/15 6.9 6.9 7.0 7.3 7.4 7.7 7.9 7.9 7.7 7.7 8.3 8.3
13/15|8.0 8.0 8.1 8.3 8.5 8.7 8.9 8.9 8.7 8.7 9.4 9.4

Mod
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Table B.6.12GaussiarChannel 32K FFT, 16QAM ¥pected C/NValues

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096 Gl: 4864
FFT Size:32K samples samples samples samples samples samples samples samples samples samples samples samples
(Dx=32) (Dx=32) (Dx=24) (Dx=16) (Dx=12) (Dx=8) (Dx=6) (Dx=6) (Dx=8) (Dx=8) (Dx=3) (Dx=3)
Mod Code- |Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
length | rate | CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN

16QAM |64800 |2/15 |-0.5 -0.5 -0.4 -0.2 0.0 0.2 0.4 0.4 0.2 0.2 0.9 0.9

3/15 |1.9 1.9 21 2.3 25 2.7 2.9 29 2.7 2.7 3.4 3.4

4/15

5/15

6/15 |6.4 6.4 6.6 6.8 6.9 7.2 7.4 7.4 7.2 7.2 7.8 7.8

7/15

8/15

9/15

10/15|10.6 10.6 10.7 10.9 11.1 11.4 11.5 11.5 11.4 11.4 12.0 12.0

11/15

12/15(12.8 12.8 12.9 13.2 13.3 13.6 13.8 13.8 13.6 13.6 14.2 14.2

13/15|14.1 14.1 14.2 14.4 14.6 14.9 15.1 15.1 14.9 14.9 15.5 15.5
16QAM (16200 |2/15

3/15

4/15

5/15

6/15

7115

8/15

9/15 |9.8 9.8 9.9 10.1 10.3 10.6 10.8 10.8 10.6 10.6 11.2 11.2

10/15/10.8 10.8 10.9 11.2 11.3 11.6 11.8 11.8 11.6 11.6 12.2 12.2

11/15

12/15(13.0 13.0 13.2 13.4 13.6 13.8 14.0 14.0 13.8 13.8 14.5 14.5

13/15|14.3 14.3 14.5 14.7 14.9 15.1 15.3 15.3 15.1 15.1 15.8 15.8
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Table B.6.13GaussiarChannel 32K FFT, 64QAM ¥pected C/NValues

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096 Gl: 4864
FFT Size:32K samples samples samples samples samples samples samples samples samples samples samples samples
(Dx=32)  (Dx=32)  (Dx=24) (Dx=16) (Dx=12) (Dx=8)  (Dx=6)  (Dx=6)  (Dx=8)  (Dx=8)  (Dx=3)  (Dx=3)

Code- |Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold

Mod length | rate | CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN CIN

64QAM 64800 [2/15 |1.9 1.9 2.1 2.3 2.4 2.7 2.9 2.9 2.7 2.7 3.4 3.4
3/15
4/15
5/15
6/15
7/15
8/15
9/15
10/15
11/15
12/15|17.9 17.9 18.0 18.3 18.4 18.7 18.9 18.9 18.7 18.7 19.4 19.4

13/15|19.4 19.4 19.6 19.8 19.9 20.2 20.4 20.4 20.2 20.2 20.9 20.9

64QAM 16200 |2/15 |2.5 25 2.7 2.9 3.1 3.3 35 35 3.3 3.3 4.0 4.0

3/15 |5.0 5.0 5.2 5.4 5.6 5.8 6.0 6.0 5.8 5.8 6.5 6.5

4/15 6.8 6.8 7.0 7.2 7.4 7.6 7.8 7.8 7.6 7.6 8.3 8.3
5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15/18.2 18.2 18.3 18.6 18.7 19.0 19.2 19.2 19.0 19.0 19.7 19.7

13/15|19.7 19.7 19.9 20.1 20.3 20.5 20.7 20.7 20.5 20.5 21.2 21.2
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Table B.6.14GaussiarChannel 32K FFT, 256 QAM>@pected C/NValues

FFT Size:32K

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096 Gl: 4864
samples samples samples samples samples samples samples samples samples samples samples samples
(Dx=32)  (Dx=32)  (Dx=24)  (Dx=16)  (Dx=12)  (Dx=8) (Dx=6) (Dx=6) (Dx=8) (Dx=8) (Dx=3) (Dx=3)

Mod

Code-
length

Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
rate | C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N

256QAM

64800

2/15 (3.8 3.8 3.9 4.1 4.3 4.6 4.8 4.8 4.6 4.6 5.2 5.2

3/15 |6.5 6.5 6.6 6.8 7.0 7.3 7.5 7.5 7.3 7.3 7.9 7.9

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15

256QAM

16200

2/15

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15
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Table B.6.15GaussiarChannel 32K FFT, 10Z3AM and4096QAM Expected C/N &lues

FFT Size:32K

Gl: 192 Gl: 384 Gl: 512 Gl: 768 Gl:1024 Gl: 1536 Gl: 2048 Gl: 2432 Gl: 3072 Gl: 3648 Gl: 4096 Gl: 4864
samples samples samples samples samples samples samples samples samples samples samples samples
(Dx=32)  (Dx=32)  (Dx=24)  (Dx=16)  (Dx=12)  (Dx=8) (Dx=6) (Dx=6) (Dx=8) (Dx=8) (Dx=3) (Dx=3)

Mod

Code-
length

Code |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold |Threshold
rate | C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N C/N

1024QAM

64800

2/15

3/15

4/15

5/15

6/15

7/15

8/15

9/15

10/15

11/15

12/15

13/15

4096QAM

64800

2/15

3/15 |10.0 10.0 10.2 10.4 10.6 10.8 11.0 11.0 10.8 10.8 11.5 11.5

4/15 [12.9 12.9 13.1 13.3 13.4 13.7 13.9 13.9 13.7 13.7 14.4 14.4

5/15 |15.7 15.7 15.8 16.0 16.2 16.5 16.6 16.6 16.5 16.5 171 171

6/15 |18.3 18.3 18.4 18.6 18.8 19.1 19.3 19.3 19.1 19.1 19.7 19.7

7/15

8/15

9/15

10/15

11/15

12/15

13/15
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. Physical Layer Configurations

This Annex provides various Physical Layer configurations of one or more completeatklive
products (as defined Bection4.2.1). The first subsection defines a variety of syntax variations
for receiver testing. The second subsection provides recommended striimtuspscific use
cases.

C.1 EXAMPLE VARIATIONS

The configurations in this part of the Annex provide variations on the physical layext syitédole

for exercising receiver robustness. These are a baseline set of aidigurfor which a
broadcaster might consider there to be verified receiver support. Thisais eglhaustive list, and
many other physical layer configurations are available in the A/322 Standard f@nesenight

use this Annex to construct a physical layer configuration for deployment by starting with one of
these configurations ithis baseline set and then deviate by parameter modifications to optimize
for the uniqueness of the deployment location (differences in terrain, ground cluttdmdouil
materials, etc.) and the types of services that are intended to be deffie@dindoor, mobile,

etc.).

C.1.1  PLP Configuration: 1 PLP

This provides physical laygarametechoices for a single PLP configuration for a single complete
delivered productThe configurationhas a similar coverage as ATSC 1.0 (i.e., 15 dB required
SNR). Given thisetof physical layer parameters, the achievalaia rate in the physical layer is
around 25 MbpsTherefore, a high quality 4K UHD or multiple Ha¥feringsintended fo fixed
reception are feasihl®&ote that the required SNRs for each configuratiane obtained from
Annex A.

Table C.1.1 Physical Layer Parameters foSmglePLP

Frame Length 245.185 ms (Including Bootstrap)
Bandwidth 6 MHz
FFT Size 32K
Guard Interval Gl6_1536
Pilot Pattern SP Dx=8
Preamble Parameters - - - - -
Signaling Protection L1-Basic / Detail Mode 1
# of Preamble Symbols 1
Reduced Carriers None
FFT Size 32K
Guard Interval Gl6_1536
Pilot Pattern SP Dx=16, Dy=2
Payload OFDM Parameters Pilot Boosting No Pilot Boosting
# of Payload Symbols a7
Time Interleaver CTI (1024 depth)
Frequency Interleaver On
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First / Last SBS On/On
Outer Code BCH
Payload BICM Parameters Inner Code 9/15 LDPC (64800)
Constellation 256QAM
PHY Data Rate 25.158 Mbps
Simulation 15.7 dB
Required SNR (AWGN) Lab. Test 16.5dB
Field Test 16.8 dB
Simulation 16.1 dB
Required SNR (RC20) Lab. Test 17.1dB
Field Test 18.1dB
Simulation 18.1 dB
Required SNR (RL20) Lab. Test 19.3dB
Field Test 18.0dB

C.1.2  Configuration: 2 PLPs TDM in 1 Subframe

This provides possible physical laygarametechoices fora 2-PLP TDM configurationusing a
single subframeThis multiple PLPconfiguration uses theamewaveform paramete(&FT size,
guard interval and pilot patteff®r both PLPs, and hence, 16K FFT an&6, D,=2 are used for
this configurationto accommodate both mobile and fixeéevices Due to the use ai multiple
PLP configuration within a subframe, the HTI mode is configastie time interleaver choice
which requiresaninteger number of FEC Blocks allowing inevitable dummy modulation values
at the end o& subframe.

Table C.1.2 PhysicalLayerParameters for-PLP TDM

Frame Length 245.704 ms (Including Bootstrap)
Bandwidth 6 MHz
FFT Size 16K
Guard Interval Gl6_1536
Pilot Pattern SP Dx=4
Preamble Parameters ; - X . -
Signaling Protection L1-Basic / Detail Mode 1
# of Preamble Symbols 1
Reduced Carriers None
FFT Size 16K
Guard Interval Gl6_1536
Pilot Pattern SP Dx=8, Dy=2
Pilot Boosting No Pilot Boosting
# of Payload Symbols 93
HTI (Cell Interleaver: On, CDL: Off)
PLPO |2
Payload OFDM Parameters # of Tl Blocks
PLP1 |3
Time Interleaver PLPO |75
Max # of FEC Blocks
PLP1 |110
PLPO |75
# of FEC Blocks
PLP1 |110
Frequency Interleaver On
First / Last SBS On/On
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Outer Code BCH
PLPO Inner Code 8/15 LDPC (16200)
Constellation 16QAM
Payload BICM Parameters
Outer Code BCH
PLP 1 Inner Code 9/15 LDPC (64800)
Constellation 256QAM
PLPO 2.586 Mbps
PHY Data Rate
PLP 1 17.320 Mbps
Simulation 6.6 dB
PLP O Lab. Test 7.4 dB
. Field Test 7.6 dB
Required SNR (AWGN) 5 -
Simulation 15.7 dB
PLP 1 Lab. Test 16.5dB
Field Test 16.8 dB
Simulation 7.0dB
PLP O Lab. Test 7.9dB
. Field Test 8.6 dB
Required SNR (RC20) - -
Simulation 16.1dB
PLP 1 Lab. Test 17.1dB
Field Test 18.1 dB
Simulation 8.8dB
PLP O Lab. Test 9.8dB
. Field Test 8.7 dB
Required SNR (RL20) . -
Simulation 18.1dB
PLP 1 Lab. Test 19.3dB
Field Test 18.0dB

C.13

Configuration: 2 PLPs LDM in 1 Subframe

This provides possible physical laymrametechoices fora 2-PLP configurationusing a simple
LDM (i.e., PLP 0 in Core Layer and PLP 1 in Enhanced Layer wahesubframe) This LDM
configuration provides superior performanca&ound 5 dB SNR) compared tdahe TDM
configurationdescribedn SectionC.1.2andSectionC.2.1.

Table C.1.3 Physical Layer Parameters foP2P LDM

Frame Length

245.704 ms (Including Bootstrap)

Bandwidth 6 MHz
FFT Size 16K
Guard Interval Gl6_1536
Pilot Pattern SP Dx=4
Preamble Parameters - . - - .
Signaling Protection L1-Basic / Detail Mode 1
# of Preamble Symbols 1
Reduced Carriers None
FFT Size 16K
Guard Interval Gl6_1536
Payload OFDM Parameters Pilot Pattern SP Dx=8, Dy=2
Pilot Boosting No Pilot Boosting
# of Payload Symbols 93
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Time Interleaver

CTI (1024 depth)

Frequency Interleaver On
First / Last SBS On/On
Outer Code BCH
Core PLP (PLP 0) Inner Code 4/15 LDPC (16200)
Constellation |QPSK
Payload BICM Parameters Outer Code BCH
Enhanced PLP (PLP 1) Inner Code 9/15 LDPC (64800)
Constellation |64QAM
Injection Level 2.0dB
Core PLP (PLP 0) 2.497 Mbps
PHY Data Rate
Enhanced PLP (PLP 1) 17.320 Mbps
Simulation 1.9dB
Core PLP (PLP 0) Lab. Test 3.0dB
. Field Test 3.3dB
Required SNR (AWGN) - -
Simulation 15.8 dB
Enhanced PLP (PLP 1) Lab. Test 16.7 dB
Field Test 16.9dB
Simulation 2.1dB
Core PLP (PLP 0) Lab. Test 3.4dB
. Field Test 4.3 dB
Required SNR (RC20) - -
Simulation 16.2 dB
Enhanced PLP (PLP 1) Lab. Test 17.3dB
Field Test 18.8dB
Simulation 3.3dB
Core PLP (PLP 0) Lab. Test 7.0dB
. Field Test 4.7 dB
Required SNR (RL20) - -
Simulation 18.3dB
Enhanced PLP (PLP 1) Lab. Test 19.5dB
Field Test 18.7 dB

C.l4

Configuration: 3 PLPs with 3 Subframes: Variety Qua

lity of Service

This providegossible physical laygrarametechoices for a °LP configuration using the HTI
mode in TDM configuration with multiple subframes. This TDM configuration allowh &d>
to use different waveform parameters (FFT size, pilot pattern, or guandhipfer scale in service

quality. In this configuration, PLP 0 is intended to be more robust as it uses 8K FFT arsga de
pilot pattern. PLP 1 and PLP 2 are configured to have the same coverage (around 15~16 dB SNR)

as this configuration intends a tower sharing use case such that each broaduasint should
be delivered by a separate PLP. Note that service key@amples that require suchPRP
configuration can be found in [16].

Table C.1.4 Physical Layer Parameters foiP&P TDM

Frame Length 244.77 ms (Including Bootstrap)
Bandwidth 6 MHz

FFT Size 8K
Preamble Parameters Guard Interval Gl4_768

Pilot Pattern SP Dx=4
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Signaling Protection

L1-Basic / Detail Mode 3

Payload OFDM
Parameters

# of Preamble Symbols 1
Reduced Carriers None
FFT Size 8K
Guard Interval Gl4_768
Pilot Pattern SP Dx=8, Dy=2

Pilot Boosting

No Pilot Boosting

# of Payload
15t Subframe (PLP 0) Symbols

54

Time Interleaver

HTI (# of Tl Blocks: 2, # of FEC Blocks:
21)

nterieaver on

First / Last SBS Off / On

FFT Size 16K

Guard Interval Gl4_768

Pilot Pattern SP Dx=8, Dy=4

Pilot Boosting

No Pilot Boosting

2nd Subframe (PLP  |# Of Payload
1) Symbols

30

Time Interleaver

HTI (# of Tl Blocks: 3, # of FEC Blocks:
48)

Frequency

Interleaver on
First / Last SBS On/On
FFT Size 32K
Guard Interval Gl4_768

Pilot Pattern

SP Dx=16, Dy=2

Pilot Boosting

No Pilot Boosting

31 Subframe (PLP  |# Of Payload
2) Symbols

20

Time Interleaver

HTI (# of Tl Blocks: 3, # of FEC Blocks:
65)

" teriaver on
First / Last SBS On/On
Outer Code BCH
15t Subframe (PLP 0) |Inner Code 9/15 LDPC (64800)
Constellation 16QAM
Outer Code BCH
Payload BICM Parameters 2”;)Subframe (PLP Inner Code 9/15 LDPC (64800)
Constellation 256QAM
3" Subframe (PLP Outer Code BCH
2) Inner Code 9/15 LDPC (64800)
Constellation 256QAM
15t Subframe (PLP 0) 3.30 Mbps
PHY Data Rate 2" Subframe (PLP 1) 7.54 Mbps
34 Subframe (PLP 2) 10.21 Mbps
. Simulation 7.5dB
Required SNR (AWGN) 15t Subframe (PLP 0)
Lab. Test 8.3dB
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Field Test 8.5dB
21 Subframe (PLP Simulation 15.7 dB
1) Lab. Test 16.5 dB
Field Test 16.8 dB
39 Subframe (PLP Simulation 15.7 dB
2) Lab. Test 16.5 dB
Field Test 16.8 dB

Simulation 7.9dB

15t Subframe (PLP 0)|Lab. Test 8.9dB

Field Test 9.9dB
Simulation 16.1 dB
Required SNR (RC20) Zni)S”b"ame (PLP 1\ ab. Test 17.1dB
Field Test 18.1dB
39 Subframe (PLP Simulation 16.1 dB
2) Lab. Test 17.1 dB
Field Test 18.1dB

Simulation 9.8dB
15t Subframe (PLP 0)|Lab. Test 11.1dB
Field Test 10.2 dB
Simulation 18.1dB
Required SNR (RL20) 2”;)S“bframe (PLP 1\ ab. Test 19.3 dB
Field Test 18.0dB
39 Subframe (PLP Simulation 18.1 dB
2) Lab. Test 19.3dB
Field Test 18.0dB

C.1.5 Configuration: 4 PLPs TDM in 1 Subframe

This providegoossible physical laygrarametechoices for a °LP configuration using the HTI
mode in a single subframe. This exercises the maximum number of PLPs reaeivexpected

to demodulate simultaneously, and hence a complete delivered product carriedpte rRillfs

must conform to the time interleaving memory requirement (524288 cells). Irotifiguration,

PLP 0 uses a very robust ModCod combination that provides a negative SNR but very $mall PL
capacity; therefore, it may be suitable to carry service signaling (e.g., LOS/bMy. ALP 3 is

also intended for robust delivery such as ESG or NRT s=rviote that service layer examples
that require such 4-PLP configuration can be found in4h@jSectionC.1.6.

Table C.1.5 Physical Layer Parameters foiPAP TDM

Frame Length 245.18 ms (Including Bootstrap)
Bandwidth 6 MHz
FFT Size 16K
Guard Interval Gl4_768
Pilot Pattern SP Dx=8
Preamble Parameters - . - . -
Signaling Protection L1-Basic / Detail Mode 1
# of Preamble Symbols 1
Reduced Carriers None
FFT Size 16K
Payload OFDM Parameters
Guard Interval Gl4_768
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Pilot Pattern SP D«x=8, Dy=4
Pilot Boosting 1
# of Payload Symbols 97
HTI (Cell Interleaver: On, CDL: Off)
PLP O 2
# of Tl Blocks PLP 1 3
PLP 2 3
PLP 3 3
PLP O 4
Time Interleaver PLP 1 58
Max # of FEC Blocks
PLP 2 58
PLP 3 13
PLP O 4
# of FEC Blocks PLP 1 %8
PLP 2 58
PLP 3 13
Frequency Interleaver On
First / Last SBS On/On
Outer Code BCH
PLPO Inner Code 3/15 LDPC (64800)
Constellation QPSK
Outer Code BCH
PLP 1 Inner Code 7/15 LDPC (64800)
Constellation 256QAM
Payload BICM Parameters
Outer Code BCH
PLP 2 Inner Code 7/15 LDPC (64800)
Constellation 256QAM
Outer Code BCH
PLP 3 Inner Code 5/15 LDPC (64800)
Constellation 16QAM
PLPO 0.2 Mbps
PLP 1 7.1 Mbps
PHY Data Rate
PLP 2 7.1 Mbps
PLP 3 1.13 Mbps
Simulation -4.0dB
PLP O Lab. Test -2.9dB
Field Test -2.8dB
Simulation 12.4 dB
PLP 1 Lab. Test 12.9dB
. Field Test 13.1dB
Required SNR (AWGN) - -
Simulation 12.4 dB
PLP 2 Lab. Test 12.9dB
Field Test 13.1dB
Simulation 3.1dB
PLP 3 Lab. Test 3.8dB
Field Test 3.9dB
Required SNR (RC20) PLPO Simulation -4.0 dB
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Lab. Test -2.7dB
Field Test -2.2dB
Simulation 12.7dB
PLP1 |Lab. Test 13.5dB
Field Test 14.3 dB
Simulation 12.7dB
PLP2 |Lab. Test 13.5dB
Field Test 14.3 dB
Simulation 3.3dB
PLP3 |Lab. Test 4.0dB
Field Test 4.6dB
Simulation -3.5dB
PLPO |Lab. Test -1.6dB
Field Test -2.3dB
Simulation 14.6 dB
PLP1 |Lab. Test 15.5dB
_ Field Test 14.6 dB
Required SNR (RL20) Simulation 14.6 dB
PLP2 |Lab. Test 15.5dB
Field Test 14.6 dB
Simulation 4.4 dB
PLP 3 |Lab. Test 5.2dB
Field Test 4.5dB

C.1.6  Multiple PLPs Data Location

Care must be taken when using multipleP configurations. A/322 has a strict requirement for
time interleaving memory depth of 524288 cells (Section 7.1[3]p&nd when A/V services (as
defined in A/331[6] with video, audio, and/or captions) are combined with other data (e.g.,
program guides) to form a complete delivered product across several PLRs)ehigdrleaving
memory constraint needs careful consideration. Receivers use the LLS/LM tont réevant
PLPs for complete delivered product rendering and if data is referenced outsidentia
delivered product PLP mapping, time interleaving depth may be exceeded.

Figure C1 shows two complete delivered products carried byPARB configuration (as in
Annex C.1.5. That is, service layer signaling (LLS/LMT) carried in the robust PLAP(PL
indicates the two complete delivered products where the first complete predwrhprised of
PLP 0 and PLP 1 and the second complete delivered product is comprised of PLP 0, PLP 2 and
PLP 3. Figure QL illustrates a correct placement of service layer dataageh of the complete
delivered products meets the time interleaving memory mexapaint.
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Service Layer Signaling

@slsRotocol (ROUTE ContentInfo(R&2)

________________________________ |
: Servicetl | : |
| |
I STSID i!
| UsElEe I USBDUSD |
| UserServiceDescription 1! |
| RS @=rviceld(0x1001) | : |
I | |
SLT | LCT Channel | : STSID  MPD |
| @tsi-v | |
; | SourceFlow 1!

Service#l |
@serviced (0x1001) ! LoT ooy MPD I e -
@globalServicel oo} | @tsia |
@shortServiceName(ABG ! SourceFlow MPD [
g%ggggg&e oy o : Contentinfo(R3 Period |
@slsPotocol (ROUTE | AdaptationSet :
sIP(sIPL) | Representation(RyY |
gg’o(gl(zlli)’orﬂ) | - Segment URL(vided' Seg#1) |

! IPSIR |
| %ﬁﬁm AdaptationSet |

Service#2 | @Port=dPor2 RepresentatiofR9 |
@serviced (0X1002 | Eﬁggg;g?gigg))alswﬂ) |
@globalServicelyyyyy 2
g)shonservicd\lam(_tli_z\(/))(Yz : LCT Channel SgmentURL(audioa2/Segtl) :

@<=erviceCategory si-a2

BroadcasSvcinaling : SourceFlow :
| |
| |
| |
| |

sIP(sIFB)

dIP(dIP3)

dPort (dPort3)

LMT T

ALP \
g#l(-)')’ Steam  LLSUDFIP | SLT

#0) sIR)?dCI)F%-Irz;EF?o o \Clisiesd  ServicGuice(1)

| One complete delivered product in
PL® and PLR

ALP LCTisi=0) | Service Signaling
PLP Stream ROUTE1
(#1) 1) sIPL/dIP1/dPortl LCTtsiv) Video Segments

LCTtsi-a) Audio Segments /

ALP
PLP ROUTE2 o . =
#2) Sz;eze;m SIR/dIP2/dPore LCTisiesd  ServiceGuide(2)

One complete delivered product in
=

AP LCTisi=0) | Service Signaling PLR, PLR and PLB
PLP Stream ROUTE3
#3) #3) sIR/dIP3/dPort3 LCTtsiv) Video Segments

LCTtsi-a) Audio Segments /

Figure C.1 4-PLP configuration with correct data placement.

Figure C2 shows two complete delivered products in @14 configuration. In this
configuration, a combined electronic service guide (ESG) including two complete eeliver
products is carried in PLP 2, and therefore, the first complete delivered productpisseohof
PLP 0, PLP 1 and PLP 2, and the second complete delivered product is comprised of PLP 1, PLP
2 and PLP 3. This illustrates an incorrect placementrofcgelayer data if the memory use of the
first complete delivered product exceeds the time intérigeaconstraint.
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Service Layer Signaling

| Servicet2 |

: Servicetl | : |

| |

I STSID USBIUSD i I

| 1! USBDUSD |

1 UserServiceDescription 1! |

| RS @=rviceld(0x100: 1! |

I It I

ST | Lg Channel | : STSID  MPD |

| Si-v | |

. | SourceFlow 1! |

S%\égf%l@d (0x1001) I Lc‘%"&i'?."nff’m MPD N _ !
@globalServicel o) | @tsia |
@shortSrviceName(ABG | SourceFlow MPD !
E(,@Sog:jvécagg\tleg%};ﬂ? : ContentinfoRg Period :
@5|SF"010005|§?R0U | AdaptationSet |
SIP(sIFL) 1 Representation(RY |
g:fo(gl(zlgo ) | Segment URL(vided Seg#1) |
| |
| ggﬂ%_-ﬂ% AdaptationSet 1
Service#2 | @Port=dPor2 RepresentatiofRg_ |
@serviced (0x1002) | SgmentURL(audioa/Segt1) |
@globalServicelyyyy) | FEpresentatior(R&2) |
gshor&rviceNam(_T:\(;(YZ | Lg Channel SgmentURL@udioa2/Seg1) |

erviceCategory! si-a2

BroadcasSvc#naling ! SourceFlow !
S@Igl(::?rgt)ocol(ROU'l'E : ContentInfo(R&) :
dIP(dIF3) | |
dPort(dPort3) | |
| |

ALP - T \

PLP oieam LLSUDRIP  SLT
#0) (40

P LCTtsi=0) : One complete delivered product in
PLP ROUTEL PLP, PLA and PLR

(#1) sz’:f)m sIPU/dIPL/dPortl — LCTtsiv)  Video Segments
LCTtska)  Audio Segments Data placed outside a complete delivefed product
AEReceiver forced to turn on anotfier PLP potentiaktgeeding time interleaver constraint
ALP N
PLP ROUTE2 ;
#2) SE’:S"‘ srdrdpore | LCTses. ISR /

One complete delivered product in

AP LCTs=0) ’ PLM, PLR and PLB
PLP ROUTE3

#3) sz’:;)m sIR/dIF3/dPor3  LCTisiv)  Video Segments
LCTtsi-a) Audio Segments /

Figure C.2 4-PLP configuration with incorrect data placement.

C.2 RECOMMENDED STRUCTURES

This part of the Annex provides recommended physical layer structure sdialspecific use
cases.

c.21 Structure: Services for Both Mobile and Fixed Recei vers

This sectionprovidesa selection opossible physical laygrarametechoices for services targeted

at fixed and at mobile devices that should be a muihle configuration, in which at least one
PLP is contained in a separate subframe. This configuration varies the FFhdiae @lot
patterns. In the examplePLP configuration iMableC.2.1,the parameters such as FFT and pilot
pattern are adjusted for the separate subframes. PLP 0 is shown conttiedashsubframe that
could be suitable for mobile or indoor devices and uses 8K FFT size and a dergsat{grn.
Conversely, PLP 1 in the second subframe could be suitable for fixed devices using 32KeFFT si
and a sparser pilot pattern. Parameters may be modified based on othestagtias terrain, etc.
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Table C.2.1 Physical Layer Parameters foiS2ibframes

Frame Length

245.333 ms (Including Bootstrap)

Bandwidth 6 MHz
FFT Size 8K
Guard Interval Gl6_1536
Pilot Pattern SP Dx=4
Preamble Parameters 5 ; 5 . -
Signaling Protection L1-Basic / Detail Mode 1
# of Preamble Symbols 2
Reduced Carriers None
FFT Size 8K
Guard Interval Gl6_1536
Pilot Pattern SP Dx=4, Dy=2
Pilot Boostin No Pilot Boostin
15t Subframe (PLP 0) g g
# of Payload Symbols |51
Time Interleaver CTI (1024 depth)
Frequency Interleaver |On
First / Last SBS Off / On
Payload OFDM Parameters -
FFT Size 32K
Guard Interval Gl6_1536

2" Subframe (PLP 1)

Pilot Pattern

SP Dx=16, Dy=2

Pilot Boosting

No Pilot Boosting

# of Payload Symbols |34
Time Interleaver CTI (1024 depth)
Frequency Interleaver |On
First / Last SBS On/On
Outer Code BCH
15t Subframe (PLP 0) |Inner Code 8/15 LDPC (16200)
Constellation 16QAM
Payload BICM Parameters
Outer Code BCH
2" Subframe (PLP 1) |Inner Code 9/15 LDPC (64800)
Constellation 256QAM
15t Subframe (PLP 0) 2.620 Mbps
PHY Data Rate
2" Subframe (PLP 1) 17.568 Mbps
Simulation 6.6 dB
15t Subframe (PLP 0) |Lab. Test 7.4 dB
. Field Test 7.6 dB
Required SNR (AWGN) - -
Simulation 15.7 dB
2" Subframe (PLP 1) |Lab. Test 16.5dB
Field Test 16.8 dB
Simulation 7.0dB
15t Subframe (PLP 0) |Lab. Test 7.9dB
. Field Test 8.6 dB
Required SNR (RC20) - X
Simulation 16.1 dB
2" Subframe (PLP 1) |Lab. Test 17.1dB
Field Test 18.1dB
. Simulation 8.8dB
Required SNR (RL20) 15t Subframe (PLP 0)
Lab. Test 9.8dB
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I 2" Subframe (PLP 1)

Field Test 8.7dB

Simulation 18.1 dB
Lab. Test 19.3dB
Field Test 18.0dB
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: Field Issues

D.1 INTRODUCTION

This Annex reports issues that have been found in some fielded ATSC 3.0 receivers astd sugge
methods that broadcasters may take to resolve or avoid the issues from occurring etHnoses.

D.2 HYBRID TIME INTERLEAVER BLOCK -SIZE ISSUE

D.2.1  Brief Summary of Issue

A limited number of receivers are unable to demodulate the broadcasttlyounder conditions
using multiple PLPs where TI Block sizes in the Hyfriche Interleaver (HTI}hat differ beyond

a certain level are applied to each PLP, and a congdditeered product is carried by the multiple
PLPs.

D.2.2  Scope

D.2.2.1 Affected Receivers

The issue occurs with a limited number of receiver models made between 2020 and 2021. The
implementation described in Section 6.3.2.2.2 leads to the need for a delay before the de
interleaver memory, and this was not sufficient in these receiver modelsnplementation issue

in these receivers has been identified as a hardwareomassue that cannot be fixed with a
software update. The problem has subsequently been fixed and does not occur in ismdivers
after 2021.

D.2.2.2 Conditions Under Which the Issue Occurs

The problem occurs only in HTI Mode, where differing Tl Block sizes are applieaicto RLP
(and that difference between TI Block sizes exceedsrtin value), and a complete delivered
product is carried by multiple PLPs. Note that when a complete delivered predactied by
multiple PLPs, simultaneous decoding of the multiple PLPs is required at recanertherefore,
the multiple PLPs share TI memory up {8 &ells.

D.2.3 Recommendations to Broadcasters

Most receivers will not require any broadcaster considerations on Tl BlackHsavever, if the
broadcaster wants to make sure affected legacy resetser also receive their muRLP

broadcasts using different Tl Block sizes successfully, the followmingkarounds may be
considered.

Workaround 1:
Use HTI without applying differing Tl Block sizes to each PLP.
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Workaround 2:

Use HTI applying differing Tl Block sizes, but ensure ttieg Tl Block sizes of the PLPs
satisfy the following condition:

Neetistn) * NFEC_Ti(n, last T1 Block)” Neells(n+1) - NEEC_Ti(n+1, first T Blocky+ 247

whereNceiis;nyandNrec_Ti, firstiast Ti Blockdenote the FEC Block size (cells) and the number of FEC
Blocks in the first or last Tl Block of thé"rPLP respectively. That is, the difference in Tl Block
size between adjacent PLPs should not excéed 28K) cells. This includes adjacent PLPs that
cross frame or subframe boundaries.

— End of Document —

136



	1. SCOPE
	1.1 Introduction and Background
	1.2 Organization

	2. References
	3. Definition of Terms
	3.1 Compliance Notation
	3.2 Acronyms and Abbreviations
	3.3 Terms

	4. System Overview and Guidelines for Physical Layer Mode
	4.1 System Overview
	4.2 Guidelines for Physical Layer Mode
	4.2.1 FFT Size
	4.2.2 Bandwidth and Bandwidth Reduction
	4.2.3 Pilot Pattern
	4.2.3.1 Separation of Pilot Carriers (Dx)
	4.2.3.2 Length of Pattern in Symbols (Dy)

	4.2.4 Pilot Boosting
	4.2.5 Frame and Subframe Length
	4.2.5.1 Frame Length
	4.2.5.2 Number of Preamble Symbols
	4.2.5.3 Subframe Configuration

	4.2.6 Symbol-Aligned or Time-Aligned Mode
	4.2.7 PLP Multiplexing
	4.2.7.1 PLP Cell Multiplexing
	4.2.7.2 Layered Division Multiplexing

	4.2.8 LDM Parameters
	4.2.8.1 LDM Injection Level
	4.2.8.2 LDM ModCod Combination

	4.2.9 Code Rate, Length and Constellation
	4.2.10 L1 Protection Mode
	4.2.11 Time Interleaver Mode
	4.2.11.1 Valid Conditions for CTI Mode
	4.2.11.2 Valid Conditions for HTI and No TI Mode
	4.2.11.3 Extended Time Interleaving

	4.2.12 Guard Interval
	4.2.13 Frequency Interleaver Mode
	4.2.14 Time Information Type
	4.2.15 Multiple Subframes within a Frame
	4.2.16 L1D_plp_fec_type
	4.2.17 Transmitter Identification (TxID)
	4.2.18 MISO Operation
	4.2.19 PAPR Reduction
	4.2.20 BSID Assignment
	4.2.21 MIMO Operation
	4.2.22 SISO Operation of MIMO-Capable Transmission System


	5. Guidelines for Transmitter Implementation
	5.1 Input Formatting
	5.1.1 Delivered Product in Multiple PLPs

	5.2 Bit-Interleaved Coded Modulation (BICM)
	5.2.1  Forward Error Correction (FEC)
	5.2.1.1 Inner Encoding

	5.2.2 Bit Interleaving
	5.2.3 Constellation Mapping
	5.2.4 Layered Division Multiplexing (LDM)
	5.2.5 Protection for L1-Signaling
	5.2.5.1 Common Block for L1-Basic and L1-Detail
	5.2.5.2 L1-Detail Specific Block: L1 Segmentation
	5.2.5.3 L1-Detail Specific Block: Additional Parity


	5.3 Framing and Interleaving
	5.3.1 Time Interleaving
	5.3.1.1 Convolutional Time Interleaving (CTI)
	5.3.1.2 Hybrid Time Interleaving (HTI)

	5.3.2 Frame Structure
	5.3.2.1 Example Scenario for Power Saving Aspect
	5.3.2.2 Example Scenario for Performance Aspect

	5.3.3 LDM and PLP Multiplexing
	5.3.3.1 Definition of L1D_plp_start and L1D_plp_size
	5.3.3.2 Indexing TI Groups
	5.3.3.3 Injection Level (L1D_plp_ldm_injection_level) for Multiple Enhanced PLPs
	5.3.3.4 Positioning Enhanced PLP(s) and Not Recommended LDM Cases
	5.3.3.5 LDM Configuration with Different TI Modes
	5.3.3.5.1 CTI Mode
	5.3.3.5.2 HTI Mode
	5.3.3.5.3 No TI Mode

	5.3.3.6 Combination with FDM

	5.3.4 Frequency Interleaving

	5.4 Waveform Generation
	5.4.1 Pilot Insertion
	5.4.1.1 Scattered Pilot Insertion
	5.4.1.2 Continual Pilot Insertion
	5.4.1.3 Edge Pilot Insertion
	5.4.1.4 Preamble Pilot Insertion
	5.4.1.5 Subframe Boundary Pilot Insertion

	5.4.2 MISO
	5.4.2.1 Signal Model

	5.4.3 Inverse Fast Fourier Transform (IFFT)
	5.4.4 Guard Interval
	5.4.5 Bootstrap

	5.5 Channel Bonding
	5.5.1 Memory Considerations
	5.5.2 Channel Bonding Examples

	5.6 TxID Code Assignments
	5.6.1 TxID Code Assignments for the United States of America.
	5.6.2 TxID Code Assignments for the Republic of Korea


	6. Guidelines for Receiver Implementation
	6.1 Signal Discovery and Synchronization
	6.1.1 Use of Bootstrap for Signal Acquisition and Synchronization
	6.1.1.1 Signal Acquisition and Timing Synchronization
	6.1.1.1.1 Delayed Correlation
	6.1.1.1.2 Local Sequence Based Correlation

	6.1.1.2 Fractional Frequency Offset (FFO) Estimation
	6.1.1.3 Integer Frequency Offset (IFO) Estimation and Validation

	6.1.2 Signaling Detection of Bootstrap Symbols
	6.1.2.1 Time Domain Cyclic Shift Detection
	6.1.2.1.1 Detection Method A
	6.1.2.1.2 Detection Method B: Iterative Detection

	6.1.2.2 Gray De-Mapping


	6.2 Waveform Demodulation
	6.2.1 Channel Estimation and Equalization
	6.2.1.1 Channel Estimation for Mobile Reception
	6.2.1.2 Channel Estimation for Fixed Reception

	6.2.2 Removal of Peak to Average Power Ratio Reduction Techniques

	6.3 De-Framing and De-Interleaving
	6.3.1 Frequency De-Interleaving
	6.3.1.1 Frequency De-Interleaving for 8K/16K FFT Size
	6.3.1.2 Frequency De-Interleaving for 32K FFT Size

	6.3.2 Time De-Interleaving
	6.3.2.1 Extended Time De-Interleaving
	6.3.2.2 Hybrid Time De-Interleaving
	6.3.2.2.1 Inverse CDL
	6.3.2.2.2 Twisted Block De-Interleaver
	6.3.2.2.3 Cell De-Interleaver



	6.4 LDM Decoding
	6.4.1 Decoding Process of Core and Enhanced Layers
	6.4.2 Core PLP Decoding
	6.4.3 Core PLP Cancellation and Enhanced PLP Decoding

	6.5 Channel Decoding
	6.5.1 LLR De-Mapping for Non-Uniform Constellations
	6.5.1.1 De-Mapping for 1D-NUC
	6.5.1.1.1 Computation of Perfect LLR for 1D-NUC
	6.5.1.1.2 Computation of Simplified LLR for 1D-NUC

	6.5.1.2 De-Mapping for 2D-NUC
	6.5.1.2.1 Computation of Perfect LLR for 2D-NUC
	6.5.1.2.2 Computation of Simplified LLR for 2D-NUC


	6.5.2 Bit De-Interleaving
	6.5.3 Inner and Outer Decoding
	6.5.4 Decoding of L1 Signaling

	6.6 TxID Detection


