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Simulation assumptions for polar code designs for NR control channels were agreed [1]: 
Agreement:
· To compare CRC-related aspects of polar code design,
· The same FAR performance (the same as LTE) should be considered for a fair comparison
· List size Lmax 8 is the baseline (evaluations of other values are not precluded)
· Performance metrics (may be based on analytic derivation)
· BLER
· FAR (with AWGN as input to the decoder)
· Polar codes for control channels support one of the following alternatives:
· Alt. 1: CRC + “basic polar” (i.e. as per above agreed description) codes
· 1a: Longer CRC
· e.g.	(J + J’) bits CRC + basic polar
· 1b: J bit CRC
· The J bits can be distributed
· The CRC can be used for both error detection and error correction
· Alt. 2: J bits CRC + concatenated polar codes 
· e.g.	 J bits CRC + J’ bits CRC + basic polar;
 J bits CRC + J’ bits distributed CRC + basic polar;
 J bits CRC + PC bits + basic polar; (i.e. PC-Polar)
 J bits CRC + Hash sequence + basic polar;
 …
· J bits CRC is only used for error detection

A longer-CRC polar codes and PC (parity-check)-based polar codes [2] have been discussed in previous meetings. Their major differences are: 
· A longer-CRC polar code uses the system reserved (J+J’)-bit CRC for both error correction and error detection to reach the system requirements, i.e. BLER and FAR rates. A CA (CRC-aided) SCL (Successive-Cancellation-list) decoder is assumed as decoding algorithm that uses (J+J’)-bit CRC to select the survival L (List size) paths in the final stage. 
· A PC-Polar code uses the PC bits during the middle list decoding stage, and CRC bits are NOT used to select the survival L (List size) paths in the final stage. 
Whether or not involve the system reserved CRC bits for error correction is a choice of an individual implementation of polar decoder. The BLER performance of a PC-Polar is expected to increase if its CRC bits were used to select the survival paths at the final stage. In contrast, a longer-CRC polar code could have worse performance if its CRC bits were not used to select the survival paths at the final stage.
Besides these two basic polar coding designs, other designs were also presented: distributed CRC Polar [3] and CRC-Hash Polar [4]. The distributed-CRC polar code scatters some CRC bits over the u-domain (sub-channels) so that a decoder can prune a List tree in the middle stages similarly to the PC bits of a PC-Polar. It can be further investigated that some CRC bits are distributed over as PC bits and some stay at the end of the information block for the path selection at the final stage. The CRC-Hash polar code masks some Hash-based check bits onto some of the system reserved CRC in order to have a stronger error detection to select the path at the final stage. 
In this contribution, we focus on the comparison between the two basic polar codes: PC-Polar and longer-CRC polar codes. 
Requirements
We consider the following requirements to compare polar codes:
· False Alarm Rate (FAR): the same FAR as LTE should be considered. For link level comparison, the baseline DCI FAR performance is with 16-bit CRC, i.e., it should be at the level of 10-5, where the CRC is only used for error detection.
· Block Error Rate (BLER): coding gain at a target BLER with a reference to LTE TBCC. This coding gain directly impacts the coverage and capacity of an NR system. 
It is noted that the code design should allow variations in the implementation of the decoding algorithm and should not limit further improvement of the decoding algorithm.
Discussions
In LTE system, 16-bit CRC on PDCCH channels is reserved for error detection only to ensure a 10-5 DCI FAR. In a CA-SCL decoding implementation, this CRC or a part of it, is to be checked more than once to select one from the L survival paths, hence the CRC is also used for error correction. In CA-SCL decoder, the 16-bit CRC would be checked L times, which would compromise its FAR performance. Evaluations of the BLER performance [5-10] have shown a FAR loss due to the CA-SCL decoder. This conclusion is valid regardless of how to deploy the CRC bits, either consecutively appended to the information bits or distributed. 
Observation-1: A CA-SCL decoder brings FAR penalty.
PC-Polar 
A PC-Polar allows a PC-SCL decoder that needs no CRC bits but some parity-check frozen bits for SCL decoder. These PC frozen bits are carefully chosen to take some relatively reliable positions, over which simple parity-check functions/equations are implemented. PC-SCL decoder can use them to prune the SCL tree at an earlier stage than CA-SCL decoder without impact on the FAR performance which is guaranteed by the reserved CRC bits.
Observation-2: A PC-SCL decoder has no FAR penalty. 
Longer-CRC polar
To compensate the FAR penalty due to CA-SCL decoder, two types of longer-CRC polar codes are proposed: 
· Type-I: One J CRC + one J’ CRC. The J-bit CRC is reserved for error detection to ensure FAR target, while the J’-bit CRC is used for error correction.
· Type-II: Single longer CRC bits. A CA-SCL decoder would use (J+J’) CRC bits to select the L survival paths. This scheme mixes the error correction and error detection.
Performance Evaluation
The performance evaluation includes both the BLER and FAR. We conduct a series of BLER performance evaluation between PC-Polar and longer-CRC polar codes while keeping the FAR performance to the same level as LTE according to the agreed simulation assumption in [1].
Type-I: Reserved J CRC bits only for error detection
In this case, as J CRC bits are reserved for error detection, its FAR has no penalty. We compare the PC-Polar code with J-bit CRC with different longer-CRC polar codes in term of J’ CRC bits from 3-bit to 24-bit. Both SCL uses a list size of 8.
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(a)                                          (b)
Figure 1. Performance of PC-Polar and CRC Polar with extra only error correction CRC bits
(a) info 48, r=1/12;  (b) info 48, r= 2/3
According to the simulation results, we have follow observation:
Observation-3: A PC-Polar code outperforms a type-I longer-CRC Polar code.
Type-II: Longer CRC bits both for error correction and error detection
In this case, one longer CRC is used for CA-SCL decoder, where J’ is determined by a list size (L) of a baseline SCL decoder with an experience equation J’=log2(L). For example, if the CA-SCL decoder is assumed to have a list size of 8, then J’ is determined as 3 bit (log2(L=8) ) to have a 19-bit CRC-polar code. 
The BLER performance of a type-II longer-CRC polar code would benefit from a longer CRC that has higher error detection ability, if J’ is well limited to a small number. However, most concern about this longer-CRC polar code is the FAR penalty when a CA-SCL takes a list size larger than J’-bit allows. To show this concern, we conduct a simulation of the FAR penalty with different list size decoding CA-SCL decoder. 
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Figure 2. FAR performance of longer CRC-Polar (19-bit CRC) as a function of L
(a) info 48, r=1/2;
(b) info120, r=1/3;
(c) info 48, r=1/2, with AWGN as input to the decoder;
(d) info 120, r=1/3, with AWGN as input to the decoder
From Figure 2, we can see that the FAR of CRC-Polar increases with increased list size. When list size is larger than 16, the 19-bit CRC is not enough to meet the FAR requirement for CRC-polar. Hence longer CRC length is needed for CRC-Polar to meet the FAR requirement with increased list size. Also, with AWGN as input to the decoder, from Figure 2(c) and Figure 2(d), the FAR of CRC-Polar increases with increased list size.
Observation-4: The FAR of a type-II longer-CRC polar code increases as the list size increases.
In the following, we compare the BLER performance of a type-II longer-CRC polar code with a PC-Polar. To keep the same FAR, we use 16-bit CRC for PC-Polar and 16 + log2(L) CRC bits for type-II longer-CRC-Polar code. 
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(c)                                    (d)
Figure 3. BLER Performance of [16-bit CRC] PC-Polar and [16 + log2(L) CRC] CRC-Polar. 
(a)info 48, r=1/6;  (b)info48, r=1/3;
(c)info120, r=1/6;  (d)info120, r=1/3
For a list size of 8, 16 and 32, a PC-Polar has comparable performance as CRC-Polar. With larger list size, PC-Polar definitively outperforms CRC-Polar. A PC SCL decoder does not use the J-bit CRC for error correction so that the requirement FAR is achieved. 
Observation-5: PC-Polar codes outperform or show comparable performance with type-II longer-CRC Polar with dynamic CRC length for different list size.
In practice, an encoder cannot change the size of CRC in term of log2(L). In a legacy LTE system, uplink control channel reserves 8 bits CRC for long UCI and downlink control channel reserves 16 bit for DCI. In keeping the same FAR performance, we compare the performance of a PC polar code with 8-bit/16-bit CRC and a type-II-longer-CRC-polar code with (8+3)-bit, (8+6)-bit, (16+3)-bit, (16+6)-bit CRC. The figures below are the required Es/N0 for a targeted BLER=10-3 with different coding rates and information block lengths by using a List=8 decoder.
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Figure 4. PC-Polar with 8 CRC bits vs. long CRC Polar with (8+3),(8+6) CRC bits
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Figure 5. PC-Polar with 16 CRC bits vs. long CRC-Polar with (16+3),(16+6) CRC bits
Observation-6: For list size of 8, performance of PC-Polar and longer-CRC-polar is comparable. 
However, it is hard to determine the size of a longer CRC given a list size, because of this mixture of error detection and error correction on a single (J+J’)-bit CRC on BLER and FAR simply by the function J’=log2(L) that relates the CRC size (J’) and list size (L). In the polar code design, every position of informaiton bits and CRC bits have its own reliability, mutual capacity, and polarized SNR ratio. They don’t equal to each other and their metrics would change with code length and code rate. Unlike trellis-based code, the weight of the reliablity metrics of CRC bits over the entire informaiton block are dependent of code length and code rate, and the distribution of the reliability metrics within these CRC bits are not uniform and vary with the code length and code rate.
Observation-7: The size of a longer CRC for CRC-Polar needs further investigation.
FAR Guarantee and List Gain
As it is well known that FAR is closely related to the number of CRC check, a CA-SCL decoder can limit the maximum number of CRC checking to limit the FAR below the target threshold. For example, for a given list size L of the CA-SCL decoder, the number of CRC checks can be limited to T times, where T can be 1, 2, 4, 8, etc.
Although the FAR can be limited, it is straightforward to expect some performance loss due to incomplete path selection. In other words, the BLER will be largely influenced by T rather than L, and the large list gain is diminishing. Interestingly, if we add a few PC bits, the list gain will re-appear. On the one hand, if we do not use any PC bits, a 0.2~0.3dB BLER loss is observed, depending on the actual value of T. On the other hand, we observe that the BLER loss can be easily compensated by a fixed & small number of parity-check bits.
An outline of the above mentioned procedures would be: 
· In the middle stage: perform parity-check successive cancellation list decoding (PC-SCL).
· The PC bits are used to prune the paths that violate the PC functions.
· In the final stage: perform a maximum of T times CRC check 
· If a path passes CRC check, then declare a successful decoding;
· If no path passes CRC check, then declare a successful failure.
Given that the FAR level is equivalent to that of a 16-bit CRC for error detection, we chose typical control payload size as K=48 and K=120 for example, compare the BLER performance of the following polar codes with different list size: 
· Scheme 1 (Red-Curves): One 18-bit CRC and maximum 4 times CRC check is allowed. The code design is the same as in [2] except that a fixed number of PC bits are pre-selected (e.g., Fp=4). 
· Scheme 2 (Light-Green-Curves): One 18-bit CRC and maximum 4 times CRC check is allowed for a CA-SCL decoder. No PC bits are selected.
· Scheme 3 (Dark-Green-Curves): One 19-bit CRC and maximum 8 times CRC check is allowed for a CA-SCL decoder. No PC bits are selected.
Figures 6.1/2/3 and Figures 7.1/2/3 show the BLER performance. Note that the FAR performance of all the three schemes is independent of the list size. From the simulations it can be seen that, with the aid of only a small (fixed) number of PC bits, the required CRC checks can be dramatically reduced without any BLER degradation. For all block lengths and code rates, the BLER of scheme 1 is better than that of schemes 2 and 3. As the list size grows from L=8 to L=128, scheme 1 has stable gain while the gain of schemes 2 and 3 is small.
Observation-8: PC-bits can be used to achieve good BLER performance and guarantee FAR performance while list size is increasing.



· BLER performance for K=48 and L={8,32,128}
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Figure 6.1. K=48, L=8
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Figure 6.2. K=48, L=32
[image: ]
Figure 6.3. K=48, L=128
· BLER performance for K=120 and L={8,32,128}
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Figure 7.1. K=120, L=8
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Figure 7.2. K=120, L=32
[image: ]
Figure 7.3. K=120, L=128
Conclusion
In this contribution, we analyze and compare PC-Polar with CRC-Polar.
Observation-1: A CA-SCL decoder brings FAR penalty.
Observation-2: A PC-SCL decoder has no FAR penalty. 
Observation-3: A PC Polar code outperforms a type-I longer-CRC polar codes.
[bookmark: _GoBack]Observation-4: The FAR of a type-II longer-CRC polar code increases as the list size increases.
Observation-5: PC-Polar codes outperform or show comparable performance with type-II longer-CRC Polar with dynamic CRC length for different list sizes.
Observation-6: For list size of 8, performance of PC-Polar and longer-CRC-polar is comparable.
Observation-7: The size of a longer CRC for CRC-Polar needs further investigation.
Observation-8: PC bits can be used to achieve good BLER performance and guarantee FAR performance while list size is increasing.
Proposal: Adopt PC-Polar for NR control channel.
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