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1. [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
For the Polar code construction on uplink, the following agreement and next steps were captured in RAN1 NR#3 chairman’s notes [1]: 
Agreement:
· Confirm Working Assumption that CRC bits are attached as a block to the end of the information bits.  
· At least LCRC=11 is supported, with the following polynomial: D11+ D10+ D9+ D5+ 1
· Range of K values for CRC11 is FFS
· Which other CRC lengths and associated K values are also supported is FFS. 
Next steps:
· After nFAR values are decided, the complete set of supported CRC polynomials will be selected, preferably at RAN1#90bis. 
· FFS whether the nFAR value should be dependent on the UCI contents and payload size.
· FFS whether same nFAR value is applied to UCI on PUCCH and PUSCH.
[bookmark: _Ref477266525]In this contribution, performance requirements on UCI and uplink code design are discussed.
2. Discussion on Uplink Code Construction
2.1 [bookmark: _Ref493319325]Performance Requirement on UCI
According to LTE’s TS36.104 [2], UCI is mainly used to carry scheduled information, including CSI reporting and HARQ-ACK feedback. Referring to LTE, the performance requirement on UCI depends on the content, and the different detection requirements are summarized below.  
	Types
	Detection Requirement

	PUCCH

	ACK is falsely detected from DTX (no signal) transmission   
	

	ACK is missed from ACK transmission
	

	ACK is falsely detected from NACK transmission
	

	CQI is falsely detected from any other transmission or no transmission
	

	CQI is missed (error) from a CQI transmission
	

	PUSCH

	ACK is falsely detected from data transmission for HARQ-ACK   
	

	ACK is missed from ACK transmission  
	

	ACK is falsely detected from NACK transmission
	



Observation 1: The UCI design should consider both the miss detection (BER/BLER) performance with an intended signal, and the detection performance with noise or random signal.
2.2 Design Principle for UL code construction
A long CRC degrades the BLER performance. A well-designed size of the CRC bits for small payloads is expected not only to meet the detection performance but also ensure good coding performance. This tradeoff was analyzed for LTE system, and no CRC bit was finally agreed for payload sizes from 11 to 22 bits with Dual-RM code [1]. This is because RM code equips a decoder with some other methods than CRC bits to meet the detection performance requirements [4]. 
The reason to replace dual-RM code by polar code was because of polar code better coding performance than LTE dual-RM code. However, if we added some redundant CRC bits for polar code (up to 1.6dB performance gap vs no redundant one in [3]) and kept 0-bit CRC to dual-RM code, that would defeat the motivation to choose polar code. 
For fairness, if polar code is able to equip a decoder with some methods other than the CRC-based one to fulfill the detection requirement similarly as the dual-RM code, a similar tradeoff for choosing the CRC length shall be considered.
First of all, we simplify the detection requirements in Section 2.1 into the following 4 categories, in which the lowest overall required SNR values to meet the detection requirements is used as indicator. 
“Overall required SNR” for: 
· Case 1.1 HARQ-ACK on PUCCH
, , and 
· Case 1.2 HARQ-ACK on PUSCH
, , and 
· Case 2.1 CQI with DTX
, and 
· Case 2.2 CQI without DTX

In the simulations and evaluations, “DTX” is designated as AWGN noise input and “Puncturing data” as random QPSK signal. 
In the following, we will investigate some methods that fulfill the detection requirement but also strive to optimize the miss detection or BER/BLER coding performance.   
Observation 2: UCI design strives to reach as good miss detection (BER/BLER) performance as possible and fulfill the detection requirements.
3. Method and Evaluation
A polar decoder is able to distinguish an intended signal from AWGN or random QPSK signal by using: 
· CRC-based Method
An encoder simply adds a number of redundant CRC bits to an information block. These redundant CRC bits allow a decoder to do a false detection but inevitably causes a coding performance loss that cannot be neglected for a small block size. 
· Path-Metric(PM)-based Method 
It does not affect the encoder. A decoder uses the ratio(s) among the path metrics to tell a detection. It is tunable for a tradeoff between the false detection capability and miss detection (BER/BLER) performance.
· Frozen-bit-based Method 
It does not affect the encoder. A decoder treats a number of frozen bits as information bits and then uses them (as known to a decoder) to tell a detection. It is tunable for a tradeoff between the false detection capability and miss detection (BER/BLER) performance.
3.1 CRC-based Method
Adding some redundant CRC bits to the information payload is one of the methods to ensure a detection requirement: it is an intended signal if the CRC check passes; otherwise, it is DTX or puncturing data.
However, this method severely penalizes the coding performance. Moreover, it is not tunable for different false-alarm targets. The CRC length has to be selected after the worst case i.e. <1% false alarm rate target, an over-design for the cases with a loose or no false alarm requirement. 
3.2 PM-based Method
The accumulated path metrics of a decoder are used to tell an effective signal. Note that (Dual)-RM code adopted a very similar method in LTE system. As presented in [4] and [5], a polar code achieves similar or better error detection capability than LTE-RM codes.
This method is tunable for different false alarm targets. For example, one possible metric and its corresponding thresholds are described as follows. 
A set of pre-defined thresholds can be used (e.g. for List 8 decoder):
· θi: the path metric value of i-th best survival path, i = 1,2,…8.
· θj : CRC pass with the j-th best survival path
· m0 = |θ8 – θj| / θ8
· (if m0 > threshold and CRC Pass)  Positive (valid codeword)
· otherwise (invalid codeword)
Note that this PM-based method differs from the PM-based early termination method mentioned in PDCCH blind detection. In this PM-based method for detection, the path metrics are not checked until the last SC decoding stage. 
Figure 1 shows the m0 distribution of K=12 and M=48 at a fixed SNR point. A threshold is carefully selected to achieve the detection requirements of Pr(DTX->ACK), Pr(puncturing data->ACK) or Pr(DTX->CQI) in AWGN/Random QPSK input with a coding performance compromise with an intended signal input. 
At next, we will apply this threshold and PM-based method in intended codeword input to see what the coding performance gain it would obtain compared with the CRC-based one.  
[image: ]
Figure 1 PM distribution of K=12 and M=48 at a fixed SNR point

· In case of HARQ-ACK
This threshold is selected and tested without redundant CRC bits in case of HARQ-ACK that the detection requirements of Pr(DTX->ACK) or Pr(puncturing data->ACK) are less than 1%. 
Figure-2(a) shows how the detection requirements are met in AWGN/Random QPSK input. 
Figure-2(b) shows the overall required SNR in an intended signal input and that with 11-bit-CRC-based method. 
Although both meet the detection requirements, the 11-bit CRC one has ~0.6 dB coding performance penalty compared with the 3-bit CRC.
[image: ][image: ]
(a)                                   (b) 
Figure 2 Performance comparison of CRC11 and CRC3

· In case of CQI
Without DTX, the coding performance comparison between 11-bit and 3-bit CRC has been already available in [3]. 
With DTX, threshold is selected in case of detection requirement of Pr(DTX->CQI) less than 10%. 
Figure-3(a) shows how the detection requirements are met in AWGN input. 
Figure-3(b) shows the overall required SNR in an intended signal input and that with 11-bit-CRC-based method. 
Although both meet the detection requirements, the 11-bit CRC one has ~1 dB coding performance penalty compared with the 3-bit one.
[image: ] [image: ]
(a)                                  (b) 
Figure 3 Performance comparison of CRC11 and CRC3
Observation 3: The PM-based method has better overall coding performance than the CRC-based method for different false detection requirements.

· Built-in error detection capability for codeword input
Polar code can achieve built-in error detection capability in intended codeword input while preserving requirement of Pr(DTX->ACK), Pr(puncturing data->ACK) or Pr(DTX->CQI) in AWGN/Random QPSK input. 
Figure 4 shows that the 3-bit CRC with PM-based method can deliver an error detection capability equivalent to 5~6 CRC bits in intended codeword input while preserving a detection target less than 1% in AWGN/Random QPSK input.
[image: ]
Figure 4 FAR with intended codeword input when 
Figure 5 shows that the 3-bit CRC with PM-based method can deliver an error detection capability equivalent to 3~4 CRC bits in intended codeword input while preserving a detection target less than 10% in AWGN/Random QPSK input.

[image: ]
Figure 5 FAR with intended codeword input when 

· Flexibility
Therefore, in face of different Pr(DTX->CQI) detection requirement, a PM-based decoder could tune its threshold to make an optimal tradeoff between Pr(DTX->CQI) detection rate and coding performance as illustrated in Figure 6.
[bookmark: _Ref493497097] [image: ]
[bookmark: _Ref493511306]Figure 6 BLER Comparison 
Observation 4: The PM-based solution shows more flexible false detection capability than the CRC-based method.
3.3 Frozen-Bit-based Method
A decoder can treat some frozen bits as information bits to decode them. As their values of the intended codeword are known to the decoder, it can use them as de-facto parity bits (frozen-parity-check bit, FPC) for detection: if the decoded values of FPC match the known values, it is a codeword is claimed; otherwise, it is DTX or puncturing data. 
A decoder can tune the number of FPCs and which frozen bits to be used as FPCs to make a tradeoff between different detection requirements and coding performance (more FPCs lower coding gain). 
[image: ]
[bookmark: _Ref493500918]Figure 7 Decoder Setting for Frozen-Bit-based Solution 

A frozen-bit-based method includes:
· Select the LFPC most reliable frozen bits as FPC bits for Polar decoding, as shown in 7, where LFPC is determined according to the false detection requirement as LFPC= and  for HARQ-ACK and CQI detection, respectively.
After Polar decoding, examine the decoded FPC values and perform CRC check:
· if decoded values are the same to the pre-defined values on the FPC bits and CRC Pass  Positive (valid codeword)
· otherwise (invalid codeword)
Its detection and coding performances are shown in Figure 8-10. LFPC is set to meet different detection requirements. 
In Figure 8, it is observed that the detection requirement is met across a range of SNR with a proper LFPC. In fulfilling the detection requirements, this frozen-bit-based method has better coding performance than the CRC-based one in both Case 1 and 2 in Figure 9 and Figure 10, respectively. Furthermore, its advantage on coding performance increases when the detection requirements become looser.
[image: ][image: ]
(a) LFPC = 6  									(b) LFPC = 4
[bookmark: _Ref493500836]Figure 8 FA Performance of Frozen-Bit-based Solution
Observation 5: The frozen-bit-based method is able to meet the false detection requirement with a proper LFPC.
[image: ][image: ]
(a) Pr(DTX->ACK)<= 1% (Case 1)               (b) Pr(DTX->CQI) <= 10% (Case 2)
[bookmark: _Ref493500838]Figure 9 Overall Required SNR Comparison
[bookmark: _Ref493500840][image: ][image: ]
(a) M=48 								(b) M=128
[bookmark: _Ref493514665]Figure 10 BLER Comparison under Different FA Requirements
Observation 6: The frozen-bit-based method has a better coding performance than the CRC-based method under various false detection requirements.

Based on the above evaluation results for CRC-based, PM-based and frozen-bit-based methods, we have the following observation:
Observation 7: CRC is not the only method to achieve false alarm requirements. Decoder-based method with 3 CRC bits can achieve false alarm requirements with better performance.
3.4 PM-based Method Calibration and Discussion
In [6], the simulation results show an inferior performance by applying a PM-based detection method on a 3- bit CRC concatenated polar code and then a quick conclusion is drawn that any PM-based detection algorithm is insufficient. 
However, the performance of a PM-based detection algorithm is related to how the metrics and  corresponding thresholds are used. Although an explanation of how the metric is used is suggested in [4], [6] fails to provide any detail about the thresholds. Then we had to run a large number of simulations to match the results in [6] and find the thresholds used in [6]. As a result, performance comparisons are given below (the line with cross markers is the one obtained with our evaluation) to show that we nearly “reproduce” the curves in [6].
[image: cid:image001.png@01D34124.8404EDE0][image: cid:image002.png@01D34127.15778240]
(a) BLER performance @ FAR=10%     (b) BLER performance @ FAR=1%
Figure 11 Required SNR Comparison for metric in [4]
The simulation results show: 
Observation 8: Performance is poor when the PM-based detection algorithm uses the metric defined in [4].
The poor performance obtained when using the metrics in [4] cannot be used to conclude on the performance of the PM-based detection algorithm with any metrics. For example, one can use different metrics as the ones defined in [7]: 
A set of pre-defined thresholds can be used: 
· θi: the path metric value of i-th best survival path, i = 1,2,…8.
· m0 = |θ8 - θ1| / θ1
· if m0 > threshold and CRC Pass  Positive (valid codeword)
· otherwise (invalid codeword)
The performance comparison between the metrics in Section 3.2 and in [7] is shown in Figure 12 when the threshold is set to meet the false detection requirement. 
[image: ] [image: ]  
(a) [bookmark: _Ref493497094]Pr(DTX->ACK) <= 1%                (b) Pr(DTX->CQI) <= 10% 
[bookmark: _Ref493511302]Figure 12 Required SNR Comparison between metric in Section 3.2 and [7]
Observation 9: CRC-3 with metric defined in Section 3.2 shows better performance than that in [4] and [7].

4. Conclusion
In this contribution, we investigate the UL code construction, especially the solutions to meet the performance requirement on UCI and the CRC length design, we have the following observations:
Observation 1: The UCI design should consider both the miss detection (BER/BLER) performance with an intended signal, and the detection performance with noise or random signal.
Observation 2: UCI design strives to reach as good miss detection (BER/BLER) performance as possible and fulfill the detection requirements.
[bookmark: _GoBack]Observation 3: The PM-based method has better overall coding performance than the CRC-based method for different false detection requirements.
Observation 4: The PM-based solution shows more flexible false detection capability than the CRC-based method.
Observation 5: The frozen-bit-based method is able to meet the false detection requirement with a proper LFPC.
Observation 6: The frozen-bit-based method has a better coding performance than the CRC-based method under various false detection requirements.

Based on the evaluation results for CRC-based, PM-based and frozen-bit-based methods, we observe that
Observation 7: CRC is not the only method to achieve false alarm requirements. Decoder-based method with 3 CRC bits can achieve false alarm requirements with better performance.
Observation 8: Performance is poor when the PM-based detection algorithm uses the metric defined in [4].
Observation 9: CRC-3 with metric defined in Section 3.2 shows better performance than that in [4] and [7].
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