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Introduction
A study item on physical layer enhancements for NR URLLC was approved [1, 2]. One of objectives of this study item is UCI enhancements. In RAN1#94 and RAN1#95, following agreements were made.
Agreements:
· Study further how to enable more than one PUCCH for HARQ-ACK transmission within a slot.
Agreements:
· Study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK.
· Enhanced HARQ-ACK multiplexing on PUSCH and PUCCH
· Finer indication for HARQ feedback timing, e.g. symbol-level, half-slot, etc.
· Note: this may be related to more than one PUCCH for HARQ-ACK tx within a slot
· Other enablers are not precluded
Agreement:
· Multiple PUCCHs for HARQ-ACK within a slot should be supported in R16.

Agreements:
· Study the need for enhanced CSI reporting/measurement mechanisms. E.g.,
· DMRS based CSI
· A-CSI on PUCCH
· Trigger by DL assignment
· Enhanced CSI reporting mode
· Other approaches are not precluded
In this document, we provide our view on UCI and PUCCH enhancement for URLLC.
UCI multiplexing / handling enhancement
Multiple PUCCHs for HARQ-ACK within a slot
In Rel.15 NR specification, the number of PUCCH with HARQ-ACK within a slot is limited to one. If there are HARQ-ACKs with different latency and/or reliability requirement in the same slot, HARQ-ACK codebook is determined without any consideration of latency and/or reliability requirement and these HARQ-ACKs are multiplexed in one PUCCH.
In Rel.16 URLLC, in order to ensure latency and/or reliability requirement for URLLC, different handling of HARQ-ACK with different latency and/or reliability within a slot should be considered. Therefore, increased number HARQ-ACK transmission possibilities within a slot (i.e., relaxing the number of HARQ-ACK transmission within a slot) is supported in Rel.16. It should be allowed to transmit multiple PUCCHs for HARQ-ACKs with different latency and/or reliability within a slot.
In order to support multiple HARQ-ACKs within a slot, following options should be considered.
· Option 1: PDSCH grouping
· Option 2: Only to change the granularity of HARQ-ACK codebook determination and PUCCH resource overriding
In Option 1, different groups of PDSCH are mapped to different PUCCH resource in a slot. HARQ-ACK codebook determination and overriding of PUCCH resource are performed separately within each group. On how to identify the PDSCH group, explicit or implicit indication could be considered. On explicit indication, PDSCH grouping is based on explicit indication in DCI for dynamic codebook and RRC signalling for semi-static codebook. On implicit indication, PDSCH grouping could be based on DCI format or RNTI. Option 1 has merit to allow the possibility of having separate PUCCH resource configuration for different PDSCH groups. For example, one group is eMBB like operation and the other group is URLLC. This is rather two level QoS separation. On the other hand, whether such function is available from the higher layer is one of points to be considered. Option 1 might also be possible to allow the possibility of interpreting PUCCH resource indication differently from different PDSCH groups. For example, K1 indication is slot-level for eMBB while K1 indication is sub-slot or symbol-level for URLLC. Option 1 also has merit that multiplexing/prioritization among different types of UCIs and between UCI and UL-SCH could also be handled by utilizing PDSCH grouping. For example, Tx prioritization methods such as cancellation or puncturing of overlapped HARQ-ACK resource based on PDSCH grouping could also be considered to ensure the UCI reliability for URLLC.
In Option 2, a UL slot is portioned into sub-slot or symbol-level for PUCCH transmission. HARQ-ACK codebook determination and overriding of PUCCH resource in Rel.15 is reused based on smaller granularity than slot. Option 2 will support multiple PUCCHs for HARQ-ACK within a slot with less specification effort. On the other hand, no distinction between eMBB and URLLC is supported and then, the multiplexing/prioritization among overlapped uplink transmission is based on channel level (i.e., PUSCH or PUCCH level) regardless of traffic type.
Proposal 1: In order to support multiple HARQ-ACKs within a slot following options should be studied.
· Option 1: PDSCH grouping
· Option 2: Only to change the granularity of HARQ-ACK codebook determination and PUCCH resource overriding
Proposal 2: For Option 1 of PDSCH grouping, following details should be considered.
· PDSCH grouping is based on explicit (in DCI for dynamic codebook or by RRC for semi-static codebook) or implicit (via DCI format or RNTI) indication.
· PUCCH resource set configuration can be differentiated for different PDSCH groups.
· Interpreting PUCCH resource indication differently from PDSCH groups (e.g., K1 indication is slot-level for eMBB while K1 indication is sub-slot or symbol-level for URLLC).
· Tx prioritization methods such as cancellation or puncturing of overlapped PUCCH resource.

Enhancement on UCI multiplexing on PUSCH
There is no specific handling on the different latency and/or reliability requirement (such as eMBB and URLLC) for UCI multiplexing on PUSCH in Rel.15 NR specification. However, for Rel.16 URLLC, in order to ensure URLLC latency and/or reliability requirement, different handling of UCI and PUSCH with different latency and/or reliability should be considered.
For URLLC PUCCH overlapping eMBB PUSCH case, URLLC UCI performance would be controlled by using beta-offset and alpha-factor (upper bound on the resource usage of UCI on PUSCH). Until the URLLC UCI resource usage reaches to the upper bound, to increase beta-factor can increase the URLLC UCI reliability. After reaching the upper bound, to increase alpha-factor can increase the URLLC UCI reliability. One possibility for UCI multiplexing on PUSCH enhancement would be to differentiate beta-offset and/or alpha-factor depending on latency and/or reliability requirement. The other possibility is Tx prioritization such as dropping or puncturing eMBB PUSCH.
For eMBB PUCCH overlapping URLLC PUSCH case, URLLC PUSCH performance would also be ensured by using beta-offset and alpha-factor. In order to ensure URLLC PUSCH reliability, one possibility would be to differentiate beta-offset and/or alpha-factor depending on latency and/or reliability requirement. The other possibility is Tx prioritization such as dropping or puncturing eMBB UCI. It might be realized by former possibility by having beta-offset = 0.
For URLLC PUCCH overlapping URLLC PUSCH case, according to reliability region analysis in [3, 4], reliability constraint for HARQ-ACK feedback may be different depending on latency and/or reliability requirement for initial data (PDSCH) transmission. In this case, even in both UCI and UL data for URLLC, different handling of UCI and PUSCH with different latency and/or reliability considering UCI requirement and PUSCH requirement would be necessary.
In Rel.15 NR specification, for the overlap between multi-slot PUCCH repetition and single-/multi-slot PUSCH case, PUSCH is dropped. On the other hand, for PUSCH transmission especially for URLLC purpose, different priority handling is also desirable in order to ensure URLLC latency and/or reliability requirement. For example, single-/multi-slot PUSCH for higher reliability requirement is prioritized than multi-slot PUCCH repetition.
Proposal 3: For enhanced HARQ-ACK reporting with UL-SCH, following should be studied.
· Tx prioritization methods such as cancellation or puncturing of overlapped PUSCH/PUCCH resource
· Enhancement of UCI piggyback on PUSCH mechanism for handling different latency and/or reliability requirement, i.e., beta-offset and/or alpha are differentiated depending on latency and/or reliability requirement.
· Enhancement of multi-slot PUCCH and single/multi-slot PUSCH overlapping handling

PUCCH reliability enhancement
PUCCH reliability consideration from PDSCH transmission point of view
HARQ is one of well-known techniques to ensure reliability of data transmission. For eMBB use case, the system will be designed mainly to offer high data rate transmission and/or high resource utilization efficiency. For such operation, initial transmission BLER target of 10-1 is typical setting and allow achieving the high reliability target (such as 10-5), for example by using several HARQ retransmissions. For URLLC use case, reducing the latency while providing high reliability target is required. In Rel.15, the target URLLC data size is limited to 32 bytes. In such use case, to operate lower initial BLER of data is more acceptable as it is less resource usage impact. Then, initial transmission BLER target of 10-5 without considering HARQ retransmission could be claimed as acceptable. On the other hand, in Rel.16, URLLC data size more than 32 bytes is required for some use cases. In this case, lower initial BLER of data requires much large resource usage. Therefore, relatively higher initial BLER target operating with fast HARQ-ACK operation would be beneficial for improving the resource usage efficiency. In order to achieve low latency requirement with a spectrum-efficient manner, initial transmission BLER target of relatively high (such as 10-1 or 10-2) and allow achieving the high reliability target by using retransmission (for example one at maximum) would be reasonable. Based on reliability region analysis in [3, 4], reliability constraint for HARQ-ACK feedback is different depending on latency and/or reliability requirement for initial data (or instantaneous) transmission. For example, the success probability of decoding PDSCH can be represented by
	

,				 (1)
where  is the error probability of decoding PDCCH,  and  are the error probability of decoding PDSCH in the initial transmission and the retransmission,  is the NACK-to-ACK error probability, and  is the DTX-to-ACK misdetection probability. Note that in above equation, following three transmission scenarios are considered.
1) UE successfully decodes both the PDCCH and PDSCH in the initial transmission (1st term).
2) UE successfully decodes only PDCCH but misses the initial data information. UE successfully decodes both the PDCCH and PDSCH in the retransmission. 
3) UE fails PDCCH decoding of initial transmission. UE successfully decodes both the PDCCH and PDSCH in the retransmission. 
Table 1 shows the achievable total BLER of PDSCH transmission corresponding to several initial transmission BLER target and HARQ-ACK feedback reliability. It is assumed that  and . It can be seen from Table 1 that a higher BLER target for performing initial transmission entails higher reliability requirement for HARQ-ACK feedback channel. For example, when BLER target of initial transmission is , total BLER of 10-5 cannot be achieved when  and , while higher reliability such as  is required for HARQ-ACK feedback channel.
Observation 1: For PDSCH transmission, higher BLER target for performing initial transmission entails higher reliability requirement for HARQ-ACK feedback. 

Table 1 Total BLER of PDSCH transmission (1-)
	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	



In order to investigate the reliability of HARQ-ACK feedback on PUCCH, we evaluate the ACK miss-detection and NACK-to-ACK error probabilities of PUCCH format 0 as shown in Fig.1. Link level simulation parameters are shown in Appendix A. 1-symbol PUCCH is evaluated. The false alarm detection threshold is set to achieve DTX-to-ACK error rate is 1%, 0.1%, and 0.01%. Fig.1 shows that the lower required target DTX-to-ACK error rate improves NACK-to-ACK error rate, while ACK miss-detection performance degrades due to the increase of ACK-to-DTX error.
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Figure 1 ACK miss-detection and NACK-to-ACK error probability

The 5th percentile point of average UL SINR distribution obtained by system level evaluation can be used as Q value for PUCCH performance evaluation (e.g., SINR target). Although we don’t have system level evaluation results, we temporarily use the UL SINR results which are included in RP-182097 [5] (self-evaluation results of 3GPP) in this paper. In [5], we picked up the evaluation results for reliability (additional information Preliminary self evaluation report (TR37.910 V1.0.0).zip/Reliability.zip/Reliability -UrbanMacro-URLLC_v18.xlsx) and it shows the average value of 5th percentile UL SINR is about -0.5 dB.
For SNR=-0.5 dB point, NACK-to-ACK error rate probability is about 2×10-4 when DTX-to-ACK error rate is 1%. In this case, from Eq. (1), the achievable total BLER of PDSCH transmission is calculated as 2.2×10-5 assuming  ,  and . Then, at least when 1-symbol PUCCH is used, total BLER of 10-5 cannot be achieved. On the other hand, NACK-to-ACK error rate probability is about 4×10-5 when DTX-to-ACK error rate is 0.1%. In this case, the achievable total BLER of PDSCH transmission is 6.01×10-6 assuming  ,  and . In this case, ACK miss-detection performance degrades and this results in large resource utilization. Table 2 shows the achievable total BLER of PDSCH transmission corresponding to several initial transmission BLER target and DTX-to-ACK error.
From Table 2, the only problem case is when initial transmission performance is 10-1. In addition, it should be noted that we only evaluate 1-symbol PUCCH. If 2-symbol PUCCH (especially frequency hopping enabled) is used, the performance of PUCCH format 0 can be improved. Therefore, from PDSCH transmission point of view, PUCCH reliability enhancement might be less important compared to other key issues such as support of multiple PUCCHs within a slot and UCI multiplexing/prioritization enhancement. Even if reliability improvement is necessary, PUCCH reliability improvement can be realized by configuring the larger number of PUCCH symbols and frequency hopping. If UE has multiple antennas, spatial diversity can also be considered.

Table 2 Total BLER of PDSCH transmission (calculated from -0.5 dB SNR point of the link level evaluation results)
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Observation 2: Reliability requirement of PDSCH transmission cannot be achieved when initial transmission performance is 10-1 and 1-symbol PUCCH is used assuming -0.5 dB as the 5th percentile point of average UL SINR. For other conditions of lower initial transmission performance of PDSCH, reliability requirement of PDSCH transmission can be achieved.

PUCCH reliability consideration from PUSCH transmission point of view
The success probability of decoding grant-based PUSCH can be represented by
	

,		(2)
where  is the error probability of decoding PDCCH (i.e., UL grant),  and  are the error probability of decoding PUSCH in the initial transmission and the retransmission,  is the SR miss-detection probability. Note that on above equation, following four transmission scenarios are considered. 
1) gNB successfully detect SR, UE successfully decodes the PDCCH, and gNB successfully decodes the PUSCH in the initial transmission. 
2) gNB successfully detects the SR, UE successfully decodes the PDCCH, but gNB misses the initial data information of PUSCH. In retransmission, UE successfully decodes PDCCH and gNB also successfully decodes PUSCH. 
3) gNB fails SR detection of initial transmission. UE retransmits SR and gNB successfully detects the SR and consequent procedure successfully performed. 
4) gNB successfully detect SR but UE fails PDCCH decoding of initial grant. UE successfully decodes the PDCCH retransmission and gNB also successfully decode PUSCH. 
Table 3 shows the achievable total BLER of grant-based PUSCH transmission corresponding to several initial transmission BLER target and SR reliability. It is assumed that  and . Table 3 shows that regardless of BLER target for performing initial transmission of PUSCH, SR miss-detection probability should less than 10-2 in order to achieve total BLER of 10-5.

Table 3 Total BLER of grant-based PUSCH transmission (1-)
	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	



Figure 2 shows the SR miss-detection probability when using PUCCH format 0. Link level simulation parameters are shown in Appendix A. 1-symbol PUCCH is evaluated. The false alarm detection threshold is set to achieve DTX-to-ACK error rate is 1%, 0.1%, and 0.01%.
Similar to PDSCH case, mean UL SINR value obtained from [5] (i.e., -0.5 dB) is used as SINR target. For SNR=-0.5 dB point, SR miss-detection probability is about 1×10-2 when DTX-to-SR error rate is 1%. In this case, the achievable total BLER of PUSCH transmission is 1.0×10-4 assuming  ,  and . Then, at least when 1-symbol PUCCH is used, total BLER of 10-5 cannot be achieved regardless of the initial BLER performance target of PUSCH transmission. Then from PUSCH transmission point of view, SR on PUCCH reliability enhancement would be necessary. 2-symbol PUCCH with frequency hopping might sufficient or further enhancement might be considered. On the other hand, considering the usage of grant-free transmission, grant-based PUSCH to use SR may not be so important for URLLC.
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Figure 2 SR miss-detection probability

Observation 3: Reliability requirement of grant-based PUSCH transmission cannot always be achieved when 1-symbol PUCCH is used assuming -0.5 dB as the 5th percentile point of average UL SINR, but grant-free transmission can be used to achieve the requirement.
Based on above observations, our view on PUCCH reliability enhancement is as follows.
Observation 4: PUCCH reliability enhancement might be less important compared to other key issues such as support of multiple PUCCHs within a slot and UCI multiplexing/prioritization enhancement.
Observation 5: Evan if reliability improvement of PUCCH is necessary, PUCCH reliability improvement can be achieved by configuring the larger number of PUCCH symbols and frequency hopping. If UE has multiple antennas, spatial diversity can also be considered.
[bookmark: _GoBack]
Aperiodic CSI on PUCCH
In NR Rel.15, aperiodic CSI reporting on PUCCH had been discussed but Rel.15 NR does not support it. Aperiodic CSI is reported only by PUSCH and triggered by UL grant. However, if there is no UL data, using UL grant to trigger aperiodic CSI report in PUSCH without UL-SCH is costly. In addition, URLLC PUSCH could be 1-symbol or 2-symbol, but in Rel.15 NR, UCI and DMRS cannot be FDMed within a symbol for UCI multiplexing. Then, aperiodic CSI in PUSCH is not suitable for URLLC. Therefore, aperiodic CSI report on PUCCH by DL assignment should be studied.
One of issues to be studied for aperiodic CSI on PUCCH would be whether PUCCH resource used for aperiodic CSI and HARQ-ACK is joint PUCCH resource or separate PUCCH resource. If separate PUCCH resource is used, these PUCCH would be TDMed, FDMed, or CDMed. The main use case for aperiodic CSI on PUCCH would be PUCCH format 2 in order to reduce latency. In this case, TDM option might not be suitable from latency point of view. On FDM option, it might not be suitable from PA back-off point of view. If number of HARQ-ACK bits is small (such as 1 or 2 bits), to convey HARQ-ACK bits by CDMed with DMRS sequence of PUCCH format 2 might be possible, but it would not also be suitable from performance (reliability) point of view. Therefore, joint PUCCH resource with HARQ-ACK should be considered for aperiodic CSI transmission.
The other issues would be how to signal (trigger) aperiodic CSI on PUCCH. It was proposed that implicit triggering to reduce the PDCCH overhead for example, aperiodic CSI is transmitted only when PDSCH result was NACK. However, if joint PUCCH resource is used, payload size could become different depending on ACK and NACK of PDSCH. It means depending on ACK and NACK, PUCCH resource set could be different. It will require to reserve double PUCCH resource and also gNB requires blind decoding of PUCCH resource set. In our view, regardless ACK or NACK to provide aperiodic CSI would be useful since it can be used for further TB transmission. In this case, only one PUCCH resource set would be required.
[bookmark: _Hlk528678956]Proposal 4: A-CSI on PUCCH is supported in Rel.16 URLLC.
Proposal 5: Regardless of ACK or NACK of PDSCH, aperiodic CSI is transmitted if aperiodic CSI on PUCCH is requested.
Conclusion
In this contribution, we discussed enhancement for UCI transmission in Rel.16 URLLC and made following observations and proposals.
Proposal 1: In order to support multiple HARQ-ACKs within a slot following options should be studied.
· Option 1: PDSCH grouping
· Option 2: Only to change the granularity of HARQ-ACK codebook determination and PUCCH resource overriding
Proposal 2: For Option 1 of PDSCH grouping, following details should be considered.
· PDSCH grouping is based on explicit (in DCI for dynamic codebook or by RRC for semi-static codebook) or implicit (via DCI format or RNTI) indication.
· PUCCH resource set configuration can be differentiated for different PDSCH groups.
· Interpreting PUCCH resource indication differently from PDSCH groups (e.g., K1 indication is slot-level for eMBB while K1 indication is sub-slot or symbol-level for URLLC).
· Tx prioritization methods such as cancellation or puncturing of overlapped PUCCH resource.
Proposal 3: For enhanced HARQ-ACK reporting with UL-SCH, following should be studied.
· Tx prioritization methods such as cancellation or puncturing of overlapped PUSCH/PUCCH resource
· Enhancement of UCI piggyback on PUSCH mechanism for handling different latency and/or reliability requirement, i.e., beta-offset and/or alpha are differentiated depending on latency and/or reliability requirement.
· Enhancement of multi-slot PUCCH and single/multi-slot PUSCH overlapping handling
Proposal 4: A-CSI on PUCCH is supported in Rel.16 URLLC.
Proposal 5: Regardless of ACK or NACK of PDSCH, aperiodic CSI is transmitted if aperiodic CSI on PUCCH is requested.

Observation 1: For PDSCH transmission, higher BLER target for performing initial transmission entails higher reliability requirement for HARQ-ACK feedback. 
Observation 2: Reliability requirement of PDSCH transmission cannot be achieved when initial transmission performance is 10-1 and 1-symbol PUCCH is used assuming -0.5 dB as the 5th percentile point of average UL SINR. For other conditions of lower initial transmission performance of PDSCH, reliability requirement of PDSCH transmission can be achieved.
Observation 3: Reliability requirement of grant-based PUSCH transmission cannot always be achieved when 1-symbol PUCCH is used assuming -0.5 dB as the 5th percentile point of average UL SINR, but grant-free transmission can be used to achieve the requirement.
Observation 4: PUCCH reliability enhancement might be less important compared to other key issues such as support of multiple PUCCHs within a slot and UCI multiplexing/prioritization enhancement.
Observation 5: Evan if reliability improvement of PUCCH is necessary, PUCCH reliability improvement can be achieved by configuring the larger number of PUCCH symbols and frequency hopping. If UE has multiple antennas, spatial diversity can also be considered.
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Appendix A:	Link level simulation assumption for PUCCH
Table A-1 Link level simulation assumption for PUCCH
	Waveform
	PUCCH format 0

	Number of Tx antennas
	1

	Number of Rx antennas
	4

	FFT size
	2048

	Subcarrier spacing
	30 kHz

	CP length
	160 samples

	
	144 samples

	Number of allocated RBs
	1

	Number of HARQ-ACK bits
	1

	Channel model
	TDL-C

	Delay spread
	300 ns

	Velocity
	3 km/h

	Carrier frequency
	4 GHz
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