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Introduction
In the RAN1#86 meeting, it was agreed [1] that channel coding technique(s) designed for data channels of NR support both Incremental Redundancy (IR) (or similar) and Chase Combining (CC) HARQ. It is well-known that the decoding complexity of turbo decoder is consistent regardless of IR and CC since the decoding is always carried out based on the mother code regardless of puncturing of bits. However, a structured LDPC code can easily support both IR and CC, but also a trade-off between the decoding complexity and the coding performance. Precisely, the coding performance for CC is worse than that of IR, however, the decoding complexity for CC is much smaller than that of IR. 
In this contribution, we present the trade-off relation briefly and show the IR-HARQ performance of a structured QC (quasi-cyclic) LDPC code based on a concatenation of a small QC LDPC code with high rate and many single parity-check codes, which is defined in [2], [3]. 
Rate-Compatible Quasi-Cyclic LDPC Codes for IR-HARQ
1 
2 
IR based on single parity-check codes
In [2], [3], we proposed structure of QC LDPC codes based on a concatenation with single parity-check codes, as depicted in Figure 1. The parity-check matrix in Figure 1 can be obtained by concatenating a small LDPC code and many single parity-check codes. The more single parity-check codes are concatenated, the lower rate LDPC codes can be obtained. 
 [image: ] 
Figure 1. Single Parity-Check Extension (Concatenation of Single Parity-Check Codes)
The structure of single parity-check (SPC) extension from the higher rate code could be a good candidate to support IR-HARQ. The SPC extension makes it possible to easily create additional parity bits as much as needed. In the first transmission, LDPC encoding is carried out on the small high rate LDPC code and if the receiver fails to recover data, some additional parity bits are transmitted. Until the receiver succeeds to recover the data, the more parity bits can be transmitted. Consequently, it is clearly suitable for supporting IR-HARQ.
For the first transmission, the decoder operates on the small parity-check matrix for the high-rate LDPC code, not the whole parity-check matrix including the extension part. Since the parity bits from single parity-check codes are of degree one, they, and their associated parity-check constraints, play no role in the decoding based on belief propagation and can be completely ignored by the decoder. Therefore, the energy efficiency for decoding is very high. For example, the highest and lowest code rates of the QC LDPC code proposed in [3], which has the same structure in Figure 1, are 8/9 and 1/3, respectively, and the decoding power for the former requires roughly 1/4 of the latter. Clearly, if we adopt CC-HARQ based on the LDPC code defined in Figure 1, the energy efficiency becomes higher since the LDPC decoder operates on the small parity-check matrix in most cases. In the case of IR-HARQ, LDPC codes corresponding to the parity-check matrix defined in Figure 1 provide a high coding gain as a benefit in return for increase of the decoding complexity. 
On the other hand, the energy efficiency of Turbo decoder is almost constant regardless of the puncturing of parity bits since the Turbo decoder always uses all the parity bits to calculate decoding metrics. Consequently, the energy efficiency of Turbo decoder is not changed regardless of IR- and CC-HARQ. This is the reason why Turbo coding systems commonly adopt IR-based HARQ. Note that the different energy efficiency between LDPC and Turbo codes comes from the existence of ignorable parity bits or not in the decoding process.
Observation 1: IR-HARQ and 1-bit granularity in block-length can be easily supported by LDPC codes.
Observation 2: Energy Efficient Decoder of LDPC codes can be implementable. Especially, when supporting high rates, the energy efficiency of LDPC decoder is much higher than that of common Turbo decoders.
Proposal 1: The LDPC codes constructed by concatenating a small LDPC code and single parity-check codes are recommended for implementing efficiently and supporting IR-HARQ. 
IR-HARQ Performance 
Proposed LDPC design provided in [3] has been studied for IR-HARQ. 
Table 1: IR HARQ Study
	Channel
	AWGN

	Modulation
	QPSK

	1st/2nd/3rd/4th Tx rates
	5/6, 5/12, 5/18, 5/24

	Coding Scheme
	LDPC Code
	Turbo Code

	Decoding algorithm
	Offset Min-Sum (OMS) 
(Layered; Max_iter = 12, Offset = 0.5)
	Scaled Max-Log-MAP
(Max_iter = 6, 
Scaling = 0.75)

	Info. block length (bits w/o CRC)
	2000
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Figure 2. Performance of IR-HARQ
Observation 3: The performance of IR-HARQ based on LDPC and Turbo codes are comparable.
Performance for Various MCS (Modulation and Coding Scheme)
Proposed LDPC design provided in [3] has been studied for MCS performance. To conduct the simulation, we use MCS table defined in LTE standard [4] with following parameters:
· Number of physical resource block (PRB) = 5
· Number of resource elements assigned to PDSCH per PRB = 142 (No. of QAM symbols = 710)
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Figure 3. Performance of Various MCS Based on LDPC Codes (AWGN)
Observation 4: LDPC codes can support a stable performance for various MCS with fine granularity, comparable to LTE turbo code. 
Observations and Proposals 
In this contribution, we present the following observations and proposal for LDPC codes: 
[bookmark: _GoBack]Observation 1: IR-HARQ and 1-bit granularity in block-length can be easily supported by LDPC codes.
Observation 2: Energy Efficient Decoder of LDPC codes can be implementable. Especially, when supporting high rates, the energy efficiency of LDPC decoder is much higher than that of common Turbo decoders.
Observation 3: The performance of IR-HARQ based on LDPC and Turbo codes are comparable.
Observation 4: LDPC codes can support stable performance for various MCS with fine granularity, comparable to LTE turbo code. 
Proposal 1: The LDPC codes constructed by concatenating a small LDPC code and single parity-check codes are recommended for implementing efficiently and supporting IR-HARQ. 
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