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1. Introduction
In RAN1#86 meeting, a conclusion was made and a WF on flexibility of channel coding techniques [1][2] are discussed and agreed as follows:
	Conclusion:
· The eMBB data channel coding scheme will be chosen at RAN1#86bis
· including agreeing on the observations that led to the decision. 
· Companies are encouraged to:
· continue analysis and comparison in order to inform the final decision at RAN1#86bis
· provide any remaining details, especially focusing on LDPC (in view of the situation in this meeting) 
· provide any remaining details of the flexibility requirements and how they can be satisfied, and corresponding implementation complexity and any impact on performance
· Note that consideration of combinations of coding schemes is not precluded. 
Agreement:
· Channel coding techniques for NR, should support the following:
· Info block size K flexibility: 
· Granularity at lower end of range of K = [D1] bits
· D1 may be different for control and data channels
· FFS whether D1 may be different for different code rates
· FFS whether the granularity is coarser at higher values of K 
· Shortening (i.e. assigning info bits to known values, e.g. 0) may be used to provide info block size flexibility 
· Codeword size flexibility: 
· Basic code design with rate matching (i.e., puncturing and/or repetition) supports 1-bit granularity in codeword size


In this contribution, we compare various combinations of coding schemes for NR in terms of complexity. 

Area and power comparison among various combinations of coding schemes

The considered coding schemes in this contribution are LDPC code only, Turbo code only, and a combination scheme of turbo and LDPC codes. Those schemes can be implemented in various ways to achieve 20Gbps decoder throughput. The implementation methods for the LDPC code only scheme can be classified into multiple LDPC decoders, a single LDPC decoder. For the Turbo code only scheme, the implementation methods can be classified into multiple turbo decoders and a single turbo decoders. For a combination scheme of turbo and LDPC codes, the implementation methods can be a combination of a turbo decoder for low decoder throughput and an inflexible LDPC decoder for high decoder throughput. In this contribution, we compare various decoder types for LDPC code only, turbo code only, and a combination scheme of turbo and LDPC codes in terms of decoder area and power consumption. 

1.1. Decoder area comparison

In this section, we compare multiple LDPC decoders, multiple turbo decoders, single LDPC decoder, a combination of a turbo decoder and an inflexible LDPC decoder. The areas of multiple LDPC decoders, multiple turbo decoders, and a combination of ‘a turbo decoder and a fully parallel LDPC decoder’ are obtained from the scaling method introduced in [3] and the area of the others are estimated from the method introduced in [4] for various shifting networks.
Let  be the information length,  and  respectively be the numbers of columns and rows of an H matrix,  be the code rate of an H matrix, and  be the maximum number of submatrices processed in parallel. Also, let  and  respectively be the numbers of columns and rows of base matrix H, of which each element is a  circulrant submatrix, and B be the number of shift sizes to be supported, which are provided as [1,2,…,B]*Z/B. In this contribution, an LDPC code with B=1 is considered as an inflexible LDPC code. For fair comparison, we set parameters as follows. 
· Common parameters
· 65nm CMOS
· The highest decoder throughput (e.g. 20Gbps) is achieved at  code rate.
· Multiple LDPC decoders
· LDPC codes of 802.11ad and 10GBase-T standards are scaled to k=6144, =18432, =12288, .
· Multiple turbo decoders
· k=6144 and =1/3, where is set as 1/3 because the information throughput of turbo decoder is independent from code rate.
· Single LDPC decoder
· k=8000,=24000, =16000, . Here, k is set as about 8000 because several companies proposed LDPC codes with information size of 8000.
· {Z=ZNR, B=BNR} denotes a decoder supporting a single LDPC code with Z= ZNR, B= BNR. An LDPC code with Z=320 and 250 respectively provides 20Gbps and 18.75Gbps at 5/6 code rate with 450MHz clock frequency. Also, we assume that 320 information bits are punctured and =17 for an LDPC code with Z=320 and 500 information bits are punctured and  for an LDPC code with Z=250.
· Combination of turbo decoder and inflexible LDPC decoder
· (Turbo decoder) k=6144,  for turbo decoder, which is used to achieve high flexibility and decoder throughput of 1.028 Gbps at 1/3 code rate with 450MHz clock frequency.
· (Row parallel LDPC decoder) k=8000, =24000, =16000, ,  for an inflexible LDPC decoder with Z=320, which provides 20Gbps with 450MHz clock frequency. Also, k=8192, =24576, =16384, ,  for an inflexible LDPC code with Z=256, which provides 19.2 Gbps with 450MHz clock frequency.
· (Fully parallel LDPC decoder) k=1723, =2048, =325, 0.84 for the fully parallel LDPC decoder.
Table 1 shows the areas of different decoder types to achieve 20Gbps.
Table 1. Decoder area comparison among various decoder types
	Channel code
	Area [mm2]    

	
	MS-CS
	QSN
	Others

	Multiple LDPC decoders
	802.11ad [5]
	-
	-
	38.8

	
	10GBASE-T [6]
	-
	-
	16

	Multiple Turbo decoders
	Belfa [7]
	-
	-
	57.8

	LDPC decoder (estimation)
	{Z=320, B=16}
	14.09
	13.61
	-

	
	{Z=320, B=32}
	16.46
	13.61
	-

	
	{Z=320, B=64}
	21.37
	13.61
	-

	
	{Z=640, B=32}
	30.80
	25.42
	-

	
	{Z=250, B=16}
	17.12
	16.30
	-

	
	{Z=250, B=32}
	14.52
	16.30
	-

	Turbo + inflexible LDPC decoder (estimation)
	Belfa [7] 
+ {Z=320, B=1}
	14.08~14.83a
	15.35~16.10 a
	

	
	Belfa [7] 
+ {Z=256, B=1}
	13.00~13.75a
	14.00~14.75 a
	-

	
	Belfa [7] 
+ Fully parallel LDPC [6]
	-
	-
	10.74


a The area is varied because the decoder area of a combination scheme of turbo and LDPC codes can be reduced by sharing memory. In [8], it was shown that the ratio of memory area to overall decoder area is about 0.3.

Observation 1: The decoder areas of combination schemes are usually smaller than single flexible LDPC decoders supporting multiple lifting sizes (e.g. B=16, 32, 64).

1.2. Power comparison of flexible LTE turbo and LDPC decoder

To support flexible information block size, a QC-LDPC code should have a variety of lifting sizes or parity check matrices (PCM). At the same time, in order to support a high throughput, a QC-LDPC code should have a large lifting size. Therefore, it is possible that a QC-LDPC code has large maximum lifting size and a variety of lifting size. To support different sizes of submatrices, the barrel shifting networks need to be dynamically reconfigurable (or flexible).
Reconfigurable quasi shifting network (QSN) and multi-size circular shifting (MS-CS) network designs are presented in [9] and [10], respectively. According to [4], when row parallel decoding technique is adapted, the power of the shifting networks can be very large to support information block size flexibility. Thus, we can consider a limited flexibility of LDPC decoder.
We compared area and energy efficiencies of LTE turbo and LDPC codes based on in the published literature related to the decoder implementation [3]. Table 2 shows again scaling results for LTE turbo and LDPC codes from [3].

Table 2. Scaled results of LTE turbo and LDPC codes (throughput=20Gbps, codeword size=18342, code rate=1/3 @ CMOS=65nm, Voltage=1V) 
	
	LDPC
	LTE turbo

	
	802.11ad [5]
	10GBASE-T [6]
	802.15.3c [11]
	Belfa [7]
	Shrestha[8]

	Energy efficiency [pJ/bit]
	186.2
	735
	560.7
	724.6
	346

	Power [W]
	3.72
	14.7
	11.2
	14.5
	6.92



According to Nokia’s proposal [12], maximum baseband power of a smartphone should be considered (1W). In the aspects of the power, hence, we can’t use all methods in Table 2 @ 65nm CMOS technology.
[bookmark: _GoBack]If power constraint is considered, for example, LTE turbo decoders of Shrestha and Belfa support 3.03Gbps, 1.38Gbps and 802.11ad decoder supports 5.38Gbps @ 1W. To support fully flexible 802.11ad decoder, we additionally have shifting networks, a variety of lifting size, etc. 

Observation 3: To achieve 20Gbps, power of the LTE turbo/flexible LDPC decoders can be larger than the power limit.
Proposal 1: Limited flexibility of LDPC decoder should be considered in terms of power consumption and/or area.

Conclusion
In this contribution, the complexities of various coding schemes are compared. Our observations and proposals are as follows:
Observation 1: The decoder areas of combination schemes are usually smaller than single flexible LDPC decoders supporting multiple lifting sizes (e.g. B=16, 32, 64).
Observation 2: To achieve 20Gbps, power of the LTE turbo/flexible LDPC decoders can be larger than the power limit.
Proposal 1: Limited flexibility of LDPC decoder should be considered in terms of power consumption and/or area.
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