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1. Introduction
At the 3GPP TSG RAN1 #84bis meeting, the following agreement was reached.

· 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)

The identified channel coding schemes for each usage scenario are given in Table 1.
Table1 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. 

· Example: Parity check matrices, polar code construction...

·  Encoding/decoding complexity of the adopted algorithms should be described.

· Simulation assumptions for usage scenario eMBB and URLLC/mMTC are shown in Table 2 and Table 3. 

Table 2 Evaluate the block error rate (BLER) performance versus SNR for eMBB
	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.
Table 3 Evaluate BLER performance versus SNR for URLLC and mMTC
	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.
In this contribution, we provide some performance comparison of LDPC code, Polar code and TBCC code for both eMBB and URLLC/mMTC scenarios. LTE Turbo code is taken as a bench mark of comparison.

2. Simulation conditions 

Table 4 Simulation conditions for eMBB with additional assumptions on decoding algorithms
	Channel*
	AWGN

	Modulation
	QPSK

	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**
	Scaled Max-log-MAP
SF: 0.75
	Scaled Layered min-sum /sum-product

25 iterations
SF of systematic bits:0.75

SF of parity bits:0.875
	CRC-aided List SC (CA-SCL) with list size of 32

	Info. block length*** (bits w/o CRC)
	100, 400, 1000, 2000, 4000, 6000, 8000 


Table 5 Simulation conditions for URLLC/mMTC with additional assumptions on decoding algorithms
	Channel*
	AWGN

	Modulation
	QPSK

	Coding Scheme
	  Turbo
	LDPC
	Polar
	TBCC

	Code rate 
	1/12, 1/6, 1/5, 1/3

	Decoding algorithm**
	Scaled Max-log-MAP
SF: 0.75
	Scaled Layered min-sum /sum-product

25 iterations
SF of systematic bits:0.75

SF of parity bits:0.875
	CRC-aided List SC (CA-SCL) with list size of 32
	List-1 Viterbi

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


The simulation conditions for eMBB and URLLC/mMTC scenarios are given in Table 4 and Table 5 respectively. LTE-turbo code is assumed, and some bits are padded to match the length of the LTE-turbo interleaver when necessary. However, the padded bits will be deleted to ensure transmitted code length is k/r bits, where k is the info length and r is the code rate. 

The LDPC code used for comparison is based on our design in our companion contribution [1]. Details will not be repeated here.
The details of Polar code used for comparison are discussed in our companion contribution [2]. Details will not be repeated here.
3. Performance of channel coding candidates for eMBB
The performance of LDPC, polar and Turbo code as a bench mark are shown in Figure 1 to Figure7. It should be noticed that the LDPC schemes including those of the un-optimized min-sum algorithm and the sum-product algorithm. 
The results show that the performance of LDPC codes (both un-optimized min-sum and sum-product schemes), Polar codes and Turbo codes are close. And the difference among them is not more than 0.2 dB. Code rates 1/5, 1/3, 2/5, 1/2, 2/3, 3/4, 5/6, 8/9 are all obtained by a mother code rate 1/3 for Turbo code and LDPC code, while Polar codes’ code rates are absolute code rate except the rate 1/5 is obtained by repeating of code rate 1/3.
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Figure 1 Performances of 100-bit info block length at different code rates
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Figure 2 Performances of 400-bit info block length at different code rates
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Figure 3 Performances of 1000-bit info block length at different code rates
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Figure 4 Performances of 2000-bit info block length at different code rates
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Figure 5 Performances of 4000-bit info block length at different code rates
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Figure 6 Performances of 6000-bit info block length at different code rates
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Figure 7 Performances of 8000-bit info block length at different code rates 
As shown in Figures 1 to Figure 7, the performances of LDPC codes, Polar codes, Polar code and referenced LTE Turbo codes are close at the primary SNR operating point for BLER = 0.1 for eMBB scenario. And for LDPC codes, the performance of sum-product algorithm schemes is better than those of min-sum algorithm schemes. The used min-sum algorithm LDPC code is not optimized, and its performance is predictable to get close to that of the sum-product LDPC code. 
Take the complexity, throughput and latency of all candidate codes into consideration [3], LDPC codes show both good performance and high throughput with low complexity. Hence, LDPC codes are the preferred choice for eMBB scenarios.
Observation 1: Performance curves of LDPC codes, Polar codes and Turbo code are close for short, medium and long code blocks (100 to 8000 bit) at code rate 1/5, 1/3, 2/5, 1/2, 3/5, 5/6, 8/9 for eMBB. 
Proposal 1: LDPC code is a preferred choice of channel coding for eMBB scenarios.
4. Performance of channel coding candidates for URLLC/mMTC

As to the URLLC/mMTC scenarios, the convolutional code is taken as a candidate code besides LDPC code, Polar code and Turbo code. The performance of the TBCC code with list-1 Viterbi decoder is simulated to compare with other candidate codes. Performances of candidate codes for URLLC/mMTC scenarios are shown in Figure 8 to Figure 12. The performances of candidate codes for TBS = 20 bits and TBS = 40 bits are shown in Figure 8 and Figure 9, respectively. To ensure the justice of the comparison, the code rates of 1/12, 1/6 of all candidates are obtained by repeating of a mother code rate of 1/3.
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Figure 8 Performances of candidate codes for URLLC/mMTC, TBS = 20 bits, mother code rate = 1/3
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Figure 9 Performances of candidate codes for URLLC/mMTC, TBS = 40 bits, mother code rate = 1/3
Table 6 Required Es/N0 values of candidate codes at different BLERs (TBS = 20bit)
	BLER

codes
	Code rate=1/12
	Code rate=1/6
	Code rate=1/3

	
	0.001
	0.01
	0.1
	0.001
	0.01
	0.1
	0.001
	0.01
	0.1

	Turbo 
	-2.43dB
	-3.70 dB
	-4.98 dB
	0.60 dB
	-0.37 dB
	-1.97 dB
	4.13 dB
	2.94 dB
	1.43 dB

	Polar 
	-2.67 dB
	-3.71 dB
	-4.75 dB
	0.31 dB
	-0.51 dB
	-1.72 dB
	3.41 dB
	2.37 dB
	1.44 dB

	LDPC(sum-product)
	-2.82 dB
	-4.01 dB
	-5.62 dB
	0.58 dB
	-1.06 dB
	-2.34 dB
	3.78 dB
	2.61 dB
	0.88 dB

	TBCC
	-4.24 dB
	-5.20 dB
	-6.62 dB
	-1.18 dB
	-2.13 dB
	-3.55 dB
	1.75 dB
	0.91 dB
	-0.55 dB


Based on Figure 8, Es/N0 values of all candidates for BLER = 0.1, BLER = 0.01, BLER = 0.001 are given in Table 6. The results show that TBCC is superior to other 3 candidate codes in performance for short block length such as 20 bits and 40 bits, while the performance of LDPC code, Polar code and Turbo code is close. Taking TBS = 20 bits as an example, Es/N0 differences between TBCC code and Turbo code for code rate 1/12 are 1.6 dB,1.5 dB and 1.8 dB at BLER = 0.1, BLER = 0.01, BLER = 0.001, respectively. And Es/N0 differences between TBCC code and Turbo code for code rate 1/6 are 1.6 dB, 1.7 dB and 1.8 dB at BLER = 0.1, BLER = 0.01, BLER = 0.001, respectively. Es/N0 differences between TBCC code and Turbo code for code rate 1/3 are 1.9 dB, 2.0 dB and 2.4 dB at BLER = 0.1, BLER = 0.01, BLER = 0.001, respectively. It means the difference becomes bigger as the code rate increases. However, when the block length increases, the difference becomes smaller. For TBS = 40bit, Es/N0 differences between TBCC code and Turbo code become smaller, and are in the range of 0.3 to 0.6 dB, 0.45 to 0.7 dB, 0.6 to 0.8 dB at BLER = 0.1, BLER = 0.01, BLER = 0.001, for 3 code rates respectively.

Take the complexity, throughput and latency of all candidates into consideration [3], LDPC code and TBCC code are very suitable for short length blocks of URLLC/mMTC scenarios because their good performance and low complexity. And Polar code can also be taken as a candidate for short block lengths.
Observation 2: TBCC is superior to other candidate codes for short block length such as 20bit and 40bit of URLLC/mMTC scenarios, while the performance curves of LDPC code Polar code and Turbo code are close.
Proposal2: LDPC codes and TBCC codes are good choices for short length blocks of URLLC/mMTC scenarios, and Polar code is suggested as a candidate.

The performances of LDPC code and Turbo code for middle and long length blocks of URLLC/mMTC scenarios are shown as Figure10~Figure12. Obviously, the performances of two codes are very close, and the differences on concern work points are not more than 0.2dB. The performances are much closer as the blocks’ length is longer. However, LDPC code has the advantages such as high throughput and low complexity besides the good performance compared to Turbo code. Then LDPC code is a good choice for middle-length and long-length blocks of URLLC/mMTC scenarios
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Figure 10 Performances of candidate codes for URLLC/mMTC, TBS = 200 bits, mother code rate = 1/3
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Figure 11 Performances of candidate codes for URLLC/mMTC, TBS = 600 bits, mother code rate = 1/3
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Figure 12 Performances of candidate codes for URLLC/mMTC, TBS = 1000 bits, mother code rate = 1/3
Observation 3: Performances of LDPC codes and Turbo codes are very close for middle-length and long-length blocks of URLLC/mMTC scenarios. And the differences on concern work points are not more than 0.2 dB.
Proposal 3: LDPC code is a good choice for middle-length and long-length blocks of URLLC/mMTC scenario.

5. Conclusion
In this contribution, we provide a lot of simulated performance of the channel coding candidate codes, which include LDPC codes, Polar code, TBCC code and LTE Turbo code as a bench mark. In summary,
Observation 1: Performance curves of LDPC codes, Polar codes and Turbo code are close for short, medium and long code blocks (100 to 8000 bit) at code rate 1/5, 1/3, 2/5, 1/2, 3/5, 5/6, 8/9 for eMBB. 
Proposal 1: LDPC code is a preferred choice of channel coding for eMBB scenarios.
Observation 2: TBCC is superior to other candidate codes for short block length such as 20 bits and 40 bits of URLLC/mMTC scenarios, while the performance curves of LDPC code Polar code and Turbo code are close.

Proposal 2: LDPC codes and TBCC codes are good choices for short block length of URLLC/mMTC scenarios, and Polar code is suggested as a candidate.

Observation 3: Performances of LDPC codes and Turbo codes are very close for middle-length and long-length blocks of URLLC/mMTC scenarios. And the differences on concern work points are not more than 0.2 dB.
Proposal 3: LDPC code is a good choice for middle-length and long-length blocks of URLLC/mMTC scenario.
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