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1 [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
Channel coding scheme is one of the fundamental issues for 5G NR access technology. Three channel coding schemes, i.e., Polar code, Turbo code and LDPC code, have been proposed as the candidates for the NR eMBB scenario.
According to [1-2], the candidate channel coding schemes are supposed to support various data rates from tens of bit-per-second up to tens of Giga-bit-per-second, coding rates from 1/5 to 8/9, and code lengths from 100-bit information block up to 64K-bit information block. This wide-range scenario requires a channel coding scheme to exhibit not only a good degree of flexibility but also attractive performance over a wide range of data rates and/or block lengths. 
In this contribution, we show the performance comparison results of the three channel coding schemes: Polar codes, Turbo codes, and LDPC, using the eMBB simulation assumptions in [3]. 
2 Channel coding schemes
A brief introduction of the three channel coding schemes for eMBB follows. 
2.1 Polar Code
Polar code is one of the candidates for eMBB defined in [3].  One of its advantages is to provide a good degree of flexibility to realize a tradeoff between performance and complexity. Besides the very simple SC decoder, a CA-SCL decoder can reach very good performance [4]. Moreover, some effective rate-matching schemes are discussed in [4] and performance is shown in [6].
2.2 LTE Turbo Codes
The main strength of Turbo code is its mature and standardized technique. Its interleaving, rate matching and H-ARQ schemes are well developed to meet the requirements in current LTE. For example, it is widely known that turbo code performs well under medium block length and medium code rate (close to its 1/3 mother code rate). Nevertheless, since LTE turbo has not been optimized for many new usage scenarios in eMBB, its performance in eMBB needs to be re-evaluated.
The Max-log-MAP (MLM) Turbo decoder is a very mature decoding algorithm for Turbo code, which we use in our simulations with an EXIT info scale factor of 0.75 and 8 iterations for a fair performance comparison.
2.3 LDPC Codes
LDPC code has been applied in other wireless standards such as 802.11n. The strength of LDPC code lies in its superior performance at high code rates and large block length, as well as its relatively low-complexity decoder. However, its performance at low code rate and small code length is not as good as high code rate and code length. Furthermore, Parity-check-matrix-based LDPC has difficulty to support a fine granularity of code rate and code length, which are requested by eMBB applications [3]. 
In the simulations, we use 802.11-n LDPC as the base LDPC codes to design the base-matrix and protograph for different code lengths and code rates agreed in [3]. In this contribution, we show initial simulation results for low order modulation (QPSK), while a more comprehensive evaluation is ongoing.    
3 Performance
Throughout this contribution, we use the agreed eMBB assumptions [3] (also given in Table 1 in the Appendix) to obtain the BLER curves.
The following notations are used: 
· k = info. block length, 
· m = crc bits length, 
· K = k+m, 
· N = encoded block length after rate-matching
Note that the m-bit CRC bits are treated as the redundancy bits as agreed on the simulation assumption and not included into the Eb/N0 calculating like below:

Where the M is the modulation order (log2[4,16,64],) and R is the code rate for k/N.
A rich set of combinations of block lengths and code rates are simulated in accordance with the simulation assumptions. The rate-matching scheme for polar codes is QUP scheme described in [4]. In most cases, a CA-SCL with list size 32 is used in the evaluation because its computational complexity is comparable to those of 8-iteration MLM Turbo decoder and of 15-iteration BP (Belief-Propagation) LDPC decoder (in [7]). 
Although we did not append CRC bits for Turbo Code when comparing Turbo with other candidate schemes, it should be mentioned that both Turbo Code and Polar Code need CRC bits in a practical system for block error detection. The simulation results of Polar Code in this contribution are the final performance curves, whereas those of Turbo decoder will degrade if CRC is not appended, meaning that the gain of Polar codes vs Turbo Codes would become even wider than the gain shown in this contribution.    
3.1 Performance Comparison as Function of Block Lengths
· BLER performance comparison results for Info. Bits length = {100, 400}
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Fig.1  BLER performance with block length=100, QPSK
 [image: ] Fig.2  BLER performance with block length=400, QPSK

· BLER performance comparison results for Info. Bits length = {1k ,4k,8k }
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Fig.3  BLER performance with block length=1000, QPSK
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Fig.4  BLER performance with block length=4000, 64 QAM
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 Fig.5  BLER performance with block length=8000, 64 QAM
In case of small information block lengths like 100 and 400, the BLER performance of Polar Codes is better than those of LDPC and Turbo. The CRC bits are 8 for Polar and no CRC bits for Turbo.
In case of medium block lengths (from 1k to 8k), Polar codes exhibit the best BLER performance for both low and high code rates. The CRC bits are 24 for Polar and no CRC bits for Turbo.
Observation 1: In Fig. 1 and Fig. 2, we observe a performance gain for Polar Code of about 1.2 dB in comparison with turbo and that of about 1.5 dB in comparison with LDPC.
Observation 2: In Fig. 3, Fig. 4 and Fig.5, the performance gain for Polar Code is about 0.3~1.3 dB compared with the performance of 8-iteration MLM Turbo decoder, and about 0. 3~0.8 dB compare with LDPC at BLER = 10-2 
Observation 3: The error floor of turbo has been observed in Fig.3~Fig.5 for higher code rates below BLER=10-2, where the gain of Polar versus Turbo becomes larger (up to ~0.5dB).

· BLER performance comparison results for Info. Bits length = {32k}
[image: ] Fig.6  BLER performance with block length=32k, 64 QAM
In case of a very long block length (32K, and even longer), we use a CA-SCL decoder with smaller list size (L=2) for its very low complexity and high throughput. The performance of L=2 CA-SCL decoder is still better than 8-iteration Turbo decoder. 
Observation 4: In Fig 6, the gain of Polar codes versus Turbo codes is about 0.1~0.2dB when BLER=10-2, and an error floor has been observed for Turbo at high code rate.

3.2 Performance Comparison in Function of Code Rates
· BLER performance comparison results for coding rate = {1/5,1/2,3/4,8/9}
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Fig.7  BLER performance with rate = 1/5, QPSK
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Fig.8  BLER performance with rate = 1/2, QPSK
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 Fig.9  BLER performance with Rate = 2/3, 64 QAM
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 Fig.10  BLER performance with Rate = 8/9, 64 QAM

The gain of Polar CA-SCL decoder over Turbo decoder is large for low and high code rates. Performance of LDPC decoder is worse than Turbo decoder when the code rates are lower than 1/2. 
Observation 5: The performance gain of Polar Code over Turbo decoder can reach ~1.5dB with R=1/5 and QPSK in Fig.7.
Observation 6: Although LTE-Turbo Code is well optimized for a medium code rate of 1/2, Polar SCL decoder still has a performance gain of at least 0.1~0.2 dB in Fig. 8.
Observation 7: As illustrated in Fig. 9 and Fig. 10 (for the high code rate as 2/3 and 8/9), the performance of Turbo decoder deteriorates due to the segmentation. An error floor starts to appear below BLER=10-2 for block lengths larger than 4K.
 
3.3 Performance Comparison in Function of Modulation Order 
· Performance comparison results for Modulation = {QPSK,64QAM}
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Fig 11.  Average required received Eb/No at BLER=10-2 for Polar and Turbo, QPSK
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Fig 12.  Average required received Eb/No at BLER=10-2 for Polar and Turbo, 64QAM
The figures above demonstrate an average required Eb/No in function of various information block lengths to reach a target BLER of 10-2. 
Observation 8: Polar codes have better performance than Turbo Code in all cases for QPSK and 64QAM.
3 Conclusion
Simulation results show that Polar codes have performance gains over a wide range of code rates, block lengths, and modulation orders. Both turbo codes and LDPC codes are optimized for some combinations of code rates and code lengths but performance degrades for other combinations. Turbo Code has good performance for code rate close to 1/3 and code length between 1K and 8K. LDPC code has good performance for code rate higher than 1/2 and long code length. In summary, polar code exhibits good performance for a wide range of code rates, code lengths, and modulation orders as required for the eMBB scenario. In particular, Polar codes perform well in some extreme cases such as very low (1/5) and high (8/9) code rates, very small block length(100-bit), and very large (>32K) block length. Moreover, this good performance can be achieved by a decoder with lower computational complexity than current 8-iteration LTE-Turbo decoder.
We have the following observations and proposal:. 
Observation 1: In Fig. 1 and Fig. 2, we observe a performance gain for Polar Code of about 1.2 dB in comparison with turbo and that of about 1.5 dB in comparison with LDPC.
Observation 2: In Fig. 3, Fig. 4 and Fig.5, the performance gain for Polar Code is about 0.3~1.3 dB compared with the performance of 8-iteration MLM Turbo decoder, and about 0. 3~0.8 dB compare with LDPC at BLER = 10-2 
Observation 3: The error floor of turbo has been observed in Fig.3~Fig.5 for higher code rates below BLER=10-2, where the gain of Polar versus Turbo becomes larger (up to ~0.5dB).
Observation 4: In Fig 6, the gain of Polar codes versus Turbo codes is about 0.1~0.2dB when BLER=10-2, and an error floor has been observed for Turbo at high code rate.
Observation 5: Performance gain over Turbo decoder can reach ~1.5dB with R=1/5 and QPSK in Fig.7.
Observation 6: Although LTE-Turbo Code is well optimized for a medium code rate of 1/2, Polar SCL decoder still has a performance gain of at least 0.1~0.2 dB in Fig. 8.
Observation 7: As illustrated in Fig. 9 and Fig. 10 (for the high code rate as 2/3 and 8/9), the performance of Turbo decoder deteriorates due to the segmentation. An error floor starts to appear below BLER=10-2 for block lengths larger than 4K.
Observation 8: Polar codes have better performance than Turbo Code in all cases for QPSK and 64QAM.
Proposal 1: Based on the evaluation and comparison with other candidate schemes, the polar coding scheme should be further studied for the NR eMBB scenarios.
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Appendix 
Table 1. Simulation assumptions for eMBB usage scenario 
	Channel*
	AWGN

	Modulation
	QPSK,64QAM

	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
(scale = 0.75, iteration = 8)
	Min-sum

	List-X
(X=32)

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