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Introduction
[bookmark: _GoBack]In RAN1 #84b meeting it was agreed upon to evaluate channel codes under the following assumptions. This document compares the corresponding results for LDPC and LTE Turbo Codes, where the LDPC codes are new design proposals for NR following [3].
eMBB Simulation Assumptions
For eMBB use cases, evaluation should provide the block error rate (BLER) performance versus SNR for the following cases which are more reflective of usage across mobile broadband data transmissions.
Table 1. eMBB simulation assumptions
	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 (15)
	BP (50)
	List-32

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



Several notes for clarification were made as part of the evaluation agreement.
· * 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
1. Existing code constructions can be used for evaluation
2. Whenever feasible, performance comparison should adopt coding constructions with matching computational complexities

URLLC/mMTC Simulation Assumptions
For URLLC and mMTC use cases, evaluation should provide the block error rate (BLER) performance versus SNR for the following cases which are more reflective of such services (beyond some configurations already included in eMBB evaluation).
Table 2. URLLC and mMTC simulation assumptions
	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
	BP (50)
	List-32 
	Max-log-MAP (15)

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



Several notes for clarification were made as part of the evaluation agreement.
· * 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
1. Existing code constructions can be used for evaluation
2. Whenever feasible, performance comparison should adopt coding constructions with matching computational complexities
3. BLER simulations down to 10-4 is recommended (to observe the error floor) for URLLC

Results and Discussion
ME-LDPC code is designed as mentioned in the overview document [3]. ME-LDPC code has exact rates as prescribed by the above evaluation parameters. The information blocklengths are slightlly different and are mostly within +/- 5%. The exact blocklengths used are shown in the Appendix for the eMBB scenario. We show later that such differences in blocklength does not cause much differences in performance. As mentioned in the design overview document, the final PCMs are obtained by lifting the basegraph by the lifting size. 
eMBB Code Performance
In this section we compare the performance of the ME-LDPC design (see [3]) against the standard LTE Turbo codec. The simulations use the standard floating point BP decoder with 50 flooding iterations. In the following sections, we compare the performance of the ME-LDPC code with the Turbo code on various metrics. 

Observation 1:  ME-LDPC outperforms LTE Turbo in all of the eMBB simulation scenarios at BLER of 1%. The detailed differences in performance is summarized below. This demonstrates the flexibility of design across operating points.
Summary of results for eMBB, 4QAM (BLER of 1%):
1. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For all blocklengths the difference is uniformly between 0.4 dB – 0.5 dB. 
2. For the lowest rate of 0.2, the difference is uniformly (across all blocklengths) around 1.0 dB.

Summary of results for eMBB, 64QAM (BLER of 1%):
1. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For all blocklengths the difference is uniformly between 0.5 dB – 0.8 dB. 
2. For the lowest rate of 0.2, the difference is uniformly (across all blocklengths) around 1.0 dB (larger in some cases to around 2 dB).

Proposal 1: NR should consider using ME-LDPC code family to replace LTE Turbo codes for EMBB based on performance.

Spectral Efficiency versus SNR 
In all the figures shown below, the dashed black curve corresponds to the unconstrained Shannon capacity curve. 
4QAM
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Figure 2: Spectral Efficiency at 4QAM, K ~ 100
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Figure 5: Spectral Efficiency at 4QAM, K ~ 2000
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Figure 7: Spectral Efficiency at 4QAM, K ~ 6000

Summary of results for eMBB, 4QAM (BLER of 1%):
1. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For all blocklengths the difference is uniformly between 0.4 dB – 0.5 dB. 
2. For the lowest rate of 0.2, the difference is uniformly (across all blocklengths) around 1.0 dB.

64 QAM
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Figure 9: Spectral Efficiency at 64QAM, K ~ 100
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Figure 12: Spectral Efficiency at 64QAM, K ~ 2000
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Figure 14: Spectral Efficiency at 64QAM, K ~ 6000

Summary of results for eMBB, 64QAM (BLER of 1%):
1. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For all blocklengths the difference is uniformly between 0.5 dB – 0.8 dB. 
2. For the lowest rate of 0.2, the difference is uniformly (across all blocklengths) around 1.0 dB (larger in some cases to around 2 dB).

Target SNR versus Blocklength 
The figures below show the EsN0 required to achieve the target BLER of 1% for each rate as the blocklength increases. We observe that ME-LDPC consistently outperforms LTE Turbo.
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Figure 30: EsN0 required to achieve 1% BLER at 4QAM
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Figure 31: EsN0 required to achieve 1% BLER at 64QAM

URLLC/mMTC Code Performance
The blocklenghts for K = 20 are obtained exactly from the ME-LDPC code. For K=40, the blocklengths used are K=36 and for other cases the blocklenghts used are within +/- 5% of the prescribed blocklengths. 
Observation 2:  ME-LDPC outperforms LTE Turbo in all of the URLLC simulation scenarios down to BLER of 0.01% with minor exceptions which can be addressed with redesigns. ME-LDPC outperforms LTE Turbo across all scenarios for BLER 1% in performance with the gains summarized below. 
Summary of results for URLLC/mMTC, 4QAM (BLER of 1%):
1. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For blocklengths K >= 200, the difference is uniformly around 0.35 dB for rate = 0.33, around 0.9 dB for rate = 1/6 and around 1.5 dB for rate = 1/12.
2. For K <= 40, the ME-LDPC outperforms Turbo by around 1.5 dB uniformly for all rates. 

Summary of results for URLLC/mMTC, 16QAM (BLER of 1%):
1. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For blocklengths K >= 200, the difference is uniformly around 0.3 dB for rate = 0.33, around 1.5 dB for rate = 1/6 and around 2.5 dB for rate = 1/12.
2. For K <= 40, the ME-LDPC outperforms Turbo by around 1.7 dB uniformly for all rates. 

Observation 3:  ME-LDPC outperforms LTE Turbo for very low rates (1/6 and 1/12) by almost 1 dB uniformly. This indicates the power of having lower rate ME-LDPC codes for efficient ultra-reliable communication. 
Proposal 2: NR should consider using ME-LDPC code family to replace LTE Turbo codes for URLLC based on performance.

Target SNR versus Blocklength
The figures below show the EsN0 required to achieve the target BLER of 1% for each rate as the blocklength increases. We observe that ME-LDPC consistently outperforms LTE Turbo.[image: ]
Figure 42: EsN0 required to achieve 1% BLER at 4QAM
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Figure 43: EsN0 required to achieve 1% BLER at 16QAM
Shortening and Puncturing Robustness
The figures below show that there is not much performance loss when we considered blocklengths within +/- 5% of the prescribed blocklengths. The exact blocklengths and exact rates (prescribed by the evaluation parameters) were obtained by shortening and puncturing of the ME-LDPC code. We obeserve that the performance is within 0.05 dB and hence demonstrates the robustness of the design to shortening and puncturing. 
Observation 4:  ME-LDPC design is robust to shortening and puncturing over the range of rates and blocklengths.
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Figure 44: Performance comparison between K = 100 and for K within +/- 5% of K = 100 for different rates.
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Figure 45: Performance comparison between K = 400 and for K within +/- 5% of K = 400 for different rates.
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Figure 46: Performance comparison between K = 400 and for K within +/- 5% of K = 1000 for different rates.
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Figure 47: Performance comparison between K = 400 and for K within +/- 5% of K = 2000 for different rates.
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Figure 48: Performance comparison between K = 400 and for K within +/- 5% of K = 4000 for different rates.
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Figure 49: Performance comparison between K = 400 and for K within +/- 5% of K = 6000 for different rates.


Conclusions
Observation 1:  ME-LDPC outperforms LTE Turbo in all of the eMBB simulation scenarios at BLER of 1%. The detailed differences in performance is summarized below. This demonstrates the flexibility of design across operating points.
Summary of results for eMBB, 4QAM (BLER of 1%):
3. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For all blocklengths the difference is uniformly between 0.4 dB – 0.5 dB. 
4. For the lowest rate of 0.2, the difference is uniformly (across all blocklengths) around 1.0 dB.

Summary of results for eMBB, 64QAM (BLER of 1%):
3. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For all blocklengths the difference is uniformly between 0.5 dB – 0.8 dB. 
4. For the lowest rate of 0.2, the difference is uniformly (across all blocklengths) around 1.0 dB (larger in some cases to around 2 dB).

Proposal 1: NR should consider using ME-LDPC code family to replace LTE Turbo codes for EMBB based on performance.

Observation 2:  ME-LDPC outperforms LTE Turbo in all of the URLLC simulation scenarios down to BLER of 0.01% with minor exceptions which can be addressed with redesigns. ME-LDPC outperforms LTE Turbo across all scenarios for BLER 1% in performance with the gains summarized below. 
Summary of results for URLLC/mMTC, 4QAM (BLER of 1%):
3. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For blocklengths K >= 200, the difference is uniformly around 0.35 dB for rate = 0.33, around 0.9 dB for rate = 1/6 and around 1.5 dB for rate = 1/12.
4. For K <= 40, the ME-LDPC outperforms Turbo by around 1.5 dB uniformly for all rates. 

Summary of results for URLLC/mMTC, 16QAM (BLER of 1%):
3. ME-LDPC design outperforms the LTE Turbo code at all blocklengths. For blocklengths K >= 200, the difference is uniformly around 0.3 dB for rate = 0.33, around 1.5 dB for rate = 1/6 and around 2.5 dB for rate = 1/12.
4. For K <= 40, the ME-LDPC outperforms Turbo by around 1.7 dB uniformly for all rates. 

Observation 3:  ME-LDPC outperforms LTE Turbo for very low rates (1/6 and 1/12) by almost 1 dB uniformly. This indicates the power of having lower rate ME-LDPC codes for efficient ultra-reliable communication. 
Proposal 2: NR should consider using ME-LDPC code family to replace LTE Turbo codes for URLLC/mMTC based on performance.
Observation 4:  ME-LDPC design is robust to shortening and puncturing over the range of rates and blocklengths.
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Appendix
EMBB Blocklengths used for simulations
Marked in grey are not simulated. The code blocklengths were greater than 72K.
Table 3. EMBB Blocklengths
Info Size/Rate
1/5
(actual,%)
1/3
(actual,%)

2/5
(actual,%)

½
(actual,%)

2/3
(actual,%)

¾
(actual,%)

5/6
(actual,%)

8/9
(actual,%)

100
(99,1.0)
(96,4.0)
(96,4.0)
(108,8.0)
(96,4.0)
(108,8.0)
(90,10.0)
(96,4.0)
400
(396,1.0)
(384,4.0)
(416,4.0)
(396,1.0)
(384,4.0)
(378,5.5)
(390,2.5)
(416,4.0)
1000
(1008,0.8)
(960,4.0)
(1024,2.4)
(1008,0.8)
(960,4.0)
(972,2.8)
(960,4.0)
(1024,2.4)
2000
(2016,0.8)
(1920,4.0)
(2048,2.4)
(2016,0.8)
(1920,4.0)
(1944,2.8)
(1920,4.0)
(2048,2.4)
4000
(4032,0.8)
(3840,4.0)
(4096,2.4)
(4032,0.8)
(3840,4.0)
(3888,2.8)
(3840,4.0)
(4096,2.4)
6000
(5760,4.0)
(6144,2.4)
(6144,2.4)
(5760,4.0)
(6144,2.4)
(6048,0.8)
(6240,4.0)
(6144,2.4)
8000
(8064,0.8)
(7680,4.0)
(8192,2.4)
(8064,0.8)
(7680,4.0)
(7776,2.8)
(7680,4.0)
(8192,2.4)
12000
(11520,4.0)
(12288,2.4)
(12288,2.4)
(11520,4.0)
(12288,2.4)
(12096,0.8)
(12480,4.0)
(12288,2.4)
16000
(16128,0.8)
(15360,4.0)
(16384,2.4)
(16128,0.8)
(15360,4.0)
(15552,2.8)
(15360,4.0)
(16384,2.4)
32000
(32256,0.8)
(30720,4.0)
(32768,2.4)
(32256,0.8)
(30720,4.0)
(31104,2.8)
(30720,4.0)
(32768,2.4)
64000
(59904,6.4)
(67584,5.6)
(57344,10.4)
(64512,0.8)
(61440,4.0)
(62208,2.8)
(61440,4.0)
(65536,2.4)


EMBB BLER vs SNR
4-QAM
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Figure 16: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 100
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Figure 17: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 400
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Figure 18: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 1000
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Figure 19: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 2000
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Figure 20: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 4000
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Figure 21: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 6000


64-QAM
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Figure 23: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 100
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Figure 24: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 400
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Figure 25: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 1000
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Figure 26: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 2000
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Figure 27: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 4000
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Figure 28: ME-LDPC (solid; circles) versus Turbo (dashed squares); K ~ 6000

URLLC/mMTC BLER vs SNR
4-QAM
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Figure 32: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 20
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Figure 33: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 40
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Figure 34: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 200
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Figure 35: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 600
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Figure 36: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 1000
A slight error-floor is observed for rate = 0.33 in some of the above figures. But this is not of much concern, since the design can be manipulated very slightly to get rid of the error-floor without affecting the waterfall performance. 
16-QAM
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Figure 37: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 20
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Figure 38: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 40
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Figure 39: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 200
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Figure 40: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 600
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Figure 41: ME-LDPC (solid; circles) versus Turbo (dashed squares); K = 1000
A slight error-floor is observed for rate = 0.33 in some of the above figures. But this is not of much concern, since the design can be manipulated very slightly to get rid of the error-floor without affecting the waterfall performance. 
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