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Introduction
In RAN#71, a new study item, “Study on New Radio Access Technology,” has been approved. The initial work of the study item is expected to focus on fundamental physical layer signal structure for new RAT, of which channel coding schemes is listed as an area to investigate. In RAN1#86bis, the following agreements for the eMBB control channel coding evaluations were reached [1]: 
· 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 

	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 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 number of coded bits is derived accordingly.

In this contribution, performance comparisons in terms of BLER between Turbo and Polar, as well as between enhanced tail-biting convolutional codes (TBCC) and Polar codes are provided for short information block sizes to be used for control channel coding listed above.  In addition, the false alarm rate versus SNR is analyzed. Finally, the complexity of different coding schemes is considered.
We first compare the performance of Polar codes vs Turbo codes.
Performance Comparison: Polar Code vs. Turbo Code
In this section we compare the performance of Polar codes vs Turbo codes. The polar code uses list successive cancellation (SC) decoder of list size 32. We further consider two cases depending on whether an outer CRC code is introduced or not to assist with the decoding of Polar codes: 
1) decoding is performed without the aid of an outer CRC code and
2) 16-bit CRC is used for selecting the best codeword candidate from the list. 

Polar List SC Decoding Without CRC vs. Turbo Code
The performance for code rate R=1/3 is shown in Figures 1 and 2.
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Figure 1. Turbo vs. Polar Code comparison for R=1/3 and info size K=16, 32, 48. No CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

[image: ]
Figure 2. Turbo vs. Polar Code comparison for R=1/3 and info size K=64, 80, 120. No CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

From Figures 1 and 2, we observe comparable performance with slight gain of Polar code over Turbo in some cases.  In general, we observe that Polar code tends to yield better performance than Turbo when K is small (e.g. less than 50) but does not perform well for higher values of K especially at low target BLER.

We next consider the case of code rate R=1/2.
[image: ]
Figure 3. Turbo vs. Polar Code comparison for R=1/2 and info size K=16, 32, 48. No CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

From Figure 3, we observe that Polar code outperforms Turbo code for K=16 and K=32 case.
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Figure 4. Turbo vs. Polar Code comparison for R=1/2 and info size K=64, 80, 120. No CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

From Figure 4, we observe comparable performance where Polar code outperforms Turbo code for lower SNR and Turbo outperforms Polar code for higher SNR.

We next show performance for rate R=2/3.
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Figure 5. Turbo vs. Polar Code comparison for R=2/3 and info size K=16, 32, 48. No CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

[image: ]
Figure 6. Turbo vs. Polar Code comparison for R=2/3 and info size K=64, 80, 120. No CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

From Figures 5 and 6 we observe comparable performance of Turbo and Polar codes.

 Polar List SC Decoding with CRC vs. Turbo Code

We next compare Polar code vs. Turbo code performance for the case where CRC is used for list SC decoding of Polar code. Performance is shown in Figures 7 and 8.

[image: ]
Figure 7. Turbo vs. Polar Code comparison for R=1/3 and info size K=16, 32, 48. CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

From Figure 7, we observe poorer performance of Polar code due to overhead associated with CRC for short info sizes.
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Figure 8. Turbo vs. Polar Code comparison for R=1/3 and info size K=64, 80, 120. CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32.

In this case study, the CRC bits, if present, are attached for decoding purpose. Hence “no CRC” in figures only refers to not leveraging CRC bits in error correction decoder. CRC bits can still be attached for error detection purpose. Not leveraging CRC bits in the decoder makes sure that the error detection capability is not compromised. The CRC attached for error detection, as expected to be defined for DCI, is considered a separate set of bits, so that the error detection capability, which is important in blind decoding of LTE PDCCH, is not compromised due to channel decoder implementation. 

Performance Comparison of Enhanced TBCC vs. Polar Codes
We next compare the performance of Enhanced TBCC vs. Polar Codes. For TBCC, multiple versions are investigated depending on the number of trellis states and mother code rates, as follows:
· Number of trellis states:
· 64-state (memory = 6);
· 256-state (memory = 8);
· Mother code rates: {1/3, 1/6, 1/9}  
The details of the enhanced TBCC were presented in [2]. 
We found out that, non-surprisingly, the performance when memory = 8 is used is in general better than the case of memory = 6. This is illustrated in Fig 9.
[image: ] 

Figure 9. TBCC performance for K=120, N=360, where m denotes memory size and Rm denotes mother code rate. 
Polar List SC Decoding Without CRC vs. TBCC 

We next compare the performance of the enhanced TBCC vs Polar code in which the TBCC code uses memory size 8 and mother code rate 1/6. The performance is shown in Figures 10 and 11. 
[image: ]
Figure 10. Enhanced TBCC vs. Polar Code comparison for R=1/3 and info size K=16, 32, 48. No CRC is used to aid list decoding of Polar codes.  Polar code uses SC list decoder of size 32. The Enhanced TBCC has memory size 8 and mother code rate 1/3.

[image: ]
Figure 11. Enhanced TBCC vs. Polar Code comparison for R=1/3 and info size K=64, 80, 120. No CRC is used to aid list decoding.  Polar code uses SC list decoder of size 32. The Enhanced TBCC has memory size 8 and mother code rate 1/3.

1. For info block sizes required for control channel, enhanced TBCC with Viterbi decoder and Polar code with SC list decoder of list size 32, achieve comparable performance. 

Polar List SC Decoding with CRC vs Enhanced TBCC

The next plot shows the comparison of Polar code vs, TBCC in which CRC is used for error detection, and in addition, Polar code has a CRC that is used for error correcting purpose. 
Therefore, we have the following:
0. TBCC: 
0. Polar: 
Where 
 - blocklength of information bits
– total blocklength seen by the encoder
 – length of CRC used for error detection
 – length of CRC used for error correction
[image: ]
Figure 12. Enhanced TBCC vs. Polar Code comparison for R=1/3.  Polar code uses SC list decoder of size 32. Both TBCC and Polar codes use CRC for error correction. In addition, Polar code uses CRC for list decoding.

We observe superior performance of TBCC compared to Polar code.  Penalty for the additional CRC overhead is substantial for small K.

Probability of False Alarm
TBCC and Polar Codes
For TBCC and Polar codes, the probability of false alarm, under the assumption that all bits in CRC are independent, can easily be derived, as shown in [3]. For the case that the length of CRC equal 16, the probability of false alarm is given by:
a) For TBCC and Polar code with list size L=1

b) For the Polar code with list size L

Complexity Considerations
Based on the computation complexity of List SC Decoding of Polar codes presented in [4], we obtain the following estimate on required complexity for the control channel


The first term is the number of computations required for additions and subtractions, the second term is the number of computations required for the look-up tables, and the third term is the number of computations required for sorting. In this case, the bitonic sorting is assumed.
The TBCC complexity was analyzed in [5].
The next two plots show the complexity comparison for TBCC vs. Polar codes as a function of code rate. We present two values of info lengths, but the performance comparison is similar for other values of  as well. 

[image: ]
Figure 13. Computational complexity of Enhanced TBCC vs. Polar Code comparison as a function of code rate and for info size K=120. 


[image: ]
Figure 14. Computational complexity of Enhanced TBCC vs. Polar Code comparison as a function of code rate and for info size K=16.

We observe that TBCC has smaller complexity for the whole range of code rates.

Based on the obtained results, we have the following proposals.
Proposal 1 For error correction coding of control channel, tail-biting convolutional codes (with potential enhancements) should be reused.
Proposal 2 For error correction coding of control channel, no CRC bits should be introduced for the purpose of assisting with channel decoder.

Conclusion
In this contribution, performance of Enhanced TBCC codes, Turbo and Polar codes in terms of BLER, probability of false alarm and complexity are investigated and compared. Based on the obtained results, we have the following proposals and observation.

Observation 1 For info block sizes required for control channel, enhanced TBCC with Viterbi decoder and Polar code with SC list decoder of list size 32, achieve comparable performance. 


Proposal 1 For error correction coding of control channel, tail-biting convolutional codes (with potential enhancements) should be reused.
Proposal 2 For error correction coding of control channel, no CRC bits should be introduced for the purpose of assisting with channel decoder.
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