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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#84bis, the following simulation assumptions are agreed for the applications of URLLC and mMTC:
Simulation assumptions : URLLC and mMTC
· Evaluate BLER performance versus SNR
	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
	min-sum
	List-Y 
	Max-log-MAP

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



In this contribution, performance comparison between convolutional codes and Polar codes is provided for short information block size listed above. Comparative analysis on complexity, flexibility, robustness of TBCC, Polar Codes and other code candidates is presented in [2].
In additional to data channel with short information block sizes, this contribution also investigates the best channel coding candidates for info block sizes similar to those used in DL/UL control channel. Currently, DL control channel and certain UL control channel (i.e., encoding of DCI and certain UCI) in LTE use Tail-Biting Convolutional Codes (TBCC) due to their good performance and low complexity. In [1], it was observed that Polar Codes with Successive Cancelation (SC) List Decoder when used in PDCCH achieve performance gain over TBCC. In this contribution, performance comparison between LTE Tail-Biting Convolutional Codes and Polar Codes is presented for the case study of K=29 info bits.. The case study shows that once the same assumption is made for both TBCC and Polar codes, the performance gap is minimal.
Performance Comparison of TBCC and Polar Codes
We compare the performance of TBCC vs. Polar Code for two cases depending on whether an outer CRC code is introduced or not to assist with the decoding: 
1) 16-bit CRC is used for selecting the best codeword candidate from the list, and 
2) decoding is performed without the aid of an outer CRC code. 
In the first case, decoders for both codes use list decoding. In particular, TBCC uses list-Viterbi decoder whereas Polar code uses Successive Cancelation (SC) list decoder. 
TBCC vs. Polar Code Case Study
We first compare the performance of TBCC vs. Polar Code for the case in which both codes use list decoding with the aid of 16-bit CRC. This is called “with-CRC” below. Figure 1 shows the performance comparison of the two codes for info block size K=29 bits. The plot also shows TBCC performance with list size of 16 as well as the case of no list decoding (i.e., list size=1). We observe that when both codes use the list size L=32, the two codes have comparable performance. Therefore, in terms of performance, there is no incentive to replace currently used TBCC with Polar Codes. 

1. For info block size in the range of DCI, TBCC with list-Viterbi decoder and Polar code with SC list decoder, both of list size 32, achieve comparable performance. 
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Figure 1. TBCC vs. Polar Code comparison for K=29, N=288. 16-bit CRC is used to aid list decoding. TBCC uses list-Viterbi decoder of list size 32. Polar code uses SC list decoder of size 32.


We next compare the performance of TBCC vs. Polar Code for the case in which no CRC is leveraged by the decoder. This is called “no-CRC” below.  The comparison is shown in Figure 2.  Since CRC in this case is not used, code rate is lower from the perspective of channel encoder (TBCC or Polar code), which leads to 2dB coding gain. For TBCC, standard Viterbi decoding algorithm (i.e., without list) is used. In the case of Polar code, SC list decoding is again performed. In this case, instead of choosing the codeword that passes CRC, the most likely codeword from the list is chosen. 
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Figure 2. TBCC vs. Polar Code comparison for K=29, N=288. No outer CRC is used to aid decoding. TBCC does not use list-Viterbi decoder. 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 Figure 2 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. 
The difference between the scenarios simulated in Figure 1 and Figure 2 are summarized below.
· In Figure 1,  Kpayload = 29 bits, 16 CRC bits are attached to the payload before encoding. Input to encoder (Polar or TBCC) is K=29+16=45 bits. 
· The code rate from channel coding (Polar or TBCC) perspective = 45/288=0.156. 
· The code rate from payload perspective = 29/288 = 0.101.
· In Figure 2,  Kpayload = 29 bits, no CRC bits are attached before encoding. Input to encoder (Polar or TBCC) is K= Kpayload = 29 bits. 
· The Code rate from channel coding (Polar or TBCC) perspective = the code rate from payload perspective = 29/288 = 0.101.
Note that from payload perspective, with-CRC scheme of Figure 1 and no-CRC scheme of Figure 2 have the same code rate. This follows the agreed evaluation assumption:
“Similar info. and encoded block lengths should be used for the evaluation. Total coded bits = info. Block length/code rate,” where “Info. block length*** (bits w/o CRC)”
To compare the with-CRC and no-CRC schemes, curves in Figure 1 and Figure 2 are plotted together in Figure 3. As can be observed, the non-CRC cases have a performance advantage compared with the with-CRC cases, which comes from the higher redundancy per bit in the encoding process. Due to the higher channel coding rate from the perspective of TBCC and Polar codes, the with-CRC BLER curves in Figure 1 are up to 1 dB worse than the “no CRC” BLER curves in Figure 2 for both code types. The actual loss depends on the code type and BLER target. Figure 3 shows that for the simulated scenario, attaching CRC bits to assist with decoding incurs a net loss of up to 1 dB.
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Figure 3. Comparison of “with CRC” and “no CRC” results with both Polar code and TBCC. Curves are duplicated from Figure 1 and Figure 2.

Based on the simulation results, we have the following proposals.
Proposal 1 For error correction coding of control channel, LTE 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.
TBCC vs. Polar Code for Short Block Lengths
In this section, we compare the performance of TBCC vs. Polar Code both with list decoding and 16-bit CRC for short information block size as agreed in the RAN1#84bis meeting. In particular, we consider the information sizes K= 20, 40, 200, 600, 1000 (bits), for code rate R=1/3. From Figure 4, we observe that for the same list size and comparable decoder type, the two codes have similar performance. Based on these performance results and other considerations [2], we make the following proposal: 
Proposal 3 For data channel of short information block lengths, LTE tail-biting convolutional codes are preferred over Polar codes.
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Figure 4. TBCC vs. Polar Code comparison for short info block lengths. Code rate is R=1/3. Information block sizes of K=20, 40, 200, 600, 1000 (bits) are shown.16-bit CRC is used to assist with decoding. TBCC uses list-Viterbi decoder of list size L=32. Polar code uses SC list decoder of list size L=32.
Potential Enhancements for TBCC
To support low code rate applications, enhancements to improve TBCC performance can be further considered. This includes introducing a TBCC with larger constraint length to longer than 7, and/or lower the coding rate to less than 1/3.
One enhancement to consider is to lower the code rate by adding new parity bits. The LTE TBCC already has a nested polynomial structure:
· Optimal rate 1/2 code has generator polynomial [133, 171]
· Optimal rate 1/3 code has generator polynomial [133, 171, 165]
The rate matching is designed to automatically switch between these two optimal codes. It will be of practical benefits to extend such nested polynomial structure to a mother code rate lower than 1/3. Correspondingly, the rate matching algorithm can be easily extended to provide codes of successively higher code rate, for instance, rate 1/6 1/5 1/4 1/3 1/2. We performed a search of such optimal nested code based on the distance spectrum terms from  up to . The results are given in Table 1. For instance, a rate 1/6 TBCC is given by generator polynomial [133, 171, 165, 117, 135, 157].
A comparison of the TBCC-CRC based on the existing LTE rate 1/3 code or the proposed rate 1/6 code is provided in Figure 5. The simulation assumptions of Figure 5 are the same as the TBCC in Figure 1. While the TBCC in Figure 1 uses repetition to obtain N=288 code bits, coding gain is achieved in Figure 5 via the lower mother code rate. It can be observed from Figure 5 that the lower rate mother code can be used to improve performance or to reduce the list size in list decoding. 

Proposal 4 For low code rate applications, enhancements to TBCC with nested low rate polynomials can be considered.

[bookmark: _Ref450923204]Table 1 Nested polynomials for low rate TBCC
	n
	Polynomial
	df
	

	1
	133
	-
	-

	2
	171
	10
	11

	3
	165
	15
	3

	4
	117
	20
	2

	5
	135
	25
	1

	6
	157
	30
	1

	7
	135
	36
	4

	8
	123
	40
	1

	9
	173
	46
	3

	10
	135
	51
	2

	11
	171
	56
	2

	12
	135
	61
	1

	13
	173
	66
	1

	14
	135
	72
	4

	15
	145
	76
	1

	16
	157
	82
	3

	17
	135
	87
	2

	18
	117
	92
	2

	19
	135
	97
	1

	20
	157
	102
	1
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Figure 5 Performance of TBCC-CRC based on the existing LTE rate 1/3 code and the proposed rate 1/6 code. K=29, N=288.
Conclusion
In this contribution, performance of LTE TBCC codes and Polar codes are investigated. Based on the obtained results, we have the following proposals and observation.

1. For info block size in the range of DCI, TBCC with list-Viterbi decoder and Polar code with SC list decoder, both of list size 32, achieve comparable performance. 


Proposal 1 For error correction coding of control channel, LTE 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.
Proposal 3 For data channel of short information block lengths, LTE tail-biting convolutional codes are preferred over Polar codes.
Proposal 4 For low code rate applications, enhancements to TBCC with nested low rate polynomials can be considered.
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