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Introduction
Uplink control channel enhancements play an important role in achieving URLLC reliability and latency targets in the downlink transmissions. In this contribution, first, we analyse the reliability aspects for PUCCH format_0, and provide a mechanism to enhance the PUCCH performance in terms of NACK-to-ACK errors. The second part of the contribution relates to (long) PUCCH format 3, which offers increased robustness and the possibility of multiplexing UCI data, at the expense of increased latency, which is only tolerable at higher SCS configurations. The proposed enhancements deal with minimizing the HARQ latency, and resolving prioritization between URLLC and eMBB in P/SP CSI transmissions. 
Discussion
HARQ based transmission is essential to achieve the strict reliability requirements for URLLC with efficient use of radio resources. For HARQ based DL transmission, the probability for successful DL transmission will heavily depend on the reliability of the uplink control channel (PUCCH) that carries ACK/NACK feedback. Considering an HARQ based DL transmission with one retransmission, the probability () of successfully delivering a packet is given by
                   (1)
where  is the probability of successfully decoding the PDCCH,  is the probability of successfully decoding the PDSCH transmission without soft combining,  is the probability of successfully decoding the PDSCH transmission with soft combining.  (resp. ) are the probabilities of falsely detecting DTX (resp. NACK) as ACK at the gNB. As it can be seen from (1), the successful detection of uplink DTX and NACK at the gNB is essential for the reliability and latency of HARQ based DL transmission. Thus, design of PUCCH should ensure very low impact of DTX-to-ACK and NACK-to-ACK errors. Missed ACK error (i.e. ACK-to-DTX) results in unnecessary retransmission, but does not affect the reliability of HARQ based DL transmission. However, missed ACK errors need to be kept low to preserve the spectral efficiency. To avoid unnecessary retransmissions, missed ACK target similar to LTE should be considered, which is 10-2.
Comparing the contributions of the DTX-to-ACK and NACK-to-ACK errors, we can see that DTX-to-ACK errors can only occur when PDCCH detection fails, while the NACK-to-ACK errors occur when the PDSCH decoding fails. For LTE PDCCH BLER target was ~ 10-2 and PDSCH BLER target was ~ 10-1. For URLLC similar asymmetry between PDCCH BLER and PDSCH BBLER can be expected with a PDCCH BLER target between 10-6 and 10-3 and a larger PDSCH BLER target potentially between 10-1 and 10-3, we can therefore expect that for URLLC the NACK-to-ACK to be more critical than the DTX-to-ACK errors. 
In this contribution, we focus on methods to enhance the PUCCH performance in terms of missed ACK and NACK-to-ACK errors. For the analysis we consider a fixed DTX-to-ACK error probability of 10-2, a missed ACK target of 10-2 and a NACK-to-ACK target ≤10-4.
Given the low latency requirements for URLLC, PUCCH format_0 can be considered the most relevant for URLLC scenario. The main approaches to enhance the reliability of PUCCH are receive diversity, time repetition and frequency hopping.
[bookmark: _Ref485369929]Missed ACK and NACK-to-ACK errors
Here we show the performance of PUCCH format_0 with different number of receive antennas. Simulation parameters are provided in the Table 2 in the appendix. Figure 1 shows the missed ACK and NACK-to-ACK errors with number of receive antennas 1, 2 and 4. Increasing the number of receive antennas enhances the PUCCH reliability. Further enhancements can be achieved with repetition and frequency hopping.
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[bookmark: _Ref490126419]Figure 1: Missed ACK and NACK-to-ACK error rates for PUCCH format_0, 2PRBs
Table 1 lists the required SNR for achieving a given PUCCH reliability target. It can be seen that the required SNR for achieving the target NACK-to-ACK error rate is generally higher than the required SNR for achieving the target missed ACK rate. This gap gets even larger with lower NACK-to-ACK error rate target. In addition, the gap between the required SNRs for missed ACK and NACK-to-ACK varies based on the system settings (here it is the number of PRBs and number of receive antennas).
[bookmark: _Ref490211982]Table 1: Required SNR (dB) for PUCCH format_0 reliability targets
	
	1PRBs
	2PRBs

	Number of RX
	nRX = 2
	nRX = 4
	nRX = 2
	nRX = 4

	Missed ACK (1%)
	5.8
	0.02
	3
	-2.82

	NACK-to-ACK (10-4)
	6.8
	0.7
	3.65
	-2

	NACK-to-ACK (10-5)
	12.2
	3.73
	10
	0.2



Observation 1: receive diversity is essential for enhancing the reliability of PUCCH.
Observation 2: the required SNR for achieving the target NACK-to-ACK error rate is generally higher than the required SNR for achieving the target missed ACK rate.
Observation 3: the difference between the required SNR for achieving the target missed ACK and NACK-to-ACK error rates depends on the system setting (e.g. number of PRBs and number of receive antennas).
Asymmetric NACK and ACK transmissions
One option to achieve the reliability targets (missed ACK and NACK-to-ACK errors) for PUCCH is by transmitting the PUCCH with higher power ( to achieve the stricter of the two targets. In addition to other system parameters, the PUCCH power can be specified as follows

where  is the required transmission power to achieve the target missed ACK rate, and  is the required transmission power to achieve the target NACK-to-ACK error rate. Considering that ACK transmission are expected to happen more often compared to NACK transmission, this approach will lead to inefficient use of the transmission power. Another approach is to adjust the transmission power of PUCCH based on the UCI content, i.e. depending on whether the ACK or NACK is being transmitted. The PUCCH transmission power  will be based on  if there is an ACK is to be transmitted, and based on  if there is a NACK to be transmitted. From the ACK/NACK perspectives, two PUCCH transmission powers can be defined as:  is the PUCCH power when there is an ACK to be transmitted,  is the PUCCH power when there is a NACK to be transmitted. For two bits UCI, the  can be used when both bits are ACK, and  when at least one of the bits is NACK. Figure 2 shows the PUCCH performance with different transmission powers for ACK and NACK. The NACK-to-ACK target of 10-4 can be achieved with about 1 dB and 2 dB increase (for nRX= 2 and 1, respectively) in the PUCCH power in the case on NACK transmission. Higher power increase for NACK transmission will be needed to achieve the 10-5 NACK-to-ACK target.
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[bookmark: _Ref490213342]Figure 2: Missed ACK and NACK-to-ACK error rates for PUCCH format_0 with asymmetrical transmission power (2PRBs)
The main advantage of using different power levels for ACK and NACK transmissions is that the average consumed power by the UE is greatly reduced compared to the case when the same missed ACK and NACK-to-ACK performance is targeted by using identical ACK and NACK power levels. For example, assuming 10% NACK probability (as a worst case scenario) then using a  with 3dB boost compared to the  results in 0.4dB average power increase only, this is to be compared with the 3dB average power increase if both the and  are boosted by 3dB. Adopting this solution will reduce the power consumption and the inter-cell interference as well.
Proposal 1: Support different PUCCH transmission power levels depending on whether ACK or NACK is transmitted.
Enhancements to PUCCH Format 3  
Minimum latency mapping of HARQ information
In higher SCS (e.g. 60 kHz) scenarios, it can be a viable option for greater robustness to multiplex HARQ information onto long PUCCH Format 3 along with other UCI data. In such a case, the current standard (Section §6.3.6 in [4]) allows for two-part CSI mapping, whereby as shown in Figure 3, HARQ codebook, SR bits, and CSI part 1 are encoded together and mapped onto RE’s next to the DMRS symbols. While this solution provides maximum reliability, it does not minimize latency. For URLLC, it may be beneficial to provide a slightly modified encoding and mapping option, whereby HARQ-ACK and SR information, which are latency critical, are encoded separately from CSI part 1 and mapped next to the first DMRS. The applied encoding should compensate for the lack of diversity gain from frequency hopping between the two halves of the PUCCH resource. The gain in latency would amount to 2-7 symbols depending on the PUCCH duration and DMRS configuration.
Observation 4: Two-part CSI mapping onto PUCCH Format 3 optimizes for reliability, but not for latency.
Proposal 2: When UCI data are multiplexed over PUCCH Format 3, an option should be available for separate encoding of HARQ-ACK/SR and mapping it next to the first DMRS for best reliability constrained on minimum latency.
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[bookmark: _Ref525922638]Figure 3: Two-part CSI mapping in current standard (left) and proposed mapping for minimal HARQ/SR latency (right)
When HARQ feedback comprises only a few bits an even more compact solution can be put forward: the HARQ/SR information could be mapped on the first DMRS symbol by means of cyclic shift of the DMRS or selection between pre-configured DMRS patterns. The information could be repeated on the other DMRS symbols for robustness.
Proposal 3: When UCI data are multiplexed over PUCCH Format 3, an option should be available to encode very short HARQ/SR bit sequences by means of cyclic shift applied to the fixed DMRS pattern, or by selection of one out of multiple pre-configured DMRS patterns.
Prioritizing URLLC in P/SP CSI reporting
When a UE is configured with periodic CSI reports having different period lengths, in some periods their respective configured PUCCH resources will overlap in time, as shown in Figure 4. If multi-CSI reporting is configured the two reports can be multiplexed onto a combined PUCCH resource. Otherwise, one of them needs to be dropped. To give URLLC traffic high priority, the dropping rule (in §5.2.5 of [5]) should account for the configured CQI table, favouring the lower BLER target, and this condition should take precedence over all other conditions. Prioritization could be considered over multiplexing even in the case when multi-CSI reporting is otherwise enabled and a combined PUCCH resource would be available.  

[bookmark: _Ref525898886]Figure 4: Multi-CSI multiplexing prioritizing when PUCCH resources overlap
Proposal 4: When PUCCH resources assigned to two P/SP CSI reports overlap in time, if one of them is configured with a CQI table using lower BLER target than the other then the one with the higher BLER target should be dropped, unless the UE is configured otherwise.  
Conclusion
[bookmark: _GoBack]In this contribution, we discuss several enhancements for the reliability and latency of UCI (mainly HARQ feedback) transmitted on PUCCH, and we have the following observations and proposals:
Observation 1: receive diversity is essential for enhancing the reliability of PUCCH.
Observation 2: the required SNR for achieving the target NACK-to-ACK error rate is generally higher than the required SNR for achieving the target missed ACK rate.
Observation 3: the difference between the required SNR for achieving the target missed ACK and NACK-to-ACK error rates depends on the system setting (e.g. number of PRBs and number of receive antennas).
Proposal 1: Support different PUCCH transmission power levels depending on whether ACK or NACK is transmitted.
Observation 4: Two-part CSI mapping to PUCCH Format 3 optimizes for reliability, but not for latency.
Proposal 2: When UCI data are multiplexed over PUCCH Format 3, an option should be available for separate encoding of HARQ-ACK/SR and mapping it next to the first DMRS for best reliability constrained on minimum latency.
Proposal 3: When UCI data are multiplexed over PUCCH Format 3, an option should be available to encode very short HARQ/SR bit sequences by means of cyclic shift applied to the fixed DMRS pattern, or by selection of one out of multiple pre-configured DMRS patterns.
Proposal 4: When PUCCH resources assigned to two P/SP CSI reports overlap in time, if one of them is configured with a CQI table using lower BLER target than the other then the one with the higher BLER target should be dropped, unless the UE is configured otherwise.  
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Appendix
[bookmark: _Ref490211503]Table 2: Simulation parameters for link-level simulation
	Parameter
	Value

	Carrier frequency
	4 GHz

	Bandwidth
	20 MHz

	Subcarrier Spacing
	15 kHz

	Antenna Configuration
	1Tx, and (1, 2, 4) Rx antennas

	Number of PRBs
	1 and 2

	Number of Symbols
	1 Symbol

	Channel
	TDL-C with 300ns RMS delay, @ 3 km/h

	Noise estimation
	Ideal

	Performance metrics	
	DTX-to-ACK probability of 0.01
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