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Introduction
[bookmark: _Ref178064866][bookmark: _GoBack]In RAN #86bis and #87meetings, the agreement was reached to use LDPC codes for eMBB data channels and polar code for control channels. For eMBB, performance of the LDPC codes is checked at BLER=10-2 and 10-4, where  BLER=10-2 indicates the code performance at waterfall region, and BLER=10-4 indicates potential error floor behaviour at low BLER target.
In this contribution, we consider the use of LDPC codes [1] for high reliability use cases like URLLC, where the BLER target is at BLER=10-5, for example. We consider information block sizes and code rates agreed for URLLC in RAN1#84bis meeting below.

· Modulation: QPSK
· Code rate:  1/12, 1/6, 1/3
· Info. block length (bits w/o CRC): 40, 200, 600, 1000

We evaluate the performance of LDPC base graph #2 [2] using the simulation parameters specified above. Instead of stopping at BLER=10-4, in this contribution we evaluate code performance down to the target BLER of 10-5.
Discussion
Using LDPC Codes for URLLC
In 3GPP RAN1#87, it was agreed that LDPC codes are used for all block sizes of eMBB data channels, including small block sizes and large block sizes.
When considering the data channels of URLLC, the service requirements at higher layer is different from those of eMBB. However, at the physical layer, it is not expected that URLLC data will use a different transport channel than eMBB data. That is, both URLLC data and eMBB data are carried by DL-SCH (hence NR PDSCH at physical layer) on the downlink, and are both carried by UL-SCH (hence NR PUSCH at the physical layer) on the uplink. This is similar to LTE, where DL-SCH and UL-SCH carry higher layer data of different service requirements. 
Thus, similar to LTE, the simplest option is to use a single channel coding technique for PDSCH and PUSCH, regardless of higher layer service type being eMBB or URLLC. That is, the simplest is to use LDPC codes for both eMBB and URLLC, as long as LDPC codes can sufficiently serve the needs of URLLC. 
For the (info block sizes, code rates) combinations of URLLC, the URLLC requirement is more demanding than the eMBB in that URLLC has higher reliability requirement. For URLLC, the BLER target should be checked down to 10-5, while for eMBB the BLER target was checked down to 10-4. Hence the LDPC codes should be designed and checked for URLLC down to BLER=10-5 before adoption. 
The LDPC codes being proposed for NR use a quasi-cyclic structure where the parity check matrix is defined by a smaller base matrix combined with shift coefficients. The use of a first base graph (base graph #1) for the higher end of the MCS table and a second base graph (base graph #2) for the lower end of the MCS table is considered because of the improved hardware efficiency that may be achieved. Further details on the benefits of using two base graphs are presented in [4] and [5]. 
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[bookmark: _Ref462987397]Figure 1.	Info blocks sizes and code rates covered by BG#1 and BG#2, respectively

The (info block sizes, code rates) coverage of base graph #1 (i.e., BG#1) and base graph #2 (BG#2) is illustrated in Figure 1. Base graph #2 is the preferred base graph for all combinations of code rates and information block lengths required for URLLC. Furthermore, base graph #2 is well suited for the URLLC requirements, since it is extended to code rate 1/5 and can achieve this code rate without repetition. This is better than the LTE Turbo codes, or BG#2, that rely on repetition for code rates below 1/3. The code extension to low code rate allows the base graph #2 to achieve higher coding gains also at low code rates, making it suitable for use cases requiring high reliability.
Decoding Latency
LDPC decoding is parallel in nature and is good for high throughput and low latency use cases. This is important for high priority traffic which requires ultra-low latency like URLLC. Moreover, the LDPC base graph #2, which is relevant for URLLC, has fewer edges compared to base graph #1 and thereby also significantly lower decoding latency. 

[bookmark: _Toc485202278]Observation 1		LDPC codes are strong candidates for latency-sensitive use cases such as URLLC.
Performance of LDPC Codes at Low BLER Target
In this section, we present the simulation results of the LDPC codes, which is in the process of being defined for NR. Since there are no final parity check matrices yet, in this study, we use the exemplary parity check matrices of merged BG#2 [2].  

Sum-product algorithm is used with a maximum of 50 decoding iterations. The CRC of size 16 bits is taken into account through adjustment of the actual information block length and code rate that the LDPC decoder experiences. That is, for a given payload information block size of K bits, 16 CRC bits are attached. At the input to the LDPC encoder, there are Kenc = K + 16 (bit). At the output of the LDPC encoder, N coded bits are generated and transmitted through the channel, where N = K/R, and R{1/12 (=0.08), 1/6 (=0.17), 1/3 (=0.33)}.

In the subsections below, simulation results are show for each of K ={40, 200, 600, 1000} respectively.

3.1 K=40
[image: ]
Figure 1. LDPC code performance for K=40.
3.2 K=200
[image: ]
Figure 2. LDPC code performance for K=200.

3.3 K=600
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Figure 3. LDPC code performance for K=600.

3.4 K=1000

[image: ]
Figure 4. LDPC code performance for K=1000.

From the figures above, LDPC codes show good performance for reliability target down to BLER of 10-5 for all tested information block sizes and code rates. For information block sizes longer than 1000, the performance of LPDC codes is expected to be even stronger. Based on the simulation results and discussion, we have the following observation and proposal.

[bookmark: _Toc485202279]Observation 2		NR LDPC codes provide good performance for BLER target of 10-5 without error floor.
1. [bookmark: _Toc485202280]NR LDPC codes are used for data channels with high reliability requirement.
Conclusion
In this contribution, we study the performance of LDPC codes for high reliability use cases, where the BLER target is at BLER=10-5. Based on the analysis, we made the following observations:
Observation 1	LDPC codes are strong candidates for latency-sensitive use cases such as URLLC.
Observation 2		NR LDPC codes provide good performance for BLER target of 10-5 without error floor.

Based on the discussion, we propose the following:
Proposal 1	NR LDPC codes are used for data channels with high reliability requirement.
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