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[bookmark: _Ref481760693]Introduction
In RAN1#88bis, the following agreement was reached:
Agreement:
· For TB of size TBS > KCB,max – LTB,CRC, the TB is segmented into multiple CBs
· The CBs may be further grouped into code block groups (CBGs)
· It is not precluded that CBGs in a given TB may contain different numbers of CBs


In this contribution, we discuss the impact that code block segmentation and code word to resource mapping has on decoding latency and performance.
[bookmark: _Ref481760685]Decoding Latency of Code Blocks




In LTE downlink the mapping of PDSCH to resource elements  on antenna port  not reserved for other purposes shall be in increasing order of first the subcarrier index  over the assigned physical resource blocks and then the time index, starting with the first slot in a subframe. 
This mapping allows, in principle, for early start of the decoding of a code word, if a channel estimate is available. In NR, this early start will be possible due to the design using front-loaded DMRS symbols and the same mapping principle should be adopted in NR as well. In Figure 1, the distribution of the code blocks is illustrated for frequency-first and time-first mapping, respectively. The example in Figure 1 demonstrates the possibility of early start of decoding pipeline of the code blocks when frequency-first mapping is used.
While maintaining subcarrier first, OFDM symbol second, other features can be considered:
· Frequency interleaver, where the modulation symbols are mapped to the subcarriers in an interleaved manner;
· The mapping to MIMO layers can be before or after the mapping to the subcarrier. Mapping to MIMO layers first before incrementing the subcarrier index has the benefit of maximizing spatial diversity for a given code block, while sacrificing the frequency diversity for the code block. 

[bookmark: _Toc481688176][bookmark: _Toc478049946][bookmark: _Toc478102839][bookmark: _Toc481754752][bookmark: _Toc481760644][bookmark: _Toc481856951]If PDSCH and PUSCH code words are mapped to resource elements across subcarriers before mapping across OFDM symbols in the slot, early start of decoding at the receiver is supported. 
[image: ]
Figure 1: Frequency first vs. time first resource mapping. In the case of time first mapping, decoding can not start until the whole slot is received.
[bookmark: _Ref481760665]Code Block Segmentation and Interleaver
Assuming 30kHz SCS (3.5GHz) and a scheduling bandwidth 100 MHz (corresponding to 275 resource blocks), and up to four MIMO layers using up to 256 QAM modulation, each OFDM symbol will contain up to 105600 modulated symbols, or up to about 12 LDPC code blocks (CB).  Hence, each LDPC CB is spread out at a bandwidth of roughly 8MHz without frequency interleaving. Based on this we make the following observation:  
[bookmark: _Toc478050649][bookmark: _Toc481688177][bookmark: _Toc481754753][bookmark: _Toc481760645][bookmark: _Toc481856952]There exist scheduling cases where multiple LDPC code blocks are mapped to a single OFDM symbol. 
Therefore, a single CB may in some cases be vulnerable to the channel fading as it is mapped to only a localized time frequency resource. 
To mitigate this without sacrificing the early decoding principle, we suggest to introduce a frequency domain interleaving and one way to achieve this is in the mapping of modulated symbols to subcarriers within each OFDM symbol. Another approach is to introduce a bit level interleaver after the encoding to interleave the code blocks. However, this approach seems more complex, as only code blocks that maps to a single OFDM symbol should be interleaved to maintain the early decoding principle. Performing the interleaving in the tone domain seems more straightforward.  
[bookmark: _Toc478049947][bookmark: _Toc478102840][bookmark: _Toc481688178][bookmark: _Toc481754754][bookmark: _Toc481760646][bookmark: _Toc481856953]Using a per OFDM symbol subcarrier interleaver when mapping the codeword symbols to resource elements achieves frequency domain diversity per CB without sacrificing early decoding.
For example, the modulation symbols can be mapped to every N:th subcarrier in a wraparound fashion, or subcarrier bundles of adjacent subcarriers can be introduced and the subcarrier interleaver can operate with these bundles as the granularity. 
If subcarrier interleaver is applied, bit-level interleaving of coded bits as defined in LTE is no longer necessary. On the other hand, if subcarrier interleaver is not applied, then bit-level interleaving of coded bits is necessary. Additionally, if bit-level interleaving is applied, interleaving across code block boundary should be avoided. That is, bit interleaving should be limited to each code block individually, the same as in LTE. This helps the pipelined decoding between the code blocks.
[bookmark: _Toc481857033]If bit-level interleaving is applied, bit interleaving should be limited to each code block individually.
[bookmark: _Ref481688190]Impact of code block segmentation on URLLC erasures and HARQ feedback 
One option when assigning CBs to CBGs is to roughly align CBG boundaries with OFDM symbol boundaries. This has the advantage of minimizing the number of CBGs to retransmit when data is preempted by URLLC traffic, since URLLC transmissions line up with OFDM symbol boundaries. A straightforward way of doing this is to group CBs to CBGs depending on in which OFDM symbol a CB starts (possibly with more than one CBG per OFDM symbol). Consider the case depicted in Figure 2, where the red rectangle indicates REs erased by a URLLC transmission. 
· In the slot on the left, LTE type code block segmentation is performed, leading to the following set of code block groups: {{0,1,2,3,4}, {5,6,7,8,9}, {10,11,12,13,14}, {15,16,17,18,19}, …, {30, 31, 32, 34}}. The URLLC transmission causes erasures of CBs 14-16, leading to retransmission of the two CBGs {10 - 14} and {15 - 19}. 
· In the middle slot, the code block segmentation step has been altered to align CBs with OFDM symbol borders. Here each CBG corresponds to one OFDM symbol, and the URLLC erasure only causes retransmission of the CBG {15 – 19}. 
· In the slot on the right, time first resource mapping is performed, with the same CBG grouping as in the slot on the left. This is the worst case, leading to retransmission of four CBGs, {0 - 4}, {5 - 9}, {10 – 14}, {15 – 19}.
[bookmark: _Toc481856954]If any code block maps to more than one OFDM symbol, there will be cases when a CBG is retransmitted due to URLLC transmissions even though most code blocks in the CBG are correctly decoded.
Based on this analysis we propose the following:
[bookmark: _Toc481856956][bookmark: _Toc481857034]Aligning CBs with OFDM symbol borders as much as possible is preferred for CBG-based HARQ-ACK.
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[bookmark: _Ref481855702]Figure 2: The effect of URLLC erasures on CBG based retransmissions. Frequency first mapping with or without CB to symbol alignment vs. time first mapping.

Conclusion
In sections 2  to 4 we made the following observations:
Observation 1	If PDSCH and PUSCH code words are mapped to resource elements across subcarriers before mapping  across OFDM symbols in the slot, early start of decoding at the receiver is supported. 
Observation 2	There exist scheduling cases where multiple LDPC code blocks are mapped to a single OFDM symbol.
Observation 3	Using a per OFDM symbol subcarrier interleaver when mapping the codeword symbols to resource elements achieves frequency domain diversity per CB without sacrificing early decoding.
Observation 4	If any code block  maps to more than one OFDM symbol, there will be cases when a CBG is retransmitted due to URLLC transmissions even though most code blocks in the CBG are correctly decoded.

Based on the discussion in sections 3 and 4 we propose the following:
Proposal 1	If bit-level interleaving is applied, bit interleaving should be limited to each code block individually.
Proposal 2	Aligning CBs with OFDM symbol borders as much as possible is preferred for CBG-based HARQ-ACK.
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