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1. Introduction
In RAN1-NR-adhoc, Polar code were adopted for eMBB DL control channel (WA from RAN1#87 confirmed). In this document, we discuss the following aspect [1] and provide evaluations and some conclusions:
· CRC-aided polar code, parity-check polar code etc.
2. Discussion 
The basic encoding structure for polar encoding used in this document is shown in Figure 1. The figure denotes an information payload of length-K has a CRC attachment of C bits for error detection (e.g. C=16 bits), and the effective payload that gets feds into a polar encoder is KP = K+C bits – for CRC-aided polar code, an additional number of CRC bits may be attached prior to polar encoding. For a given rate-r, the polar encoder determines smallest integer n, such that N=2n is greater than or equal to KP/r, where M = N-(KP/r) denotes the number of shortened bits, and then finally F = N-M-KP denotes the number of frozen bits used in polar encoding. 
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Polar encoding is performed by placing the KP data bits (and any additional CRC bits for aiding list decoding), M shortened bits and the F frozen bits into N positions on the input side of polar encoder, and then following the NxN polar encoding graph to obtain an N-bit codeword on the output.  The placement of these bits on the input positions can be described using a length-N permutation which is related to reliability bit-ordering. 
3. CRC-aided & parity-check polar code
The two main alternatives that have been discussed in RAN1 are – 1) “basic” CRC-aided polar code [2], and 2) parity-check concatenated polar code [3]. Both techniques lead to improved code performance when list polar decoding is employed. A practical use of these schemes in NR is described in past RAN1 contributions [4] and [5]. 
The complexity of parity-check polar was described in previous RAN1 contribution [4], where it was shown that the parity-check polar code requires multiple additional steps relative to “basic” CRC-aided polar code, including identification of PC-frozen bits, etc which contributes to pre-processing latency on both encoding/decoding. While some pre-stored thresholds can be used to address latency issues for a limited combination of M and K, it is not clear if latency can be reduced for arbitrary combinations of M and K. Moreover, as mentioned in [4], the PC-frozen bits are widely varying for a given information block length or for a given code rate, ranging from single digit to multiple 100’s and even in thousands for large block length/low rates. The handling of PC- frozen bits in polar decoder may not be so trivial especially for decoders such as Simplified SC decoders that use subcode decoders to reduce latency. For instance, instead of two bit types (e.g. frozen or data), the decoder has to also consider and handle the third type of bit (PC-frozen) and required additional functionality of parity-checks. Instead of parity-check polar code and its associated complexities, a simple CRC-attachment (with 3 bit additional CRC) to aid list decoder can be a better and simpler alternative. Overall, we think that parity-check polar code has larger pre-processing latency or complexity compared to a conventional CRC-aided polar code (both schemes shown in Figure 1).
Observation 1: Parity-check polar code has larger pre-processing latency or complexity compared to a conventional CRC-aided polar code.
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Figure 1. Internal structure of CRC-aided and parity-check polar code block
4. Performance comparison
We compare Parity-check PC and CRC aided polar code assuming list size of 8, as was agreed in the RAN1 Adhoc meeting in Spokane. For a fair comparison, the rate is defined based on the length KP, which denotes the information length plus an additional 16-bit CRC. For CRC-aided polar, an additional 3-bit CRC is added to ensure that the same FAR is maintained. In the actual simulation, for CRC-aided polar, a single CRC of length 19-bits is simulated. For PC-polar, no additional CRC bits are added as the parity-check bits provide the necessary list pruning service on the decoder side. The figure 2 shows that the CRC-aided and PC-polar have comparable performance. Other simulation assumptions (i.e. rate-matching, etc) are as in [4].
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Figure 2. CA-Polar vs parity-check PC performance for L8. KP denotes the information length + 16-bit CRC. C0 denotes no additional CRC is attached for PC-PC, and C3 denotes a 3-bit CRC is attached for CA-PC. 
Observation 2: CRC-aided polar code and Parity-check polar code have comparable performance.
The false alarm rate is shown in Figure 3, for KP = 48, rate-1/2. The result shows that for list L=8, the FAR is comparable for CA-PC with three additional bits of CRC compared to PC-polar code which has no additional bits of CRC. 
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Figure 3. False Alarm rate comparison for CA-Polar vs parity-check PC performance for L8. KP denotes the information length + 16-bit CRC. C0 denotes no additional CRC is attached for PC-PC, and C3 denotes a 3-bit CRC is attached for CA-PC. 
Observation 3: Both CRC-aided polar code with a longer CRC and Parity-check polar code with 16-bit CRC can achieve the same FAR.
[bookmark: _GoBack]Given the observations 1-3, we think that adopting CRC-aided polar code is a good choice for NR eMBB control channels. 
Proposal 1: CRC-aided polar code is adopted for NR eMBB control channels.
5. Polar coding chain
In this section we discuss polar coding chain assuming a CRC-aided polar code. Given there are two purposes of CRC, i.e. error detection and aiding the list decoding, there are two potential ways of incorporating the CRC into polar encoding. The two CRC attachments can be concatenated (serially), or one effectively equivalent but a larger CRC can be attached – these two options are shown in Figures 2 and 3, respectively. Note that for error detection, we assume a CRC of length C1 = 16 bits is required, while for aiding list decoding, with list L=8, a CRC of length C2=3 bits (at least) may be required to keep the same level of false alarm. 
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Figure 4. Polar encoding with CRC attached in two stages. 
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Figure 5. Polar encoding with CRC attached in one stage. 
In between the two options of CRC attachment, it is preferable to attach a CRC of longer length at once – this simplifies the CRC check implementation for both encoding and decoding and allows using the entire CRC in CRC-aided decoding. The UEID (or RNTI) masking can be performed similar to LTE; although the CRC length and RNTI length do not match, the masking can be performed on a subset of CRC bits. 
Proposal 2: A single CRC that can facilitate false detection and aid list decoding is attached for polar code.
The rate-matching (i.e. obtaining the desired number of coded bits from the polar codeword of length-N) can be performed using one of the following two techniques:
· Shortening based rate-matching
· For input block of length K and rate-R, a Polar code encoder of length-2n is used, where n corresponds to the smallest integer such that 2n  >= K/R. Details of the Polar code data bit positions and frozen bit selection is described in [3][4]. In shortening based rate-matching, a bit-reversal based shortening is applied (as described in sec 6 of [4], but using bit-reversal to identify the S encoder bits to shorten instead of the last S encoder bits as shortened). 
· Puncturing based rate-matching
· For input block of length K and rate-R, a Polar code of length-2n is used, where n corresponds to the smallest integer such that 2n  >= K/R. Details of the Polar code data bit positions and frozen bit selection is described in [3][4]. In puncturing based rate-matching, the output code word of length-2n is punctured using a pre-determined permutation (i.e. fixed puncturing pattern) to obtain codeword of length K/R. 
We think that the technique used for rate-matching should be studied further to ensure robust performance across different range of block sizes and code rates once the basic code design (CRC-aided or PC-Polar) is agreed for NR. 
6. Conclusion
In this contribution, we compare CRC-aided polar and parity-check polar and draw the following observation and proposals.
Observation 1: Parity-check polar code has larger pre-processing latency or complexity compared to a conventional CRC-aided polar code.
Observation 2: CRC-aided polar code and Parity-check polar code have comparable performance.
Observation 3: Both CRC-aided polar code with a longer CRC and parity-check polar code with 16-bit CRC can achieve the same FAR.
Proposal 1: CRC-aided polar code is adopted for NR eMBB control channels.
Proposal 2: A single CRC that can facilitate false detection and aid list decoding is attached for polar code.
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