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The channel coding schemes for eMBB data channel were discussed extensively in the previous RAN1 meetings. It was agreed in the RAN1 #86bis meeting [1] that the channel coding scheme for eMBB data channel is LDPC, at least for information block size larger than  bits. The value of  is to be determined, while its range is between 128 bits and 1024 bits. The channel coding scheme for eMBB data channel for information block size less than or equal to  bits will be discussed and determined in RAN1 #87 meeting.
On the other hand, there are not a lot of examinations on eMBB control channel coding schemes. To facilitate the performance evaluation of candidate channel codes, some simulation assumptions for eMBB control channel were agreed in RAN1 #86 meeting [2].
In this contribution, we present our preliminary simulation results for some candidate channel codes for eMBB control channel. A comparison of the performance of these codes is provided. 
2	Discussion
The agreed simulation assumptions for control channel coding are given in Appendix. Our simulations are based on these assumptions and our performance evaluation is in terms of the Block Error Rate (BLER) vs. SNR. 
2.1 	Candidate Channel Codes
In this section, we introduce the channel codes used in our simulation evaluations.
Turbo Code:
We use the turbo code used in LTE systems [3]. The max-log-MAP decoding algorithm with a maximum number of iterations of 8 is used. 
Reed-Muller Code:
Two Reed-Muller (RM) codes are used in our simulations. The first RM code is a (32, O) block code, with information block length less than 11 bits. Its basis sequences are given in Table 5.2.2.6.4-1 of [3]. This code is used in LTE to encode CQI/PMI information in PUSCH.   
The second RM code is a (20, A) block code, with information block length less than 13 bits. Its basis sequences are given in Table 5.2.3.3-1 of [3]. This code is used in LTE to encode UCI channel quality information.
Due to their block length limitation, these two RM codes are used only for the information block length equal to 1, 2, 4 and 8 bits in our simulations. The maximum likelihood decoding algorithm is used. 
TBCC: 
We use the TBCC code used in LTE systems [3]. The list-1 Viterbi decoding algorithm is used. 
Polar Code: 
We use the polar code constructed using the Bhattacharyya bounds with design SNR being 0 dB. Also, the puncturing scheme in [4] is used to match the desired coding rates, and the list-4 decoding algorithm without the aid of CRC is used, if not otherwise specified.
In our following simulations, CRC is not attached for any of the channel codes. 
2.2 	Performance Comparison of Channel Codes
In our simulations, we find that the performance of different channel codes depends heavily on the information block length. Some channel codes have unsatisfied performance for certain range of information block lengths, while their performance is pretty good at another range of information block lengths. Hence, we illustrate our simulation results by separate information block length ranges.
2.2.1 Very Small Information Block Lengths 
For very small information block length, specifically l, 2, 4 or 8 bits, we simulate the performance of Reed-Muller codes and polar codes. Here, we ignore the simulation results of turbo codes and TBCC due to their pretty bad performance at this range of information block lengths.
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[bookmark: _Ref462752775]Figure 1: Comparison of polar code with Reed-Muller code at coded block length 20 bits.
Figure 1 shows the BLER performance of polar code and RM code at a coded block length of 20 bits. Here, we apply the quasi-uniform puncturing scheme on polar code to puncture 12 bits from 32 bits codeword length of polar code. This is to match the 20-bit coded block length. It should be mentioned that rate matching schemes of polar code may affect its performance.
It is seen from the figure that polar code outperforms RM code at information block lengths of 1, 2 or 4 bits. The gain of polar code over RM code is around 0.2–0.3 dB at the BLER level of. At the information block length of 8 bits, RM code outperforms polar code by around 1 dB at the BLER level of.
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[bookmark: _Ref462752183]Figure 2: Comparison of polar code with Reed-Muller code at coded block length 32 bits.
Figure 2 shows the BLER performance of polar code and RM code at a coded block length of 32 bits. It is seen from the figure that polar code outperforms RM code at information block length of 1 or 2 bits. The gain of polar code over RM code is around 0.2–0.4 dB at the BLER level of. Both codes have similar performance at information block length of 4 bits. At the information block length of 8 bits, RM code outperforms polar code by around 1 dB at the BLER level of.
Overall, our simulation results show that polar codes and RM codes have comparable performance at very small information block lengths. 
Observation 1: Polar codes outperform RM codes at information block lengths 1, 2 and 4 bits, while RM codes outperform polar codes at information block length 8 bits. Overall, these two codes have comparable performance.
For convenience, we summarize the minimum SNR (in dB) required for polar codes and RM codes to achieve the target BLER levels, shown in Table 1. This table is derived from Figure 2 and Figure 1. Throughout this contribution, the numbers in green indicate better performance, and the numbers in red indicate worse performance. 
[bookmark: _Ref462824243]Table 1: The minimum SNR required for polar codes and RM codes to achieve the target BLER (unit: dB)
	Coded Block Length (bits)
	Info. Block Length (bits) 
	BLER
	Polar
	RM

	20
	1
	1e-3
	-3.83
	-3.20

	
	
	1e-4
	-1.99
	-1.66

	
	2
	1e-3
	0.10
	0.37

	
	
	1e-4
	1.64
	1.82

	
	4
	1e-3
	1.60
	1.91

	
	
	1e-4
	2.87
	3.07

	
	8
	1e-3
	4.85
	4.11

	
	
	1e-4
	6.18
	5.10

	32
	1
	1e-3
	-5.90
	-5.39

	
	
	1e-4
	-4.14
	-3.70

	
	2
	1e-3
	-1.92
	-1.78

	
	
	1e-4
	-0.40
	-0.23

	
	4
	1e-3
	-0.56
	-0.49

	
	
	1e-4
	0.61
	0.64

	
	8
	1e-3
	2.43
	1.43

	
	
	1e-4
	3.62
	2.45



2.2.2 Information Block Length of 16 Bits
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[bookmark: _Ref462824626][bookmark: _Ref462824619]Figure 3: Comparison of polar codes, TBCC and turbo codes at information block length 16 bits
For the information block lengths of 16 bits, we simulate the performance of polar codes, turbo codes and TBCC. Figure 3 shows the BLER performance of polar codes, turbo codes and TBCC at information block length of 16 bits. Here, we ignore the simulation results of turbo codes at coding rates (1/2, 2/3) and the simulation results of TBCC at coding rate 2/3 due to their poor performance.
It is seen from the figure that at coding rates (1/12, 1/6, 1/3), polar codes have similar performance as TBCC, while at coding rate 1/2, polar codes have much better performance than TBCC. Both polar codes and TBCC have much better performance than turbo codes. The gain of polar codes is more than 2.5 dB over turbo codes at the BLER level of.
For convenience, we summarize the minimum SNR (in dB) required for polar codes, turbo codes and TBCC to achieve the target BLER levels, shown in Table 2. This table is derived from Figure 3.

[bookmark: _Ref465953381]Table 2: The minimum SNR required for polar codes, turbo codes and TBCC to achieve the target BLER (unit: dB) for information block lengths 16 bits
	Info. Block Length (bits)
	Code Rate
	BLER
	Polar
	Turbo
	TBCC

	16
	1/12
	1e-3
	-3.15
	-0.13
	-3.34

	
	
	1e-4
	-1.99
	0.58
	-2.41

	
	1/6
	1e-3
	0.09
	3.18
	-0.33

	
	
	1e-4
	1.17
	3.89
	0.62

	
	1/3
	1e-3
	3.17
	8.70
	2.66

	
	
	1e-4
	4.19
	9.72
	3.62

	
	1/2
	1e-3
	5.27
	>12
	6.68

	
	
	1e-4
	6.45
	>12
	9.66

	
	2/3
	1e-3
	6.59
	>12
	>12

	
	
	1e-4
	7.46
	>12
	>12



Observation 2: For information block length of 16 bits, polar codes have similar performance as TBCC at low coding rates, and have much better performance than TBCC at high coding rates. Both Polar codes and TBCC have much better performance than turbo codes. 
2.2.3 Information Block Length of 32 Bits
Figure 4 shows the BLER performance of polar codes, turbo codes and TBCC at a information block length of 32 bits. It is seen from the figure that the performance of polar codes is similar to TBCC at all these coding rates, while both polar codes and TBCC have better performance than turbo codes. The gain of TBCC over turbo codes is more than 1.4 dB at the BLER level of .
For convenience, we summarize the minimum SNR (in dB) required for polar codes, turbo codes and TBCC to achieve the target BLER levels, shown in Table 3. This table is derived from Figure 4. 
Observation 3: For information block length of 32 bits, polar codes and TBCC have better performance than turbo codes. 
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[bookmark: _Ref462825107]Figure 4: Comparison of polar codes, TBCC and turbo codes at information block length 32 bits

[bookmark: _Ref465953274]Table 3: The minimum SNR required for polar codes, turbo codes and TBCC to achieve the target BLER (unit: dB) for information block lengths 32 bits
	Info. Block Length (bits)
	Code Rate
	BLER
	Polar
	Turbo
	TBCC

	32
	1/12
	1e-3
	-4.58
	-3.22
	-4.63

	
	
	1e-4
	-3.76
	-2.50
	-3.90

	
	1/6
	1e-3
	-1.63
	-0.14
	-1.62

	
	
	1e-4
	-0.83
	0.55
	-0.88

	
	1/3
	1e-3
	2.30
	3.17
	1.39

	
	
	1e-4
	3.46
	3.90
	2.10

	
	1/2
	1e-3
	4.26
	6.14
	3.99

	
	
	1e-4
	5.06
	7.03
	4.70

	
	2/3
	1e-3
	6.64
	8.66
	7.20

	
	
	1e-4
	7.60
	9.66
	8.24



2.2.4 Information Block Lengths of 48, 64, 80, 120 Bits
For the information block lengths of 48, 64, 80, 120 bits, we simulate the performance of polar codes, turbo codes and TBCC. 
Figure 5 shows the BLER performance of polar codes, turbo codes and TBCC at information block length of 48 bits. It is seen from the figure that the performance of TBCC, turbo codes and polar codes are similar at all the coding rates. The performance difference among these codes is less than 1.5 dB at the BLER level of. 
Figure 6, Figure 7 and Figure 8 show the BLER performance of polar codes, turbo codes and TBCC at information block length of 64 bits, 80 bits and 120 bits, respectively. It is seen from these figures that the performance of TBCC, turbo codes and polar codes are similar at all the coding rates. The performance difference among these codes is less than 1.2 dB at the BLER level of. 
For convenience, we summarize the minimum SNR (in dB) required for polar codes, turbo codes and TBCC to achieve the target BLER levels, shown in Table 4. This table is derived from Figure 5–Figure 8. 
Observation 4: For information block lengths of 48, 64, 80, 120 bits, polar codes, turbo codes and TBCC have similar performance. 
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[bookmark: _Ref462825542]Figure 5: Comparison of polar codes, TBCC and turbo codes at information block length 48 bits
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[bookmark: _Ref462825822]Figure 6: Comparison of polar codes, TBCC and turbo codes at information block length 64 bits
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[bookmark: _Ref462825872]Figure 7: Comparison of polar codes, TBCC and turbo codes at information block length 80 bits
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[bookmark: _Ref462827374]Figure 8: Comparison of polar codes, TBCC and turbo codes at information block length 120 bits

[bookmark: _Ref462826501]Table 4: The minimum SNR required for polar codes, turbo codes and TBCC to achieve the target BLER (unit: dB) for information block lengths 48, 64, 80 and 120 bits
	Info. Block Length (bits)
	Code Rate
	BLER
	Polar
	Turbo
	TBCC

	48
	1/12
	1e-3
	-3.95
	-4.43
	-4.62

	
	
	1e-4
	-3.25
	-3.78
	-3.84

	
	1/6
	1e-3
	-1.27
	-1.39
	-1.64

	
	
	1e-4
	-0.60
	-0.72
	-0.91

	
	1/3
	1e-3
	2.65
	1.72
	1.39

	
	
	1e-4
	3.68
	2.39
	2.15

	
	1/2
	1e-3
	4.26
	4.20
	3.52

	
	
	1e-4
	5.10
	4.92
	4.20

	
	2/3
	1e-3
	6.30
	7.21
	6.01

	
	
	1e-4
	7.21
	8.58
	6.79

	64
	1/12
	1e-3
	-4.62
	-4.69
	-4.52

	
	
	1e-4
	-4.02
	-4.03
	-3.79

	
	1/6
	1e-3
	-1.65
	-1.67
	-1.52

	
	
	1e-4
	-0.86
	-1.06
	-0.74

	
	1/3
	1e-3
	1.57
	1.38
	1.51

	
	
	1e-4
	2.33
	1.97
	2.25

	
	1/2
	1e-3
	4.32
	3.89
	3.59

	
	
	1e-4
	5.20
	4.51
	4.27

	
	2/3
	1e-3
	6.43
	6.22
	5.58

	
	
	1e-4
	7.35
	7.01
	6.20

	80
	1/12
	1e-3
	-4.63
	-4.92
	-4.46

	
	
	1e-4
	-4.09
	-4.40
	-3.77

	
	1/6
	1e-3
	-1.96
	-1.90
	-1.44

	
	
	1e-4
	-1.35
	-1.40
	-0.66

	
	1/3

	1e-3
	1.49
	1.17
	1.57

	
	
	1e-4
	2.28
	1.67
	2.30

	
	1/2
	1e-3
	4.15
	3.66
	3.67

	
	
	1e-4
	5.03
	4.26
	4.33

	
	2/3
	1e-3
	6.40
	5.88
	5.59

	
	
	1e-4
	7.37
	6.59
	6.17

	120
	1/12
	1e-3
	-4.55
	-5.29
	-4.29

	
	
	1e-4
	-4.04
	-4.77
	-3.58

	
	1/6
	1e-3
	-1.83
	-2.25
	-1.30

	
	
	1e-4
	-1.36
	-1.77
	-0.60

	
	1/3
	1e-3
	1.34
	0.80
	1.71

	
	
	1e-4
	2.07
	1.24
	2.41

	
	1/2
	1e-3
	4.06
	3.29
	3.80

	
	
	1e-4
	4.90
	3.83
	4.51

	
	2/3
	1e-3
	5.85
	5.78
	5.70

	
	
	1e-4
	6.85
	6.61
	6.28



2.2.5 Information Block Length of 200 Bits
Figure 9 shows the BLER performance of polar codes, turbo codes and TBCC at information block length of 200 bits. It is seen from the figure that polar codes have similar performance as turbo codes, while they outperform TBCC. At the information block length of 200 bits, some CRC bits may be added to improve the performance of polar codes with the CRC-aided decoding algorithms. It is shown [5] that the performance of polar codes is no worse than turbo codes at low coding rates with information block length around 200 bits. 
For convenience, we summarize the minimum SNR (in dB) required for polar codes, turbo codes and TBCC to achieve the target BLER levels, shown in Table 5. This table is derived from Figure 9 . 
[bookmark: _Ref462827202]Table 5: The minimum SNR required for polar codes, turbo codes and TBCC to achieve the target BLER (unit: dB) for information block lengths 200 bits
	Info. Block Length (bits)
	Code Rate
	BLER
	Polar
	Turbo
	TBCC

	200
	1/12
	1e-3
	-4.39
	-5.70
	-4.12

	
	
	1e-4
	-3.92
	-5.35
	-3.70

	
	1/6
	1e-3
	-1.92
	-2.68
	-1.10

	
	
	1e-4
	-1.55
	-2.32
	-0.39

	
	1/3
	1e-3
	1.78
	0.34
	1.91

	
	
	1e-4
	2.51
	0.69
	2.55

	
	1/2
	1e-3
	4.00
	2.80
	3.97

	
	
	1e-4
	4.85
	3.24
	4.62

	
	2/3
	1e-3
	5.19
	5.22
	5.84

	
	
	1e-4
	5.86
	5.84
	6.41
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[bookmark: _Ref462826727]Figure 9: Comparison of polar codes, TBCC and turbo codes at information block length 200 bits
Observation 5: For information block lengths of 200 bits, polar codes have similar performance as turbo codes. Both polar codes and turbo codes have better performance than TBCC. 

In summary, our simulations show that polar codes have similar performance as RM codes at very short information block lengths. Polar codes have better performance than TBCC at information block length 16 bits and 200 bits, and have similar performance as TBCC at information block lengths between 32 and 120 bits. Furthermore, Polar codes have better performance than turbo codes at information block length less than 32 bits, and have similar performance as turbo codes at information block lengths between 48 and 200 bits. If a single channel code is to be used for eMBB control channel, then polar codes could be a good candidate. 
Proposal: Polar codes have stably good performance over the whole range of information block lengths for control channel. If a single channel code is to be selected for eMBB control channel, then polar codes could be considered as a good candidate.

3	Conclusion
In this contribution, we discussed various coding schemes for eMBB control channel and compared their performance under different coding rates and information block lengths. Our simulation results show that: 
Observation 1: Polar codes outperform RM codes at information block lengths 1, 2 and 4 bits, while RM codes outperform polar codes at information block length 8 bits. Overall, these two codes have comparable performance.
Observation 2: For information block length of 16 bits, polar codes have similar performance as TBCC at low coding rates, and have much better performance than TBCC at high coding rates. Both Polar codes and TBCC have much better performance than turbo codes. 
Observation 3: For information block length of 32 bits, polar codes and TBCC have better performance than turbo codes. 
Observation 4: For information block lengths of 48, 64, 80, 120 bits, polar codes, turbo codes and TBCC have similar performance. 
Observation 5: For information block lengths of 200 bits, polar codes have similar performance as turbo codes. Both polar codes and turbo codes have better performance than TBCC. 
Hence, we have the following proposal: 
Proposal: Polar codes have stably good performance over the whole range of information block lengths for control channel. If a single channel code is to be selected for eMBB control channel, then polar codes could be considered as a good candidate.
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Appendix: Simulation assumptions for eMBB control channel coding
Table 6: Simulation assumptions for eMBB control channel coding [2]
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	Repetition
	Simplex
	TBCC
	Turbo
	LDPC
	Reed-Muller
	Polar

	Code rate (for evaluation purposes)
	1/24*, 1/12, 1/6, 1/3, 1/2, 2/3

	Decoding algorithm**
	ML
	ML
	List-Viterbi
	Scaled max log MAP
	Adjusted
min-sum
	FHT
	SC list

	Info. block length (bits w/o CRC) (for evaluation purposes)
	1, 2, 4, 8, 16, 32, 48, 64, 80, 120, 200


* Code rate 1/24 is valid for info block length of 1-2 bits
** Other variants of agreed algorithms can be used for encoding and decoding (Complexity details should be illustrated) 
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