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7.1.5 Channel coding and modulation
7.1.5.1 Channel coding

Finalize the eMBB data channel coding scheme by selecting a channel coding scheme for information block size of eMBB data <= X, and discuss channel coding scheme for the control channel
eMBB small blocks
R1-1611107
Performance Comparison of eMBB's Channel Coding Candidates for Short Block Lengths
ZTE, ZTE Microelectronics
R1-1611256
Performance evaluation of channel codes for small block sizes
Huawei, HiSilicon

R1-1613165
Performance Comparison of Channel Coding Candidates for Short Block Sizes
Ericsson
Revision of R1-1611316
R1-1613343
Comparison of coding candidates for eMBB data channel of short codeblock length
MediaTek Inc.
Revision of R1-1612134
R1-1612276
Coding performance for short block eMBB data
Nokia, Alcatel-Lucent Shanghai Bell

R1-1613123
Link Level Evaluation of FEC for Data Channel in NR
AT&T GNS Belgium SPRL
Revision of R1-1612372
R1-1612555
HARQ Performance Comparison of LDPC and Polar
Samsung

R1-1612585
Discussion on EMBB data channel coding for block lengths less than X
Intel Corporation

R1-1611401
Evaluation of channel coding schemes with short block size for eMMB
CATT
R1-1611478
Comparation of Polar and LDPC with short information length for eMBB scenario
Spreadtrum Communications

R1-1611690
System evaluation of coding schemes
Huawei, HiSilicon

R1-1611703
Evaluation results of channel coding for NR
Guangdong OPPO Mobile Telecom.

R1-1611851
Channel coding scheme selection for eMBB
LG Electronics

R1-1612136
Simulation result update for NR channel coding
MediaTek Inc.

R1-1612547
Discussion on Channel Coding for eMBB Data Channel
Samsung

R1-1612549
Performance of Short-Length Channel Codes for NR
Samsung

R1-1612653
On Channel Codes for eMBB Data Channel with Small Block Sizes
InterDigital Communications

R1-1612654
Updated Turbo Codes Simulation Data Sharing for eMBB Data Channel
InterDigital Communications

R1-1612712
Performance evaluation of channel codes for eMBB small block sizes
NTT DOCOMO, INC.

R1-1612782
Simulation results for eMBB small data
CATR

R1-1612652
Summary of channel coding simulation data sharing for eMBB data channel
InterDigital Communications

R1-1612085
Implementation for short blocks in EMBB
Qualcomm Incorporated

R1-1612306
On the hardware implementation of channel decoders for short block lengths
AccelerComm Ltd

R1-1611253
Summary of code combination for eMBB data channel
Huawei, HiSilicon

R1-1611319
Channel coding for eMBB data
Ericsson
R1-1611863
Discussion on eMBB data channel coding scheme
KT Corp.

R1-1613264
Selection criteria for short block eMBB data
Nokia, Alcatel-Lucent Shanghai Bell
Revision of R1-1612275
R1-1612784
Some discussions for eMBB small data schemes
CATR

R1-1613363
Views on the standardisation of channel coding for NR
CMCC, China Telecom, China Unicom, Bell Mobility, Deutsch Telekom, Telus

R1-1613095
WF on packet size distribution for eMBB data
Ericsson, Nokia, ASB, Qualcomm, Samsung, Intel

R1-1613308
Observations on network traffic data statistics
Huawei, HiSilicon
R1-1613265
WF on performance observations
Nokia, Alcatel-Lucent Shanghai Bell

R1-1613341
Observations on channel coding for eMBB data
Samsung, Qualcomm Corporation, Nokia, ASB, Intel Corporation

R1-1613306
WF on hardware efficiency for 2-code eMBB data channel 
Huawei, HiSilicon, AccelerComm, Alibaba, CATR, CATT, Coolpad, CMCC, China Telecom, China Unicom, Hytera, IMT, LG Electronics, Lenovo, MediaTek, Motorola Mobility, Neul, Nubia Technology, OPPO, Orange, Potevio, Spreadtrum, SRTC, Starpoint, TD-Tech, Turk Telekom, Vivo, Xiaomi, Xinwei, ZTE, ZTE Microelectronics, Coherent Logix, Skyworks
Also supported by InterDigital, Etisalat 
Proposal:
· 2-code solution is supported for eMBB Data Channel
R1-1613097
WF on channel coding chain for eMBB data
Ericsson, Qualcomm, Samsung, Intel

R1-1613347
WF on channel codes for NR short block length eMBB data
AccelerComm, Ericsson, Orange, IMT, LG Electronics, NEC
Proposal:
· Turbo code is adopted for information block size of eMBB data <= 1024
· Note: if some system design constraints are found during the work item, it may be desirable to revisit the value of 1024
R1-1613307
WF on channel coding
Huawei, HiSilicon, Acer, ADI, Aeroflex, Alibaba, Bell Mobility, Broadcom, CATR, CATT, Coolpad, Coherent Logix, CHTTL, CMCC, China Telecom, China Unicom, Dish Network, ETISALAT, Fiberhome, Hytera, IAESI, III, Infineon, InterDigital, ITRI,  Irdeto, Lenovo, Marvell, MediaTek, Motorola Mobility, National Taiwan University, Netas, Neul, Nubia Technology, OOREDOO, OPPO, Potevio, SGS Wireless, Skyworks, Sporton, Spreadtrum, SRTC, Starpoint, STMicroelectronics, TD-Tech, Telekom Research & Development Sdn. Bhd, Telus, Toshiba, Turk Telekom, Union Telephone, Vivo, Xiaomi, Xilinx, Xinwei, ZTE, ZTE Microelectronics
Bureau Veritas withdrew their support. 
Proposal:
· Polar is supported as the channel coding scheme for DL and UL eMBB data with information block up to 1024 bits
Objections: Ericsson, Qualcomm, Nokia, ASB, Samsung, LG, ETRI, KT, VzW, Intel, Docomo, IMT, KDDI, NEC
Proposal:

· Polar is supported as the channel coding scheme for DL and UL eMBB data with information block up to 255 bits
R1-1613342
WF on channel coding for eMBB data
Samsung, Acorn Technologies, Alcatel-Lucent Shanghai Bell, Ceragon Networks, Cohere Technologies, Ericsson, ETRI, European Space Agency, HCL Technologies limited, IAESI, Intel Corporation, ITL, KDDI, KT Corporation, Mitsubishi Electric, Motorola Solutions, NextNav, NEC, Nokia, Nomor Research, NTT Docomo, Prisma telecom testing, Qualcomm Incorporated, Reliance Jio, Sharp, SK Telecom, Sony, Straight Path Communications, T-Mobile USA, Verizon Wireless, WILUS Inc
Proposal:

· Adopt LDPC code as the single code for eMBB data channels
Proposal:
· Adopt LDPC code as the single code for eMBB data channels at least for blocks >=256 bits
Proposal:

· Adopt LDPC code as the single code for eMBB data channels
· It is not precluded to adopt Polar code as an additional code for small eMBB data blocks if the concerns on IR HARQ are resolved
Proposal:

· Adopt LDPC code as the single code for eMBB data channels
· Adopt Polar code for a physical layer control channels
R1-1611114
Selection of eMBB Coding Scheme for Short Block length
ZTE, ZTE Microelectronics
R1-1611710
DL and UL Packet Sizes Supported by Channel Coding Candidates
Ericsson Inc.

R1-1611317
Investigation of Code Performance with CRC
Ericsson

R1-1612279
CRC attachment for eMBB data
Nokia, Alcatel-Lucent Shanghai Bell

R1-1613006
A Dynamically Configurable Multi-mode NR Decoder Implementation
Coherent Logix

LDPC
R1-1611321
Design of LDPC Codes for NR
Ericsson
R1-1611322
Rate Matching for LDPC Codes
Ericsson

R1-1611111
Consideration on the flexibility of LDPC codes for NR
ZTE, ZTE Microelectronics

R1-1611112
Consideration on LDPC design for NR
ZTE, ZTE Microelectronics

R1-1611260
Observations on LDPC decoders
Huawei, HiSilicon

R1-1611855
Considerations on channel coding chain for eMBB
LG Electronics

R1-1613059
High performance and area efficiency LDPC design with compact proto-matrix
MediaTek Inc.
Revision of R1-1612132
R1-1612133
Discussion on the bit-reordering of an LDPC code block
MediaTek Inc.

R1-1612280
LDPC design for eMBB data
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612586
LDPC design for NR data channel
Intel Corporation

R1-1612937
LDPC Codes for NR
KT Corp.
R1-1613269
WF on LDPC base matrix 
ZTE, ZTE Microelectronics, Qualcomm

Conclusion:
· One aspect that should be considered further for the NR-LDPC design is the lifting size definition:
· E.g. the lifting size z =c*2d, where c is chosen from a set C of positive integers and, for each value of c, d is taken from the set D = [0,1, 2, 3, 4, 5, 6, 7, 8]
· FFS the set C
R1-1613093
WF on Basics of LDPC Design 
Ericsson, NTU, Qualcomm, Intel, Nokia, ASB, LG, Samsung
Agreements:

· Code extension of a parity-check matrix is used for IR HARQ/rate-matching support 
· Use lower-triangular extension, which includes diagonal-extension as a special case
· For the QC-LDPC design, the non-zero sub-blocks have circulant weight <=2
· Circulant weight is the number of superimposed circularly shifted Z(Z identity matrices
· In parity check matrix design, the highest code rate (Rmax,j ) to design j-th H matrix for is 
· Rmax,j <=8/9
· Rmax,j is the code rate of the j-th H matrix before code extension is applied (0( j< J) 
· Rmax,j is the code rate after accounting for the built-in puncturing, if this is applied in H matrix design
· Rate matching to support transmission code rate higher than Rmax,j is not precluded
For RAN1 Jan Adhoc, companies are encouraged to work on further key characteristics / principles of the protomatrix. 

For comparisons between LDPC designs, continue to use the same simulation assumptions. 

Companies are encouraged to use sum-product flooding decoding algorithm with 50 iterations as a reference; other variants may also be provided. 
R1-1613344
Way Forward on Objective Selection on NR LDPC Features 
MediaTek, ITRI, InterDigital, ZTE, NTU, CATT, Huawei, HiSilicon

R1-1611323
Improved LDPC Performance for Short Block Length
Ericsson

R1-1611324
Impact of Decoding Algorithm to LDPC Code Performance
Ericsson

R1-1611403
Discussion on LDPC for eMMB
CATT

R1-1612081
Short block length LDPC codes
Qualcomm Incorporated

R1-1612083
Adjusted min-sum decoders for LDPC codes
Qualcomm Incorporated

R1-1612084
Decoder sensitivity
Qualcomm Incorporated

R1-1612277
Near optimal performance for LDPC with OSD/List decoding
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612281
IR HARQ schemes for LDPC
Nokia, Alcatel-Lucent Shanghai Bell
R1-1612282
Code segmentation for eMBB data
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612550
Short-length LDPC Codes for NR
Samsung

R1-1612551
Quasi-ML Decoding of Short Length LDPC Codes
Samsung
Polar

R1-1611254
Details of the Polar code design
Huawei, HiSilicon

R1-1613300
Design Aspects of Polar and LDPC codes for NR
Huawei, HiSilicon
Revision of R1-1611259
R1-1611113
Consideration on Polar Codes for NR
ZTE, ZTE Microelectronics

R1-1611110
HARQ Performance of Rate-compatible Polar codes
ZTE, ZTE Microelectronics

R1-1613301
HARQ scheme for Polar codes
Huawei, HiSilicon
Revision of R1-1611255
R1-1611320
Investigation of HARQ Design for Polar Codes
Ericsson

R1-1612087
Further evaluations of Polar HARQ
Qualcomm Incorporated

R1-1612278
Discussion on the IR-HARQ support of polar codes
Nokia, Alcatel-Lucent Shanghai Bell
R1-1613017
Further discussion on IR HARQ for polar codes
Nokia, Alcatel-Lucent Shanghai Bell

R1-1611318
Consideration of Implementation Aspects of Polar Codes
Ericsson

R1-1612552
Discussion on Polar Codes for NR
Samsung

R1-1612656
Interleaver for Polar Codes
InterDigital Communications

R1-1613018
Polar Decoder Implementation on Memory-In-Network DSP
Coherent Logix
Turbo

R1-1611258
Evaluation of enhanced Turbo Codes for eMBB small block sizes
Huawei, HiSilicon
R1-1611325
Further Enhanced Turbo Codes for NR
Ericsson

R1-1612308
BLER performance of list decoding for enhanced turbo codes
AccelerComm Ltd

R1-1612938
Enhanced Turbo Codes for NR: Performance Evaluation for eMBB and URLLC
IMT, ORANGE

Control channels
R1-1611257
Performance evaluation of channel codes for control channel
Huawei, HiSilicon
R1-1613300
Design Aspects of Polar and LDPC codes for NR
Huawei, HiSilicon
Revision of R1-1611259
Section 4.1
R1-1612783
Simulation results for control channel
CATR
R1-1611852
Control channel coding scheme evaluation
LG Electronics

R1-1613061
Comparison of coding candidates for DL control channels and extended applications
MediaTek Inc.
Revision of R1-1612135
R1-1613078
Evaluation on Channel Coding Candidates for eMBB Control Channel
ZTE, ZTE Microelectronics
Revision of R1-1611109
R1-1613092
Channel Coding Candidates for Control Channel
Ericsson
Revision of R1-1611326
R1-1611327
Investigation of LDPC Codes for Control Channel of NR
Ericsson

R1-1612088
Control channel performance
Qualcomm Incorporated

R1-1612587
Discussion on Control channel coding for NR
Intel Corporation

R1-1613584
Performance of coding candidates for control channels
Nokia, Alcatel-Lucent Shanghai Bell
Revision of R1-1612283
R1-1613211
WF on Channel Coding  Huawei, HiSilicon, Acer, ADI, Aeroflex, Alibaba, Bell Mobility, Broadcom, CATR, CATT, Coolpad, Coherent Logix, CHTTL, CMCC, China Telecom, China Unicom, Dish Network, ETISALAT, Fiberhome, Hytera, IAESI, III, Infineon, InterDigital, ITRI,  Irdeto, Lenovo, Marvell, MediaTek, Motorola Mobility, National Taiwan University, Netas, Neul, Nubia Technology, OOREDOO, OPPO, Potevio, SGS Wireless, Skyworks, Sporton, Spreadtrum, SRTC, Starpoint, STMicroelectronics, TD-Tech, Telekom Research & Development Sdn Bhd, Telus, Toshiba, Turk Telekom, Union Telephone, Vivo, Xiaomi, Xinwei, ZTE, ZTE Microelectronics
Bureau Veritas and CGC withdrew their support. 

Proposal:

· Polar is supported as the channel coding scheme for DL and UL control channels for eMBB (except FFS for very small payloads)
R1-1613577
WF on coding technique for control channel for eMBB
LG, AT&T, Ericsson, NEC, Qualcomm

Proposal:
· For DCI, tail-biting convolutional code (TBCC) is adopted as a channel coding technique for NR
· For UCI with encoder input size [16]<=K<=100 bits, TBCC is adopted as a channel coding technique for NR
· FFS: enhancements to LTE TBCC including generator polynomials with larger constraint length, lower native code rate 
R1-1613249
WF on channel coding 
Etisalat, Telus, Bell Mobility, China Unicom
Proposal:
· LDPC is supported as the channel coding scheme for DL eMBB data with information block up to 1024 bits
· Polar is supported as the channel coding scheme for UL eMBB data with information block up to 1024 bits
· Polar is supported as the channel coding scheme for DL and UL control channel
R1-1613248
WF on NR channel coding

Verizon Wireless, AT&T, CGC, ETRI, Fujitsu, HTC, KDDI, KT, Mitsubishi Electric, NextNav, Nokia, Alcatel-Lucent Shanghai Bell, NTT, NTT DOCOMO, Samsung, Sierra Wireless, T-Mobile USA

Proposal:
· Adopt LDPC as the single channel code for uplink and downlink eMBB data channels for all relevant info block sizes
· Adopt Polar as the channel code for the uplink control information
· FFS for very small block lengths where repetition/block coding may be preferred
· Adopt TBCC as the channel code for the downlink control information
R1-1613250
WF on Channel Coding for NR
Vodafone, CMCC, Ericsson, Deutsche Telekom, TELUS, Bell Mobility, China Unicom, China Telecom
Proposal:
· Flexible LDPC (f-LDPC) is supported as the channel coding for both DL and UL eMBB data channel for all relevant information block sizes
· It is not precluded that other coding schemes can be added later in future release
· Polar Coding is supported as the channel coding for both Uplink and Downlink eMBB control channel (except FFS for very small payloads)
Agreement: 
· UL eMBB data channels:

· Working Assumption to adopt flexible LDPC as the single channel coding scheme for small block sizes (to be confirmed unless significant issues are identified by the RAN1 Jan adhoc in relation to performance, implementation complexity and flexibility)
· (Note that it is already agreed to adopt LDPC for large block sizes)

· DL eMBB data channels:

· Adopt flexible LDPC as the single channel coding scheme for all block sizes

· UL control information for eMBB
· Adopt Polar Coding (except FFS for very small block lengths where repetition/block coding may be preferred)
· DL control information for eMBB
· Working Assumption to adopt Polar Coding (except FFS for very small block lengths where repetition/block coding may be preferred)
· To be confirmed unless significant issues are identified by the RAN1 Jan adhoc in relation to performance, latency, power consumption and implementation complexity
R1-1611402
Performance of coding candidates for NR control channel
CATT

R1-1613561
Control channel complexity considerations
Qualcomm Incorporated
Revision of R1-1612089
R1-1612284
Polar codes for control channels
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612285
Reed-Muller and BCH codes for control channels
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612286
LDPC codes for control channels
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612370
Link Level Evaluation of Channel Coding Schemes for Control Channel in NR
AT&T GNS Belgium SPRL

R1-1612548
Discussion on Channel Coding for eMBB Control Channel
Samsung

R1-1612553
Reed Muller Codes for Control  Channel
Samsung

R1-1612554
TBCC for eMBB Control Channel
Samsung

R1-1612655
Performance Evaluation of Channel Codes for eMBB Control Channel
InterDigital Communications

PBCH

R1-1611711
On Channel Coding of PBCH
Ericsson Inc.
URLLC / mMTC
R1-1611108
Performance Comparison of URLLC and mMTC's Channel Coding Candidates
ZTE, ZTE Microelectronics
R1-1611692
Channel coding schemes for URLLC scenario
Huawei, HiSilicon

R1-1611854
Channel coding scheme evaluation for URLLC
LG Electronics

R1-1612287
Evaluation criteria for URLLC/mMTC coding scheme
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612288
Performance of mMTC and URLLC channel coding candidates
Nokia, Alcatel-Lucent Shanghai Bell

Outer codes

R1-1611115
Consideration on outer codes for NR
ZTE, ZTE Microelectronics

Miscellaneous

R1-1611853
Multiple CRC for TBCC list decoding
LG Electronics
R1-1613000
On Quasi-ML and OSD decoders
Huawei, HiSilicon

7.1.5.2 Modulation
R1-1611214
Signal Shaping for QAM with Flexible Rate Adaptation
Huawei, HiSilicon

R1-1611252
Analysis of modulation schemes for NR
Huawei, HiSilicon

R1-1611284
Performance of NU-QAM with LDPC codes for NR
ETRI

R1-1611543
Performance of Non-Uniform Constellations in NR
Sony

R1-1611544
Signal Space Diversity Use in NR
Sony

R1-1612091
Low PAPR modulation
Qualcomm Incorporated

R1-1612270
On PAPR/CM reduction techniques over QPSK/DFT-S-OFDM uplink
Nokia, Alcatel-Lucent Shanghai Bell

R1-1612305
Further PAPR reduction for Uplink
IITH

R1-1612556
Discussion on modulation schemes for high spectral efficiency
Samsung

R1-1612557
Transmission and reception for high-order modulation in conjunction with MIMO
Samsung

R1-1612558
Evaluation assumptions on high-order modulation in conjunction with MIMO for high spectral efficiency
Samsung

R1-1612559
Low PAPR modulation and waveform
Samsung

R1-1612657
Performance evaluation of dual carrier modulation for new radio 
InterDigital Communications

R1-1612658
Evaluation of spatial modulation with spatial correlation and imperfect channel estimation 
InterDigital Communications

R1-1612659
On fractional N-ary modulation for NR 
InterDigital Communications

R1-1612926
On Modulation for NR
Ericsson

R1-1613002
Low PAPR modulation for DFT-s-OFDM based waveform
Huawei, HiSilicon
