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1	Introduction
Since RAN1 #84bis, we have been discussing various aspects of theoretical performance, implementation complexity, latency, and flexibility requirements of the eMBB coding scheme. A part of the agreement was made in Ran1 #86bis meeting as, 
Agreement:
· The channel coding scheme for eMBB data is LDPC, at least for information block size > X
· FFS until RAN1#87 one of Polar, LDPC, Turbo is supported for information block size of eMBB data <= X
· The selection will focus on all categories of observation, including overall implementation complexity, regardless of the number of coding schemes in the resulting solution (except if other factors are generally roughly equal)
· The value of X is FFS until RAN1#87, 128 <= X <= 1024 bits, taking complexity into account
· The channel coding scheme(s) for URLLC, mMTC and control channels are FFS

Many evaluations are still going on to select the coding scheme for shorter block sizes. However, as we agreed on LDPC for larger block sizes, it would be good to continue the discussion on design aspects of LDPC for eMBB data.
In this contribution, we propose two type of coding schemes for the eMBB scenario. First, Type 1 LDPC scheme is proposed to support high throughput implementations and to guarantee the future compatibility of the channel coding design. Secondly, we propose Type 2 LDPC scheme to support incremental redundancy (IR) HARQ and proposed to consider as a UE capability.  
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK14]2	LDPC coding scheme for eMBB
LDPC is a very mature coding scheme which has been considered by many other standards. The flexibility that the coding scheme provided in implementations together with competitive performances can be identified as one of the key advantages that LDPC possesses when compared to all other coding schemes. If the implementation requirement is to support very low energy consumptions, LDPC has the capability of realizing that with physically optimized circuits. Likewise, the same LDPC code can be used with full parallelized implementations if the objective is to achieve high throughputs. LDPC implementations can also support finer granularity of block sizes and code rates. 

In general, flexibility and implementation efficiency (considering higher throughputs and energy efficiencies) are two conflicting goals. Higher flexibility can be provided at the expense of area and energy efficiencies. As we showed in [1], the numbers that we see for such implementations are still sufficient to meet eMBB requirements. Moreover, unlike in LTE turbo design, we should try to develop the coding scheme such that future developments of the coding area can be easily carried into the future mobile systems. Providing such flexibility while satisfying eMBB requirements is the key design principle in this proposal. 

LDPC has different design flavors, and each is offering different benefits. It is well understood that quasi-cyclic (QC) LDPC codes are the most realistic type and provides lower encoding/decoding complexities compared to other variants. Considering these aspects, RAN1 #85 also agreed to consider QC LDPC for study and comparison purposes of LDPC. The agreement is as follows, 



Agreement:
· For the purpose of study and comparisons, quasi-cyclic like LDPC codes are defined as follows: 
· The Parity check matrix of Quasi-cyclic like LDPC Codes is defined at least by a matrix H of size (mb×z)×(nb×z), which consists of sub-block matrices of size z×z,  where each sub-block matrix is composed by circularly shifted matrices or zero matrices. Wherein, mb, nb and z are integers larger than 1.
· The values of mb, nb and z are FFS. 
· Companies providing evaluations or proposals for LDPC codes are encouraged to show how:
· Multiple code rates and multiple code sizes would be supported, 
· Suitable granularity of information block size and code rate would be supported,
· How to support HARQ with/without IR.

Moving forward, we adopt QC LDPC codes and provide detailed solution for eMBB channel coding scheme by introducing two coding types. 
1. Type 1: The essential component of the eMBB coding scheme. This is to support all other code rates and crucial block sizes for the eMBB use case. Finer granularity of block sizes is provided as a UE capability.
2. Type 2: Optional feature to support IR HARQ for eMBB. This can be supported based on the capability of the UE. 
2.1 	Type 1 scheme
In the rest of the discussion, we use the following structure for the parity check matrix (PCM), H, which represents QC LDPC codes. 
 ,
where  is a cyclic-permutation matrix obtained from the zero matrix and the z by z cyclically shifted identity matrix to the right. Also,  often represented as a numerical entry in the matrix in the following discussion. 
The supported block sizes of the eMBB coding scheme can be differentiated to two categorize.    
1. Essential block lengths 
2. Optional block lengths
The idea behind such approach is to guarantee high throughput implementations to satisfy requirements high throughput requirements of eMBB. Additionally, defining this type of separation would help future improvements in the channel coding specifications when requirements arise. Supporting finer granularity for code block sizes can be a UE capability, and categorized as option block length support.
Parity check matrices are designed for code rates and block sizes as in the Table 1. All together we have 18 PCMs. However, they are designed such a way that code rates of 1/3, 1/2, and 1/6 belongs to single PCM family (e.g.: Coding family 1.a) and rates 5/6, 3/4, and 2/3 belongs to another family (e.g.: Coding family 1.b). Further details are provided in the next section. Moreover, all other code rates are supported via optimized reusing base PCMs, repetitions, and puncturing techniques from the PCM with nearest code rate.  
Table 1: Essential feature of Type 1 coding scheme
	Coding family
	Block size
	Code rate 
	Information block size
	Number of PCMs
	sub-matrix dimension

	1.a
	10080
	  5/6 
	8400      
	1
	420

	
	10080
	  3/4 
	7560      
	1
	420

	
	10080
	  2/3 
	6720      
	1
	420

	1.b
	10080
	  1/2 
	5040      
	1
	504

	
	7560
	  1/3 
	2520      
	1
	504

	
	6048
	  1/6 
	1008      
	1
	504

	2.a
	7560
	  5/6 
	6300      
	1
	315

	
	7560
	  3/4 
	5670      
	1
	315

	
	7560
	  2/3 
	5040      
	1
	315

	2.b
	7560
	  1/2 
	3780      
	1
	378

	
	5670
	  1/3 
	1890      
	1
	378

	
	4536
	  1/6 
	756      
	1
	378

	3.a
	5040
	  5/6 
	4200      
	1
	210

	
	5040
	  3/4 
	3780      
	1
	210

	
	5040
	  2/3 
	3360      
	1
	210

	3.b
	5040
	  1/2 
	2520      
	1
	252

	
	3780
	  1/3 
	1260      
	1
	252

	
	3024
	  1/6 
	504      
	1
	252



2.1.1	PCMs for Type 1 scheme
Higher code rates
PCMs are linked to each other to ensure that implementation effort to support multiple code rates is minimal. IEEE 802.11ad implementation efforts have very high throughputs [1] for all code rates by using similar reuse method. In particular, rate 3/4 and 2/3 PCMs reuses corresponding higher rate PCMs. The same procedure is valid for all other block sizes. This can be also used to generate PCMs other code rates, but we recommend to use this only for the code rates higher than rate ½. 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Figure 1: Example of constructing lower rate PCM with a higher rate PCM
Exact PCM designs for 10080 block size (coding family 1.a) are given as follows, 



1. Rate 5/6, and block size 10080 bits. Sub-matrix dimension 420.
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2. Rate 3/4, and block size 10080 bits. Sub-matrix dimension 420.
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3. Rate 2/3, and block size 10080 bits. Sub-matrix dimension 420.
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PCMs for block sizes 5040 and 7560 are provided in the Annex I. 
Lower code rates
For lower rates, PCMs have a similar relation to each other. PCM for rate 1/6 is assumed as the base PCM, and rate 1/3 and 1/2 are generated providing similar reusing technique. This type of reusing will assure future compatibility and implementation benefits. 
	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 



Five columns for rate 1/2
Three columns for rate 1/3
PCM for rate 1/6


Figure 2: Example of generating PCMs for higher code rates with lowest rate PCM




The proposed PCMs are given as follows,
1. Rate 1/6, and block size 6048 bits. Sub-matrix dimension 504.
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2. Rate 1/3, and block size 7560 bits. Sub-matrix dimension 504.
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3. Rate 1/2, and block size 10080 bits. Sub-matrix dimension 504.
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Other parity check matrices are provided in the Annex I. 

2.1.2	Optional code block support
	Coded rates
	Sub-matrix dimension
	Coded block size

	 5/6, 3/4, 2/3
	15n, n = 1, 2,…, 28
	360, 720, 1080, …, 10080

	  1/2 
	18m, m = 1, 2, .., 28
	360, 720, 1080, …, 10080

	  1/3 
	
	270, 540, 810, …, 7560

	  1/6 
	
	216, 432, 648, …,6048


For eMBB finer granularity is not the critical design consideration and often can end-up overdesigning the NR system. However, as LDPC codes are capable of supporting many code block lengths through modulo lifting and many other techniques, it is possible to define a set of other block sizes as optional code block support. Extra code block sizes can be defined as follows to provide finer granularity, and to be considered as a UE capability. 
Table 2: Optional feature of Type 1 coding scheme




2.1.3	CC HARQ
For Type 1 coding scheme, Chase combined (CC) HARQ can be considered as the main retransmission technique. Admitting larger TBS to be used to support high data rates, LTE circular buffer based IR HARQ schemes may consume substantial memory as the mother code has lower code rate and store additional parity bits to be used in the second transmission. This aspect is valid for all coding candidates. In here, an extra precaution step is considered by limiting the lower rate PCMs to shorter block sizes, which in turn avoid unnecessary memory consumptions. Considering these perspectives, the incremental redundancy (IR) HARQ scheme will be supported only if the device is capable of handling higher memory requirements. As always, UE capability features should be indicated to the BS via RRC signalling.
2.2 	Type 2 scheme
We propose IR HARQ support within Type 2 scheme. When throughput requirements are moderate, and the memory requirements are manageable, gains of IR HARQ can be realized. This is an optional feature which is not binding to all UEs, and the capable UEs might be able to support this feature. Next, we summarize two proposals for LDPC IR HARQ schemes, details are in [2], which are compatible with Type 1 codes we discussed in the earlier section. 
Scheme 1
The rate compatible PCM is designed based on several sub-components as shown in Figure 3 (a). The PCM used for the first transmission, [D P], can be the Type 1 PCM that described earlier. Sub-components A is defined by reusing rows/columns of D with simple modification(s), e.g. sparseness and cyclic shift, as an example in Figure 3 (b), sub-components Z can be e.g. as zero matrices and I can be e.g. as identity matrices. The basic idea is to generate a mother PCM with lower code rate while satisfying properties of Type 1 coding scheme. The rate compatible mother PCM can be used to support IR HARQ. As an example, when [D P] equals to the PCM defined for rate 2/3 with 5040 coded block size, the rate and dimension of the rate compatible PCM is rate ½ with 7560 coded block size, where we can transmit up to 2520 bits in the second transmission. Actually, the generation of A can be generated by simple modification based on any optimized PCM, e.g. PCMs in multiple families in earlier section. Further details are given in [2].





(a) Rate compatible PCM for IR HARQ
[image: ]
(b) PCM for IR HARQ, generated based on reusing and simple modification
Figure 3: IR HARQ Scheme 1 with extending initial PCM
Based on this scheme, the rate compatible mother PCM can support multiple code rate. Therefore, operating PCM, as part of the mother PCM, can be used for both 1st transmission and retransmission for HARQ. Two example mother PCMs are generated based on this scheme, i.e. reusing and cyclic shift. One mother PCM, with size 18z*42z, is generated based on PCM with rate 8/9, with size 4z*28z and 1st z bits are not transmitted, and extending to rate 7/12. Another mother PCM, with size 48z*60z, is generated based on PCM with rate 1/2 and extending to rate1/5, as provided in Annex II. 
Row orthogonality is considered in the extension part, providing good implementation-efficiency, although might not high as Type 1 PCMs. Good performance based on the two PCMs can be found in Figure 4. 
In NR, for multiple use cases, Type 1 or Type 2 PCM can be selected to satisfy different requirement, high-implementation-efficiency high throughput transmission or high-spectrum-efficiency with IR HARQ.
[image: ] [image: ]
Figure 4: Simulation results with two mother PCMs
Scheme 2
Another way to add incremental information is transmitting new parity bits according to overlapped PCM instead of extending the original PCM. The overlapped PCM is generated by adding multiple weight overlaps to primary used PCM to turn it into “weight 2” PCM. IR bits comes by varying the overlapped weight between IR stages. A new set of parity bits is obtained to be sent to the receiving side to aid the initial codeword decoding. Depending on the places of overlaps full or partial set of new parity bits can be obtained in addition to the initial party bits, therefore, allowing to adapt the amount of retransmission bits according to available retransmission resources. An example is illustrated in Figure 5. 

[image: ]
(a) PCM for first Transmission
[image: ]
(b) PCM with weight ”2” overlap. x/y denotes the places with weight “2”.  
[image: ]
(c) Example of “weight 2” sub-matrix.
Figure 5: IR HARQ Scheme 2 by densifying initial PCM
For Type 2 scheme, finer granularity on block sizes is provided with the similar approach as explained in the Type 1 scheme. 
3	Conclusion
In this contribution, we provide LDPC design for the eMBB usage scenario in NR. The proposed coding scheme is capable of providing better error performances with high throughput implementations while satisfying sufficient flexibility on code block lengths. Additional features like finer granularity of block sizes and incremental redundancy can be supported as UE capabilities. In particular, we divide proposed coding scheme into two types. Type 1 scheme defines the essential parity check matrices for fixed code rates and block sizes. Additional code block sizes are supported as a UE capability. Next, we introduced Type 2 coding scheme as an optional feature, which discusses the support of IR HARQ. Within Type 2 coding scheme, two proposals are summarized, and both can be realized on top of the Type 1 scheme.
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Annex I: Type I PCMs for LDPC
1. Rate 5/6, and block size 7560 bits. Sub-matrix dimension 315.
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	10
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	217
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2. Rate 3/4, and block size 7560 bits. Sub-matrix dimension 315.
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3. Rate 2/3, and block size 7560 bits. Sub-matrix dimension 315.
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4. Rate 5/6, and block size 5040 bits. Sub-matrix dimension 210.
	44
	50
	188
	95
	62
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	16
	22
	61
	140
	148
	116
	70
	 
	186
	15
	198
	151
	24
	137
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	11
	40
	21
	13
	162
	163
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	129
	172
	94
	123
	26
	170
	27
	140
	 
	131
	183
	154
	49
	 
	 

	 
	92
	19
	209
	55
	145
	196
	180
	2
	113
	41
	16
	148
	95
	183
	70
	40
	 
	 
	 
	 
	94
	203
	 

	15
	2
	64
	73
	8
	18
	104
	67
	16
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	20
	134
	 
	 
	 
	183
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5. Rate 3/4, and block size 5040 bits. Sub-matrix dimension 210.
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6. Rate 2/3, and block size 5040 bits. Sub-matrix dimension 210.
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7. Rate 1/2, and block size 7560 bits. Sub-matrix dimension 378.
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8. Rate 1/3, and block size 5670 bits. Sub-matrix dimension 378.
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9. Rate 1/6, and block size 4536 bits. Sub-matrix dimension 378.
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10. Rate 1/2, and block size 5040 bits. Sub-matrix dimension 252.
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11. Rate 1/3, and block size 3780 bits. Sub-matrix dimension 252.
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12. Rate 1/6, and block size 3024 bits. Sub-matrix dimension 252.
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Annex II: Type II PCMs for LDPC based on reuse+extension
1. Mother PCM for rate {8/9, 5/6, 3/4, 2/3, 7/12}
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2. Mother PCM for rate {1/2, 2/5, 1/3, 1/5}
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K=396, LDPC 1/2, QPSK

K=396, LDPC 2/5, QPSK
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