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1. Introduction
In RAN1 #84bis meeting, it was agreed that eMBB channel coding should consider LDPC, Polar, and turbo codes, and simulation assumptions were agreed as in the following table [1]:
Agreements: 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.


In RAN1 #85 meeting, we provided an initial evaluation of polar codes for certain rates and block lengths [2]. In one RAN1 #86 contribution [3], we presented code construction, puncturing scheme, and comprehensive simulation results of polar codes used for eMBB. In this contribution, we further provide the simulation results for different list sizes.
2. Discussion
The block length of polar codes, N, is equal to the power of 2 in nature, i.e., [image: image2.png]


. Discussions on non-power of 2 polar code construction exist [4], but they are not easily scalable. In order to evaluate the BLER performance of the block lengths agreed in 3GPP, we use the Quasi-Uniform Puncturing (QUP) method [5] to construct the codes.

The process of code construction for a specific block length and code rate can be done in two steps. The first step is to decide the puncturing pattern for the mother polar code. As mentioned before in this contribution it is done by QUP, which results in nearly uniform puncturing positions in the mother codeword. The second step is to select the bit channels of information bits for the generated puncturing pattern, which could be done in several ways [6]. For this contribution we adopted the so-called density evolution (DE) with Gaussian approximation (GA) method. Detailed descriptions of the DE/GA method can be found in [6]. The main idea of DE/GA is to treat the input LLRs as Gaussian random variables and then calculate the output LLRs in a probability density evolution manner on the factor graph of polar codes. Based on the output LLRs the positions of information and frozen bits can be determined.

To make DE/GA workable for constructing good polar codes, the selection of input LLRs is important, which depends on the assumed channel noise level. For non-punctured bits, we use the effective SNRs shown in Table I for DE/GA. For punctured bits, the input LLRs are naturally zeros. Note that the performance of corresponding polar codes could be improved further if more appropriate SNRs are found, but the improvement might not be significant.
Table I : Effective SNRs for code construction

	 
	K = 100
	K = 400
	K = 1000
	K = 2000
	K = 4000
	K = 6000
	K = 8000

	R = 1/5
	-5
	-5
	-7
	-6
	N/A
	N/A
	N/A

	R = 1/3
	-5
	-5
	-6
	-5
	-6
	N/A
	N/A

	R = 2/5
	0
	0
	-3
	-3
	-5
	-3
	N/A

	R = 1/2
	0
	0
	0
	-2
	-3
	-2
	-2

	R = 2/3
	0
	0
	0
	2
	0
	0
	0

	R = 3/4
	0
	0
	0
	3
	1
	1
	1

	R = 5/6
	0
	0
	2
	3
	2
	2
	2

	R = 8/9
	0
	0
	3
	3
	3
	4
	3


To facilitate the simulation campaign, the number of encoded bits were slightly adjusted, which can be found in the following table. The coding rates are still well approximated.
Table II : Number of encoded bits

	 
	K = 100
	K = 400
	K = 1000
	K = 2000
	K = 4000
	K = 6000
	K = 8000

	R = 1/5
	498
	1998
	4998
	10002
	N/A
	N/A
	N/A

	R = 1/3
	300
	1200
	3000
	6000
	12000
	N/A
	N/A

	R = 2/5
	252
	1002
	2502
	4998
	10002
	15000
	N/A

	R = 1/2
	198
	798
	1998
	4002
	8004
	12000
	16002

	R = 2/3
	150
	600
	1500
	3000
	6000
	9000
	12000

	R = 3/4
	132
	534
	1332
	2664
	5334
	8004
	10668

	R = 5/6
	120
	480
	1200
	2400
	4800
	7200
	9600

	R = 8/9
	114
	450
	1128
	2250
	4500
	6750
	9000


Note that in this contribution we don’t have simulation results for the entries marked as N/A in Table I and II.
3. Performance
In this section we show the BLER performance for the block length/code rate combinations shown in Table II. CRC aided list decoding is used. For K = 100 and 400 cases, the CRC length is 8. For all other cases, the CRC bits have a length of 16. The list size, L, are chosen to be 16, 4, and 1, where the L=1 case is equivalent to successive cancellation decoding.
3.1 Simulation Results
3.1.1 LIST SIZE = 16
Case 1 : 100 info. bits
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(a) QPSK
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(b) 64QAM
Figure 1. BLER vs. Es/No for 100 info. bits
To facilitate the comparison of different block lengths and code rates, the BLER curves are plotted against EsNo, which fulfills the relationship [image: image6.png]10logy(Rlog, Z) =




 , where Z is the number of points in the modulation constellation.
Case 2 : 400 info. bits
[image: image7.emf]EsNo (dB)

-4 -2 0 2 4 6 8 10 12

B

L

E

R

10

-3

10

-2

10

-1

10

0

K = 400, POLAR 1/5 QPSK

K = 400, POLAR 1/3 QPSK

K = 400, POLAR 2/5 QPSK

K = 400, POLAR 1/2 QPSK

K = 400, POLAR 2/3 QPSK

K = 400, POLAR 3/4 QPSK

K = 400, POLAR 5/6 QPSK

K = 400, POLAR 8/9 QPSK


(a) QPSK
[image: image8.emf]EsNo (dB)

4 6 8 10 12 14 16 18 20 22 24 26

B

L

E

R

10

-3

10

-2

10

-1

10

0

K = 400, POLAR 1/5 64QAM

K = 400, POLAR 1/3 64QAM

K = 400, POLAR 2/5 64QAM

K = 400, POLAR 1/2 64QAM

K = 400, POLAR 2/3 64QAM

K = 400, POLAR 3/4 64QAM

K = 400, POLAR 5/6 64QAM

K = 400, POLAR 8/9 64QAM


(b) 64QAM
Figure 2. BLER vs. EsNo for 400 info. bits

Case 3: 1000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 3. BLER vs. EsNo for 1000 info. bits

Case 4: 2000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 4. BLER vs. EsNo for 2000 info. bits

Case 5: 4000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 5. BLER vs. EsNo for 4000 info. bits
Case 6: 6000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 6. BLER vs. EsNo for 6000 info. bits
Case 7: 8000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 7. BLER vs. EsNo for 8000 info. bits
Observation 1: It is observed in the simulation campaign that we need to pay special attention to the block length and design SNR. Otherwise, high error floors would occur for codes constructed by using QUP. 
Observation 2: For medium and large block sizes (e.g. K = 4000, 6000, 8000), the BLER curves are quite close (about 0.1~0.2 dB difference).
Observation 3: To obtain good performance of polar codes, individual codes have to be constructed for each block length/code rate combination. Not much compatibility among the constructed codes were observed.
3.1.2 LIST SIZE = 4
Case 1 : 100 info. bits
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(a) QPSK
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(b) 64QAM
Figure 8. BLER vs. Es/No for 100 info. bits

Case 2 : 400 info. bits
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(a) QPSK
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(b) 64QAM
Figure 9. BLER vs. EsNo for 400 info. bits

Case 3: 1000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 10. BLER vs. EsNo for 1000 info. bits

Case 4: 2000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 11. BLER vs. EsNo for 2000 info. bits

Case 5: 4000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 12. BLER vs. EsNo for 4000 info. bits
Case 6: 6000 info. bits
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(b) 64QAM
Figure 13. BLER vs. EsNo for 6000 info. bits
Case 7: 8000 info. bits
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(b) 64QAM
Figure 14. BLER vs. EsNo for 8000 info. bits
3.1.3 LIST SIZE = 1 (successive cancellation)
Case 1 : 100 info. bits
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(a) QPSK
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(b) 64QAM
Figure 15. BLER vs. EsNo for 100 info. bits

Case 2 : 400 info. bits
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(b) 64QAM
Figure 16. BLER vs. EsNo for 400 info. bits

Case 3: 1000 info. bits
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(a) QPSK
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(b) 64QAM
Figure 17. BLER vs. EsNo for 1000 info. bits

Case 4: 2000 info. bits
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(a) QPSK
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Figure 18. BLER vs. EsNo for 2000 info. bits

Case 5: 4000 info. bits
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Figure 19. BLER vs. EsNo for 4000 info. bits
Case 6: 6000 info. bits
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Figure 20. BLER vs. EsNo for 6000 info. bits
Case 7: 8000 info. bits
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Figure 21. BLER vs. EsNo for 8000 info. bits
Note that the same design-SNRs were used for code construction.
Observation 4: The performance of the polar codes with successive cancellations does not provide the performance gains promised by the CRC aided list decoder. 
4 Conclusion
In this contribution, we provided details of puncturing scheme and code constructions with comprehensive simulation results for the eMBB polar code performance. In the simulation campaign, we got the following observations.
Observation 1: It is observed in the simulation campaign that we need to pay special attention to the block length and design SNR. Otherwise, high error floors would occur for codes constructed by using QUP. 

Observation 2: For medium and large block sizes (e.g. K = 4000, 6000, 8000), the BLER curves are quite close (about 0.1~0.2 dB difference).

Observation 3: To obtain good performance of polar codes, individual codes have to be constructed for each block length/code rate combination. Not much compatibility among the constructed codes were observed.
Observation 4: The performance of the polar codes with successive cancellations does not provide the performance gains promised by the CRC aided list decoder.
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