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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
This contribution evaluates the performance and granularity of the Polar code in [1], LDPC codes proposed in [2] and [3], Turbo codes, and enhanced Turbo in [4] on both AWGN channel and fading channels. According to the agreement in the previous meeting [5] , we focus on the small block parts of eMBB cases.

[bookmark: _Ref129681832]Coding Gain 
We will investigate the coding gain of a PC-SCL decoder for Polar code, LOMS/LNMS decoder for LDPC codes in [2] and [3], max-log-map decoder for LTE Turbo and enhanced turbo codes in [4] on both AWGN and fading channels. The simulation assumptions are as follows.
· Polar: PC-SCL8/PC-SCL32 as in [1].
· LDPC: LNMS, with a scaling factor = 0.8125, 20 iteration.
· LDPC: LOMS, with a scale factor=1 and an offset=0.5 as in [3], 20 iteration.
· LTE Turbo, max-log-map, with a scaling factor = 0.75,8 iteration.
· Enhanced Turbo in [4], with max-log-map, with a scaling factor = 0.75,8 iteration.

Table 1. Simulation parameters
	Channel
	AWGN, ETU-30km/h, ETU-120km/h

	Coding Scheme
	PC-Polar
	LDPC 1 
	LDPC 2
	LTE-Turbo
	Enhanced Turbo

	Decoding algorithm
	PC-SCL, List=8/32
	LNMS
scale 0.8125 iteration=20
	LOMS
scale 1, offset 0.5, iteration=20
	Max-log-map, scale 0.75, iteration=8
	Max-log-map, scale 0.75, iteration=8



The granularity is measured with an 8-bit step for information block length from 100 bits to 1028 bits. 
Note that for none of the channel codes it is appended any CRC bits. 
This Section shows the simulation results of the required SNR vs. information block lengths. The corresponding BLER curves are given in Appendix 2 and 3 for AWGN and fading channel cases, respectively. For all the simulation results in this section, Polar codes are labelled "Polar PC-SCL". LDPC codes in [2] and [3] are labeled "LDPC 1" and "LDPC 2", respectively. LTE Turbo and enhanced Turbo codes are labeled as "Turbo" and "eTurbo", respectively.
AWGN Channel
· QPSK Polar vs LDPC
[image: ]
[bookmark: _Ref465342768]Fig. 1. Required SNR for BLER=0.1, Polar vs LDPC.
· QPSK Polar vs Turbo
[image: ]
[bookmark: _Ref465342779]Fig. 2. Required SNR for BLER=0.1, Polar vs Turbo.
Fig. 1 shows the required SNR to achieve BLER=0.1 for various block lengths and code rates for polar codes in [1], and two LDPC candidates in [2] and [3]. The modulation is QPSK. It can be observed that a PC-SCL-8 decoder outperforms both 20-iter LOMS and 20-iter LNMS for info block lengths of 100 and 400, where the gain is up to 0.8dB. For information block length 1000, PC-SCL-8 decoder shows 0.3dB gain over LDPC codes at low code rate 1/5 and performs comparable to LDPC codes for medium and high code rate. 
Fig. 2 shows the comparison of Polar codes, LTE Turbo codes, and enhanced Turbo codes with modulation QPSK. Turbo codes show poor performance for info block length 100, where a degradation of up to 1.7dB at code rate 8/9 compared to Polar PC-SCL8. For info block length 400 and 1000, the performance of Turbo codes is comparable to that of Polar PC-SCL8 and LDPC codes for medium code rate, and inferior to Polar and LDPC for high code rates. Enhanced Turbo codes show comparable performance to LTE Turbo codes for medium code rate and have a gain of around 0.4dB for code rate 1/5 at target BLER=0.1. When compared to Polar codes, enhanced turbo codes at code rate 1/5 are still 0.2dB inferior to Polar PC-SCL8 for short block length and demonstrate comparable performance for larger block length. For high code rate, the performance of enhanced Turbo is even worse than LTE Turbo. 
It is noted that the complexity of enhanced Turbo codes for low code rate cases is much higher than that of Polar List8 decoder, as shown in [8].
For Polar codes, an additional 0.2dB gain is achieved when the list size increases from 8 to 32. This gain is observed over the entire range of considered block lengths and coding rates.

· 64QAM Polar vs LDPC
[image: ]
[bookmark: _Ref465342861]Fig. 3. Required SNR comparison for Polar and LDPC at BLER = 0.1.

· 64QAM Polar vs Turbo
[image: ]
[bookmark: _Ref465342866]Fig. 4. Required SNR comparison for Polar and Turbo at BLER = 0.1.
Fig. 3 and Fig. 4 show the required SNR to achieve BLER=0.1 of the channel coding candidates with high order modulation 64QAM. Similar trend can be observed. The gain of Polar PC-SCL8 over LDPC candidates is up to 1dB for low code rate and 0.9dB for high code rate. For Turbo codes, a max gap of 1.3dB can be observed for info length 100 with high code rate.

Observation 1: Polar PC-SCL8 outperforms the two LDPC candidates for short blocks and low code rates.
Observation 2: Polar PC-SCL32 outperforms the two LDPC candidates in all considered cases.
Observation 3: Polar PC-SCL8 outperforms enhanced Turbo for short block cases.
Observation 4: Polar PC-SCL32 outperforms enhanced Turbo for short blocks and high code rates.



Fading Channel 
· QPSK Polar vs LDPC (ETU-30km/h)
[image: ]
[bookmark: _Ref465343064]Fig. 5. Required SNR comparison for Polar and LDPC at BLER = 0.1.

· QPSK Polar vs Turbo (ETU-30km/h)
[image: ]
[bookmark: _Ref465343070]Fig. 6. Required SNR comparison for Polar and Turbo at BLER = 0.1.

Fig. 5 and Fig. 6 show the SNR for target BLER=0.1 for channel coding candidates in fading channel ETU-30km/h, QPSK. High code rate cases of enhanced Turbo are not evaluated here because their poor performance in AWGN channel. It can be observed that a PC-SCL-8 outperforms LDPC and Turbo in all considered cases, especially for information block length shorter than 1000 bits. LDPC and Turbo show very poor performance for block length 100 with code rate 8/9 where gains of Polar codes over the two LDPC candidates and Turbo codes can be up to 2.4dB and 4.4dB respectively. The performance of enhanced turbo is comparable to PC-SCL8 for info length 400 and 1000, and show 0.3dB loss for info length 100. Compared to the performance in AWGN, LDPC codes, Turbo codes and enhanced Turbo degrade much more than Polar codes in fading channels.
For Polar codes, an additional 0.3dB gain is achieved when the list size increases from 8 to 32. This gain is observed over the entire range of considered block lengths and coding rates.

· 64QAM Polar vs LDPC (ETU-30km/h)
[image: ]
[bookmark: _Ref465343124]Fig. 7. Required SNR comparison for Polar and LDPC at BLER = 0.1.

· 64QAM Polar vs Turbo (ETU-30km/h)
[image: ]
[bookmark: _Ref465343133]Fig. 8. Required SNR comparison for Polar and Turbo at BLER = 0.1.
Fig. 7 and Fig. 8 show high modulation 64QAM cases as those in Fig. 5 and Fig. 6. Polar codes outperform the two LDPC candidates and Turbo codes in all considered cases with huge gain observed in short block length.
 
To observe the performance of the candidate channel coding schemes in fast fading channel, we increase the speed of ETU channel model to 120km/h and similar performance can be observed. The figures are shown in Appendix 1.

[bookmark: _Ref462473679]Observation 5: Polar PC-SCL8 outperforms the two LDPC candidates in all considered cases on fading channel, especially in short blocks.
Observation 6: Polar PC-SCL8 outperforms Turbo in all considered cases on fading channel, especially in short blocks.
Observation 7: Polar PC-SCL32 outperforms enhanced Turbo at its mother code rate for info block no larger than 1000 on fading channel.
[bookmark: _Ref462473701]Observation 8: Compared to Polar, performance of LDPC, Turbo codes, and enhanced Turbo codes degrade more on fading channel.
[bookmark: _Ref462473766]Proposal 1: The NR channel coding scheme candidates should have good performance in fading channels.

Granularity
Information blocks from 100 to 1028 with 8-bit step granularity are further studied to observe the flexibility of Polar codes and LDPC candidates.
[image: ]
[bookmark: _Ref465343399][bookmark: _Ref465696086]Fig. 9. Required SNR to achieve BLER=0.1 for 8-bit granularity [100~1028], QPSK, AWGN
 
Fig. 9 shows the performance with 8-bit step granularity of Polar codes and the two LDPC candidates with 20-iteration, for block lengths [100~1028]. LDPC1 (green lines) shows a stable required SNR for all considered code rates and information block lengths, while LDPC2 (black lines) SNR fluctuates along the X-axis, especially for low and middle code rates, where up to 0.4dB degradation respect to polar can be observed. 
Note that the PCM of LDPC1 cannot support short info block length with high code rates. 

[bookmark: _Ref462473718]Observation 9: Polar codes show good flexibility with 8-bit information step and the gain over LDPC can be up to 0.8dB for small info block lengths.
[bookmark: _Ref462473774]Proposal 2: The NR channel coding scheme candidates should have stable performance with fine granularity.

Advanced decoder
The results in Fig. 10 and Fig. 11 show the performance comparison of advanced decoder regardless the complexity where a list64 decoder is employed for Polar and FOSP decoder with 50-iteration is applied to the two LDPC candidates. For short info block length with all considered code rates and high code rate cases, Polar PC-SCL64 outperforms LDPC greatly. 

[image: ]
[bookmark: _Ref466054735]Fig. 10. Advance decoder performance comparison of Polar and LDPC, QPSK.

[image: ]
[bookmark: _Ref466054738]Fig. 11. Advance decoder performance comparison of Polar and LDPC, 64QAM.

To further observe the potential performance of advanced decoder, we set the iteration number of LDPC FOSP decoder to be 200 and compare its performance with Polar List256 for block length 100, 400 and 1000 in Fig. 12 to Fig. 14. Results of list 8 and 32 are also added as feasible solution benchmark. It can be found that a Polar List-256 decoder outperforms FOSP decoder with 200-iteration in all considered cases. For short info block length, the Polar List-8 decoder even outperforms FOSP decoder with iteration 200. Besides, remarkable improvement of Polar codes can be observed as the list size increases.
[image: ]
[bookmark: _Ref466061734]Fig. 12. BLER performance comparison for advance decoder of Polar and LDPC, info 100, QPSK.
[image: ]
Fig. 13. BLER performance comparison for advance decoder of Polar and LDPC, info 400, QPSK.
[image: ]
[bookmark: _Ref466061739]Fig. 14. BLER performance comparison for advance decoder of Polar and LDPC, info 1000, QPSK.

Conclusions
This contribution compares the performance of Polar, two LDPC schemes, LTE Turbo, and enhanced Turbo codes for the eMBB scenario.  Both AWGN and fading channels ETU-30km/h and ETU-120km/h models are considered. We have the following observations and proposals.
Observation 1: Polar PC-SCL8 outperforms the two LDPC candidates for short blocks and low code rates.
Observation 2: Polar PC-SCL32 outperforms the two LDPC candidates in all considered cases.
Observation 3: Polar PC-SCL8 outperforms enhanced Turbo for short block cases.
Observation 4: Polar PC-SCL32 outperforms enhanced Turbo for short blocks and high code rates.
Observation 5: Polar PC-SCL8 outperforms the two LDPC candidates in all considered cases on fading channel, especially in short blocks.
Observation 6: Polar PC-SCL8 outperforms Turbo in all considered cases on fading channel, especially in short blocks.
Observation 7: Polar PC-SCL32 outperforms enhanced Turbo at its mother code rate for info block no larger than 1000 on fading channel.
Observation 8: Compared to Polar, performance of LDPC, Turbo codes, and enhanced Turbo codes degrade more on fading channel.
 Observation 9: Polar codes show good flexibility with 8-bit information step and the gain over LDPC can be up to 0.8dB for small info block lengths.

Proposal 1: The NR channel coding scheme candidates should have good performance in fading channels.
Proposal 2: The NR channel coding scheme candidates should have stable performance with fine granularity.
Proposal 3: Polar codes should be selected as the channel coding scheme for eMBB small block sizes.
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Appendix
1. Required SNR to achieve BLER=0.1, at fading channel, ETU-120km/h
QPSK Polar vs LDPC
[image: ]
Fig. 15. Required SNR comparison for Polar and LDPC at BLER = 0.1.

QPSK Polar vs Turbo
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Fig. 16. Required SNR comparison for Polar and Turbo at BLER = 0.1.


64QAM Polar vs LDPC
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Fig. 17. Required SNR comparison for Polar and LDPC at BLER = 0.1.

64QAM Polar vs Turbo
[image: ]
Fig. 18. Required SNR comparison for Polar and Turbo at BLER = 0.1.

BLER Curves in AWGN channel
Polar vs LDPC
QPSK
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Fig. 19. BLER performance comparison, info 100.
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Fig. 20. BLER performance comparison, info 400.
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Fig. 21. BLER performance comparison, info 1000.
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Fig. 22. BLER performance comparison, info 2000.

64QAM
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Fig. 23. BLER performance comparison, info 100.
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Fig. 24. BLER performance comparison, info 400.
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Fig. 25. BLER performance comparison, info 1000.
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Fig. 26. BLER performance comparison, info 2000.

Polar vs Turbo
QPSK
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Fig. 27. BLER performance comparison, info 100.
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Fig. 28. BLER performance comparison, info 400.
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Fig. 29. BLER performance comparison, info 1000.
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Fig. 30. BLER performance comparison, info 2000.

64QAM
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Fig. 31. BLER performance comparison, info 100.
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Fig. 32. BLER performance comparison, info 400.
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Fig. 33. BLER performance comparison, info 1000.
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Fig. 34. BLER performance comparison, info 2000.

BLER Curves in Fading ETU-30km/h channel
Polar vs LDPC
QPSK
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Fig. 35. BLER performance comparison, info 100.
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Fig. 36. BLER performance comparison, info 400.
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Fig. 37. BLER performance comparison, info 1000.
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Fig. 38. BLER performance comparison, info 2000.

64QAM
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Fig. 39. BLER performance comparison, info 100.
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Fig. 40. BLER performance comparison, info 400.
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Fig. 41. BLER performance comparison, info 1000.
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Fig. 42. BLER performance comparison, info 2000.

Polar vs Turbo
QPSK
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Fig. 43. BLER performance comparison, info 100.
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Fig. 44. BLER performance comparison, info 400.
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Fig. 45. BLER performance comparison, info 1000.
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Fig. 46. BLER performance comparison, info 2000.



64QAM
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Fig. 47. BLER performance comparison, info 100.
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Fig. 48. BLER performance comparison, info 400.
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Fig. 49. BLER performance comparison, info 1000.
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Fig. 50. BLER performance comparison, info 2000.
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