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1. Introduction
In RAN-1 #86 meeting, the following simulation assumptions are agreed for eMBB control channel schemes.

Agreement: Simulation assumptions for eMBB control channel coding
· Evaluate the block error rate (BLER) performance versus SNR
· Evaluate the false alarm rate versus SNR

	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) 
*** Each of these info. block lengths shall be evaluated at least one of the code rates. 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. Companies are encouraged to provide information on complexity of their decoders, and on decoding latency



In this contribution, we provide initial evaluation results of short-length polar codes. Based on the agreements above, polar codes are designed by using the density evolution method [1]. To construct polar codes of variable length, we consider known-bit puncturing method proposed in [2]. Then, the block error rates (BLERs) and false alarm rate (FARs) of these polar codes are evaluated over AWGN channels. 


2. Polar Code Construction, Encoding, and Decoding

Fig. 1 shows a general procedure of polar encoder. Let  be the number of information bits and let  denote the code rate. Then, the number of codeword bits, . We consider a general implementation of polar codes with kernel matrix of size 2, and the length of mother polar codes,  is determined as  
.
First,  zero bits are attached to the information bits to make a bit stream of length . The position of the insertion zero bits are determined by the polar code sequence. Then this bit stream of length  is fed into the polar encoder. In the encoder, the input bit stream is multiplied by  generator matrix, and the output bit stream of length is obtained. To adjust the desired length of codeword, ,  bits are punctured from the output bit stream of the encoder. 

[image: ]
Figure 1. Polar encoding procedure

To make a good polar code for a specific code length  and core rate , a puncturing pattern and a frozen/data bit sequence should be carefully designed. First, some puncturing methods are proposed in the literature, and we consider the known-bit puncturing method [2] in this contribution. Based on the puncturing pattern, we use the density evolution (DE) method [1] to decide frozen/data bit sequence. The DE method is known as a general way of evaluating and designing low-density parity-check (LDPC) codes, and it can also be adopted to make good polar codes. According to the DE, bit error rate of each effective bit channel can be estimated for given input SNR. Then, bit channels with low BER are assigned to information bits, and bits transmitted over those with high BER are fixed to be 0. 
For each combination of  and , polar code is individually designed. In Table 1, input construction SNRs of the DE for each polar code are given.

Table 1. Polar code parameters and construction SNR
	Info. length ()
	Code rate 
()
	Code length ()
	Mother code ()
	# punctured bits
	# parity 
bits
	Construction
SNR [dB]

	4
	1/12
	48
	64
	16
	44
	-4 dB

	
	1/6
	24
	32
	8
	20
	-2 dB

	
	1/3
	12
	16
	4
	8
	1 dB

	
	1/2
	8
	8
	0
	4
	4 dB

	
	2/3
	6
	8
	2
	2
	6 dB

	8
	1/12
	96
	128
	32
	88
	-4 dB

	
	1/6
	48
	64
	16
	40
	-2 dB

	
	1/3
	24
	32
	8
	16
	1 dB

	
	1/2
	16
	16
	0
	8
	4 dB

	
	2/3
	12
	16
	4
	4
	6 dB

	16
	1/12
	192
	256
	64
	176
	-4 dB

	
	1/6
	96
	128
	32
	80
	-2 dB

	
	1/3
	48
	64
	16
	32
	1 dB

	
	1/2
	32
	32
	0
	16
	4 dB

	
	2/3
	24
	32
	8
	8
	6 dB

	32
	1/12
	384
	512
	128
	352
	-4 dB

	
	1/6
	192
	256
	64
	160
	-2 dB

	
	1/3
	96
	128
	32
	64
	1 dB

	
	1/2
	64
	64
	0
	32
	4 dB

	
	2/3
	48
	64
	16
	16
	6 dB

	48
	1/12
	576
	1024
	448
	528
	-4 dB

	
	1/6
	288
	512
	224
	240
	-2 dB

	
	1/3
	144
	256
	112
	96
	1 dB

	
	1/2
	96
	128
	32
	48
	4 dB

	
	2/3
	72
	128
	56
	24
	6 dB

	64
	1/12
	768
	1024
	256
	704
	-4 dB

	
	1/6
	384
	512
	128
	320
	-2 dB

	
	1/3
	192
	256
	64
	128
	1 dB

	
	1/2
	128
	128
	0
	64
	4 dB

	
	2/3
	96
	128
	32
	32
	6 dB

	80
	1/12
	960
	1024
	64
	880
	-4 dB

	
	1/6
	480
	512
	32
	400
	-2 dB

	
	1/3
	240
	256
	16
	160
	1 dB

	
	1/2
	160
	256
	96
	80
	4 dB

	
	2/3
	120
	128
	8
	40
	8 dB

	120
	1/12
	1440
	2048
	608
	1320
	-4 dB

	
	1/6
	720
	1024
	304
	600
	-2 dB

	
	1/3
	360
	512
	152
	240
	1 dB

	
	1/2
	240
	256
	16
	120
	6 dB

	
	2/3
	180
	256
	76
	60
	6 dB

	200
	1/12
	2400
	4096
	1696
	2200
	-4 dB

	
	1/6
	1200
	2048
	848
	1000
	-2 dB

	
	1/3
	600
	1024
	424
	400
	1 dB

	
	1/2
	400
	512
	112
	200
	4 dB

	
	2/3
	300
	512
	212
	100
	6 dB




3. Performance Evaluation
In this section, the BLER, FAR, and the error detection failure rate of polar codes in Table 1 are evaluated. In the performance evaluation, the CRC-aided successive cancellation list (CA-SCL) decoder is used. We consider list size 4 and 32, and the maximum length of CRC is set to 8. Details about the length of CRC used for each case are described in each subsection.
The FAR and error detection failure rate are defined as follows:



If no CRC is used (for very-short length polar codes), BLER equals FAR and error detection failure rate is 1.
	


1) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	4
	1/12
	48
	44
	8
	32

	
	1/6
	24
	20
	8
	12

	
	1/3
	12
	8
	4
	4

	
	1/2
	8
	4
	0
	0

	
	2/3
	6
	2
	0
	0
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2) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	8
	1/12
	96
	88
	8
	80

	
	1/6
	48
	40
	8
	32

	
	1/3
	24
	16
	8
	8

	
	1/2
	16
	8
	4
	4

	
	2/3
	12
	4
	0
	0
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3) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	16
	1/12
	192
	176
	8
	168

	
	1/6
	96
	80
	8
	72

	
	1/3
	48
	32
	8
	24

	
	1/2
	32
	16
	8
	8

	
	2/3
	24
	8
	4
	4
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4) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	32
	1/12
	384
	352
	8
	344

	
	1/6
	192
	160
	8
	152

	
	1/3
	96
	64
	8
	56

	
	1/2
	64
	32
	8
	24

	
	2/3
	48
	16
	8
	8



[image: D:\[1] Work\201610_[기고]_3GPP_#86bis_기고문\04_Polar_Code_기고문\FER_K32.png]

[image: D:\[1] Work\201610_[기고]_3GPP_#86bis_기고문\04_Polar_Code_기고문\FAR_K32.png]

[image: D:\[1] Work\201610_[기고]_3GPP_#86bis_기고문\04_Polar_Code_기고문\EDFR_K32.png]


5) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	48
	1/12
	576
	528
	8
	520

	
	1/6
	288
	240
	8
	232

	
	1/3
	144
	96
	8
	88

	
	1/2
	96
	48
	8
	40

	
	2/3
	72
	24
	8
	16
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6) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	64
	1/12
	768
	704
	8
	696

	
	1/6
	384
	320
	8
	312

	
	1/3
	192
	128
	8
	120

	
	1/2
	128
	64
	8
	56

	
	2/3
	96
	32
	8
	24
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7) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	80
	1/12
	960
	880
	8
	872

	
	1/6
	480
	400
	8
	392

	
	1/3
	240
	160
	8
	152

	
	1/2
	160
	80
	8
	72

	
	2/3
	120
	40
	8
	32
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8) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	120
	1/12
	1440
	1320
	8
	1312

	
	1/6
	720
	600
	8
	592

	
	1/3
	360
	240
	8
	232

	
	1/2
	240
	120
	8
	112

	
	2/3
	180
	60
	8
	52
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[bookmark: _GoBack]9) 
	# info. bits 
()
	Rate
()
	# codeword bits
()
	# total parity bits
	# CRC bits
	# polar parity bits

	200
	1/12
	2400
	2200
	8
	2192

	
	1/6
	1200
	1000
	8
	992

	
	1/3
	600
	400
	8
	392

	
	1/2
	400
	200
	8
	192

	
	2/3
	300
	100
	8
	92
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4. Observations
Observation 1: The larger the list size of CA-SCL decoder is, the better the BLER performance becomes.
Observation 2: The larger the list size of CA-SCL decoder is, the worse the FAR and the error detection failure rate performance becomes 
Observation 3: Use of CRC for polar codes is not free. If CRC is used for correcting errors in lists of CA-SCL decoder, then error detection capability of the CRC is degraded in proportion to the list size of the CA-SCL decoder. The error detection failure rate of CA-SCL decoder with list size L and m-bit CRC is approximately 
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