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Introduction
In the email discussion after RAN1#84, Channel coding candidates for 5G new RAT data transmission were discussed and the following were agreed [1]:
· Part 1: Channel coding candidates for 5G new RAT data transmission
· Candidates for 5G new RAT data transmission are identified as the following 
· LDPC code
· Polar code
· Convolutional code (LTE and/or enhanced convolutional coding)
· Turbo code (LTE and/or enhanced turbo coding)
· Selection of 5G new RAT channel coding scheme(s) will consider 
· Performance 
· Implementation complexity
· Latency (Decoding/Encoding)
· Flexibility (e.g., variable code length, code rate, HARQ (as applicable for particular scenario(s)))
 
· Part 2: Coding Candidates and Initial Simulation Assumptions 
· Coding Candidates
· Identified channel coding schemes for each usage scenario

	eMBB
	mMTC
	URLLC

	
	Convolutional codes
	Convolutional codes

	LDPC
	LDPC 
	LDPC

	Polar 
	Polar
	Polar

	Turbo
	Turbo
	Turbo 



· Common simulation assumptions are required to evaluate theoretical performance of proposed coding schemes 
· Selection of the coding scheme should also consider various other aspects 
· Initial Simulation Assumptions 
· Focus mainly on the BLER performance of candidate coding schemes. 
· Evaluate performance of coding schemes with similar code rates and block sizes
· Exact code constructions should be provided
· Encoding/decoding complexity of the adopted algorithms should be described

· Part 3: Coding Candidates and Simulation Assumptions 
· Simulation assumptions:eMBB
· Evaluate the block error rate (BLER) performance versus SNR







	Channel*
	AWGN

	Modulation
	QPSK, 64 QAM

	Coding Scheme
	  Turbo
	LDPC
	Polar

	Code rate 
	1/5, 1/3, 2/5, 1/2, 2/3, 3/4, 5/6, 8/9

	Decoding algorithm**
	Max-log-MAP
	min-sum
	List-X

	Info. block length*** (bits w/o CRC)
	100, 400, 1000, 2000, 4000, 6000, 8000 
Optional(12K, 16K, 32K, 64K)

	
	
	
	
	



* Fading channels will be simulated in the next stage
** These algorithms are starting points for further study. Other variants of agreed algorithms can be used for encoding and decoding (Complexity details should be illustrated) 
*** At least these info. block length and code rate shall be evaluated. Other info. block lengths and code rates are not precluded. Similar info. and encoded block lengths should be used for the evaluation. Total coded bits = info. Block length/code rate. Note: these info. block length and code rate are only for initial performance evaluations. They are not interpreted as design targets or assumptions for complexity analysis.
· General guidelines 
· Existing code constructions can be used for evaluation
· Whenever feasible, performance comparison should adopt coding constructions with matching computational complexities

· Simulation assumptions: URLLC and mMTC 
· Evaluate BLER performance versus SNR

	Channel*
	AWGN

	Modulation 
	QPSK, 16 QAM

	Coding Scheme
	Convolutional codes
	LDPC
	Polar
	Turbo

	Code rate 
	 1/12, 1/6, 1/3

	Decoding algorithm**
	List-X Viterbi
	min-sum
	List-Y 
	Max-log-MAP

	Info. block length*** (bits w/o CRC)
	20, 40, 200, 600, 1000



* Fading channels will be simulated in the next stage
** These algorithms are starting points for further study. Other variants of agreed algorithms can be used for encoding and decoding (Complexity details should be illustrated) 
*** At least these info. block length and code rate shall be evaluated. Other info. block lengths and code rates are not precluded. Similar info. and encoded block lengths should be used for the evaluation. Total coded bits = info. Block length/code rate. Note: these info. block length and code rate are only for initial performance evaluations. They are not interpreted as design targets or assumptions for complexity analysis.
· General guidelines 
· Existing code constructions can be used for evaluation
· Whenever feasible, performance comparison should adopt coding constructions with matching computational complexities
· BLER simulations down to 10-4 is recommended (to observe the error floor) for URLLC
In this document, performance evaluation of binary LDPC codes for eMBB scenarios are  provided. 
Evaluations and discussions
1.1 Evaluation methodologies and assumptions
The evaluations are performed based on the agreed simulation assumptions in [2], in which some parameters are left to be determined by each company.  The detailed simulation parameters are  as the following
· Simulated cases
· CASE 1: AWGN Channel, QPSK Modulation , design code rate={1/2,2/3}, information block length ={4000, 6000},  LTE Turbo code with Max-log-MAP decoding algorithm
· CASE 2: AWGN Channel, 64QAM Modulation , design code rate={1/2,2/3}, information block length ={4000, 6000},  LTE Turbo code with Max-log-MAP decoding algorithm
· CASE 3: AWGN Channel, QPSK Modulation , design code rate={1/2,2/3,3/4}, information block length ={4000, 6000,8000},  SC-LDPC code with min-sum sliding window decoding algorithm
· CASE 4: AWGN Channel, 64QAM Modulation , design code rate={1/2,2/3,3/4}, information block length ={4000, 6000,8000},  SC-LDPC code with min-sum sliding window decoding algorithm
· CASE 5: AWGN Channel, QPSK Modulation , design code rate={5/6,8/9}, information block length ={324,576,1152,2304,4608,6912,9216},  LDPC code with min-sum decoding algorithm
· CASE 6: AWGN Channel, QPSK Modulation , design code rate={1/2,2/3,7/9,5/6,8/9}, information block length ={288,270,252,216,162},  LDPC code with min-sum decoding algorithm
Other simulation parameters are listed in Table A-1 and Table A-2
1.2 Evaluation results
In this section we provide evaluation results with the following performance metrics
· Performance
· [bookmark: OLE_LINK3]Implementation complexity
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Latency (Decoding/Encoding)
· Flexibility
It is noted that the first metrics are used to evaluate the performance of SC-LDPC codes which is a familyof LDPC codes. Other performance metrics, such as flexibility on variable code length and code rate, are given in the last metrics. 
· Performance
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Figure 1: Performance of SC-LDPC codes
· Implementation complexity
· Encoding complexity
LDPC codes can be  encoded using the parity-check matrix directly by performing preprocessing prior to encoding (transforming it into upper triangular form and using back substitution). The encoding complexity can be simplified by using specific structures of the parity-check matrix, such as lower triangular structure. 
· Decoding complexity
Decoding complexities of  binary LDPC codes and SC-LDPC codes using  sum-product algorithm and min-sum algorithm(MSA) are summarized in Table 1.  We denote the average iteration number of sliding window decoding algorithm as ISC,  the average iteration number of SPA and min-sum algorithm as IB, the average iteration number of Max-Log-Map algorithm as Iturbo. The average iteration number of the min-sum algorithms for SC-LDPC codes is shown in Figure 2.


Table 1: Decoding complexity for different codes 
	Decoding 
algorithm
	Multiplication
	Addition
	Comparison
	Look up table

	sum-product algorithm for SC-LDPC
	
	IB(Nw(2dv-1)+12Mw (dc-2))
	3LISCMw(dc-2)
	LISC Mw (dc-2)

	sum-product algorithm for B-LDPC
	
	IB(N(2dv-1)+ 12M(dc-2))
	3IBM(dc-2)
	6IBM (dc-2)

	min-sum algorithm for SC-LDPC
	
	LISCNw(2dv-1)
	3LISCMw(dc-2)
	

	min-sum algorithm for B-LDPC
	
	IB N(2dv-1)
	3IBM (dc-2)
	



[image: ][image: ]
Figure 2: Average iteration number of the min-sum algorithms for SC-LDPC codes

[bookmark: OLE_LINK26][bookmark: OLE_LINK27]Table 2 shows that the min-sum algorithm would require Nw(2dv-1) additions and 3Mw(dc-2) comparisons with a one iteration of decoding window. Obviously, B-LDPC has decoding complexities of O(k).  For SC-LDPC code, the complexity rises linearly in K(K≈k).  For large packet size, the complexity is acceptable for eMBB.

· Latency
Since the BP decoder can start decoding only after the entire decoding sequence is received, we denote  the total decoding latency of  BP decoder as TBP.  TBP is given by TBP= TREE+ TDE, TREE is the time taken to receive the entire decoding sequence and TDE is the time need to decode the codeword.
Figure 3 shows a parity-check matrix H of SC-LDPC codes built from a base matrix B and a sliding window consisting of WPb rows and WPc columns, ms+1≤W≤L+ms.   The symbol ms is the syndrome former memory which can be viewed as the memory of the parity-check matrix[2-4].  At the first time instant, t=1, the decoder performs belief propagation to decode all of the first Pc symbols within the window, which is called the targeted symbols.  The decoding latency of the Pc targeted symbols with sliding window decoder is given by TWD=TRET+ TDE(W), where TRET is the time taken to receive all the symbols required to decode the Pc targeted symbols, and TDE is the time taken to decode the targeted symbols. The relation of  parameters TBP and TWD are  as  follows,


It is  noted that the decoding latency and decoding complexity of SC-LDPC codes should be similar with the given information length k of the binary LDPC block codes., We denote  the information length in decoding window as K, K is given by K=RWPc=k.


Figure 3: Sliding window decoding algorithms of SC-LDPC codes

· Flexibility
The new channel coding scheme should have a sufficient flexibility on variable code length and code rate. 
We consider following aspects of the binary LDPC codes schemes with respect to the flexibility of NR system design.
· Flexibility on variable code length
[image: ] [image: ]
Figure 4: Performance of binary LDPC codes with different code length under fixed code rate
· Flexibility on code rate
[image: ]
Figure 5: Performance of binary LDPC codes with different code rates under fixed code length
The QC-LDPC codes are considered in which parity-check matrices are arrays of circulant permutation  matrices (CPMs).  We construct the base matrix of binary LDPC codes with the same size with fixed code rate.  By changing the size of CPM, the LDPC codes can be constructed with different code length. With augmenting method , we can construct the LDPC codes with different code rates  under the fixed code structure. The performances are shown in Figures 4 and  5.We can also using extending , puncturing and shortening methods to reconstruct  a known code to fit the desired length of a specific application.  The binary LDPC codes have a sufficient flexibility on variable code length and code rate.
Looking at the above results, we have the following observations  for eMBB scenarios.
· [bookmark: OLE_LINK24][bookmark: OLE_LINK25]The results show that (4,8) regular SC-LDPC codes and Turbo codes perform almost identically for rate Rd=1/2 and information latency length K closed to 4000 bits and 6000 bits. For (4,8) regular SC-LDPC codes, visable gain can be achieved by raising the code rate from 1/2 to 2/3.
· [bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31]SC-LDPC code has the similar decoding latency comparing with that of the binary LDPC block code.   The complexity  is acceptable for large code block for eMBB deployment scenarios.
· Binary LDPC codes have sufficient flexibility in constructing variable code length and code rate.
Conclusions
In this contribution, we provide the performance evaluation results of binary LDPC codes for eMBB deployment scenario. According to the evaluation results, we observe the binary LDPC code has better performance with high code rate.   The encoding and decoding complexity is feasible for large code block  for eMBB deployment scenario
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1.3 Simulation assumption













Table A-1: Simulation assumptions of SC-LDPC codes for eMBB scenario
	Parameter
	Assumption

	Information length (denote k)
	4000bits, 6000 bits, 8000bits

	Termination length(denote L)
	L=60

	Design Code rate(denote Rd)
	1/2, 2/3, 3/4

	The number of variable nodes( denote dv)
	4

	The number of check nodes( denote dc)
	Rd=1/2  dc =8
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Rd=2/3  dc =12
Rd=3/4  dc =16

	Sliding window size(denote W)
	8

	Syndrome former memory(denote ms)
	2

	Columns of base matrix(denote c)
	Rd=1/2:c=6
Rd=2/3: c=9
Rd=3/4: c=12

	Row of base matrix(denote b)
	b=3

	[bookmark: OLE_LINK22][bookmark: OLE_LINK23]Exact Code rate(denote R)
	R= (Lc-(L+ms)(c-b))/ (Lc)
Rd=1/2 L=60 c=6 b=3 ms=2:R=0.483
Rd=2/3 L=60 c=9 b=3 ms=2:R=0.656
Rd=3/4 L=60 c=6 b=3 ms=2:R=0.742

	CPM size(denote P)
	Rd=1/2 k=4000:P=166
Rd=1/2 k=6000:P=250
Rd=1/2 k=8000:P=330
Rd=2/3 k=4000:P=82
Rd=2/3 k=6000:P=126
Rd=2/3 k=8000:P=166
Rd=3/4 k=4000:P=58
Rd=3/4 k=6000:P=82
Rd=3/4 k=8000:P=112

	Columns of Low-density parity-check matrix(denote N)
	N= LcP
Rd=1/2 L=60 c=6  P=166: N=59760
Rd=1/2 L=60 c=6  P=250: N=90000
Rd=1/2 L=60 c=6  P=330: N=118800
Rd=2/3 L=60 c=9  P=82: N=44280
Rd=2/3 L=60 c=9  P=126: N=68040
Rd=2/3 L=60 c=9  P=166: N=89640
Rd=3/4 L=60 c=12  P=58: N=41760
Rd=3/4 L=60 c=12  P=82: N=59040
Rd=3/4 L=60 c=12  P=112: N=80640

	Columns of Low-density parity-check matrix in window(denote Nw)
	Nw=cPW
Rd=1/2  W=8  c=6  P=166: N=7968
Rd=1/2  W=8  c=6  P=250: N=12000
Rd=1/2  W=8  c=6  P=330: N=15840
Rd=2/3  W=8  c=9  P=82: N=5904
Rd=2/3  W=8  c=9  P=126: N=9072
Rd=2/3  W=8  c=9  P=166: N=11952
Rd=3/4  W=8  c=12  P=58: N=5568
Rd=3/4  W=8  c=12  P=82: N=7872
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Rd=3/4  W=8  c=12  P=112: N=10752

	Rows of Low-density parity-check matrix(denote M)
	M= (L+ ms)bP
Rd=1/2 L=60 b=3  P=166 ms=2: M =30876
Rd=1/2 L=60 b=3  P=250 ms=2: M =46500
Rd=1/2 L=60 b=3  P=330 ms=2: M =61380
Rd=2/3 L=60 b=3  P=82 ms=2: M =15252
Rd=2/3 L=60 b=3  P=126 ms=2: M =23436
Rd=2/3 L=60 b=3  P=166 ms=2: M =30876
Rd=3/4 L=60 b=3  P=58 ms=2: M =10788
Rd=3/4 L=60 b=3  P=82 ms=2: M =15252
Rd=3/4 L=60 b=3  P=112  ms=2:  M =20832

	Rows of Low-density parity-check matrix in window (denote Mw)
	M= bPW
Rd=1/2  W=8  b=3  P=166: M =3984
Rd=1/2  W=8  b=3  P=250: M =6000
Rd=1/2  W=8  b=3  P=330: M =7920
Rd=2/3  W=8  b=3  P=82: M =1968
Rd=2/3  W=8  b=3  P=126: M =3024
Rd=2/3  W=8  b=3  P=166: M =3984
Rd=3/4  W=8  b=3  P=58: M =1392
Rd=3/4  W=8  b=3  P=82: M =1968
Rd=3/4  W=8  b=3  P=112: M =2688

	Decoding constraint length(denote vs)
	vs = (ms+1) Pc

	Max iteration number (denote Imax)
	Imax=100

	Min iteration  number (denote Imin)
	Imin=10

	Information length in decoding window(denote K)
	K= RWPc
R=0.483W=8 P=166 c=6:K=3984 bits
R=0.483W=8 P=256 c=6:K=6000 bits
R=0.483W=8 P=330 c=6:K=7920 bits
R=0.656W=8 P=82 c=9:K=3936 bits
R=0. 656W=8 P=126 c=9:K=6048 bits
R=0. 656W=8 P=166 c=9:K=7968 bits
R=0.742W=8 P=58 c=12:K=4176 bits
R=0. 742W=8 P=82 c=12:K=5904 bits
R=0. 742W=8 P=112 c=12:K=8064 bits




Table A-2 Simulation assumptions of Turbo codes for eMBB scenario
	Parameters
	Assumptions

	Information length (denote k)
	6016 bits

	State number(denote S)
	S=8

	Branch number(denote Bnum)
	Bnum=2

	Decoding iteration number 
(denote Iturbo)
	Iturbo=8

	Exact Code rate(denote R)
	Rd=1/2 k=4032: R=0.4993
Rd=1/2 k=6016: R=0.4995
Rd=2/3 k=4032: R=0.6653
Rd=2/3 k=6016: R=0.6658
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