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1 Introduction

In previous RAN1 meetings, there was almost no discussion on UL control channels reliability aspects related to URLLC services. In general, the uplink direction has substantially lower coverage than DL (up to 20 dB) in cellular systems due to different maximum transmission powers, noise figure assumptions etc. In that sense, the UL channels may be a bottleneck for closed-loop URLLC operation in both DL heavy and UL heavy traffic services. Therefore, it is crucial to optimize all UL channels in terms of reliability.

In this contribution, we analyze UL control channel design aspects affecting reliability of URLLC services. Other aspects related to NR URLLC are discussed in our companion contributions [1]-[5].
2 Short PUCCH Reliability Aspects
The design of short PUCCH is mainly optimized to provide low-overhead low-latency UL control information transmission such as self-contained HARQ feedback, SR, CSI. However, the short PUCCH in its nature has lower link budget comparing to the long PUCCH due to less energy per information bit that may be transmitted during 1-2 symbols comparing to > 4 symbols.
In order to optimize short PUCCH reliability under latency constraints, all sources of diversity should be exploited: frequency, time, space, interference. Therefore, the following principles should be enabled:
· Frequency distributed transmission and/or frequency hopped transmission. Extraction of frequency diversity is an important aspect to achieve target reliability. It should be noted, that both mechanisms are already being enabled for short PUCCH.
· PUCCH repetitions. Short PUCCH may be configured with a set of resources to be used for transmission of the same content. Both frequency and time domain repetitions can be considered. The frequency repetitions could be enabled for non-power limited UEs (that is likely the case for short PUCCH) to improve link budget of 1-2 bit UCI formats (i.e. SR, ACK-NACK).
· Multi-antenna PUCCH transmission. Exploiting of multi-antenna diversity is another important factor to achieve reliable PUCCH operation. As it is proposed in our companion contribution [6], short PUCCH carrying up to 2 bits UCI could use SORTD scheme while short PUCCH with more than 2 bits UCI could apply SFBC.
In order to enable the low latency PUCCH transmission, it is natural to allow configuration of short PUCCH transmission occasions with sub-slot periodicity, i.e. symbol-level granularity (as illustrated in Figure 1). The configuration also needs to be UE-specific to maintain flexible UE multiplexing.
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Figure 1. Multiple short PUCCH transmissions with hopping. 

Observation 1

· Current agreements and design direction for NR short PUCCH can provide flexible structure to achieve ultra-reliability assuming the following will be also enabled:
· Configuration of UE-specific symbol-level granularity short PUCCH occasions,

· Aggregation of short PUCCH transmissions with application of time and frequency hopping.
3 Long PUCCH Reliability Aspects

The long PUCCH is being designed in order to provide enhanced link budget for power limited UEs comparing to the short PUCCH and therefore achieve coverage no less than LTE uplink. However, the robustness of long PUCCH may need to be further provisioned in order to support variety of services with different latency and reliability requirements.
In order to optimize long PUCCH reliability under latency constraints, all sources of diversity should be exploited: frequency, time, space, interference. Therefore, the following principles should be enabled:

· Frequency hopped transmission. Extraction of frequency diversity is an important aspect to achieve target reliability. It should be noted, that intra-slot frequency hopping is supported for long PUCCH.

· PUCCH repetitions. Long PUCCH may be configured with two frequency resources to be used for transmission of the same content. Time domain repetitions can be considered in inter-slot manner. In addition, long PUCCH may span multiple slots to further improve the link budget and coverage.
· Multi-antenna PUCCH transmission. Exploiting of multi-antenna diversity is another important factor to achieve reliable PUCCH operation. As it is discussed in our companion contribution [6], long PUCCH carrying up to 2 bits UCI could use SORTD scheme while long PUCCH with more than 2 bits UCI could apply the same TxD scheme employed for DFT-s-OFDM based PUSCH transmission, e.g. time domain precoder/beam cycling.
Additionally, flexible starting and ending positions of long PUCCH are highly desirable in order to fully utilize the latency budget for UCI transmission. For example, it should be possible to start PUCCH transmission in the middle of one slot and stop in the middle of another slot. That may be enabled by inter-slot long PUCCH aggregation with slot-specific PUCCH duration with careful consideration on signaling design.
Observation 2
· Current agreements and design direction for NR long PUCCH can provide flexible structure to achieve ultra-reliability assuming the following will be also enabled:

· Flexible configuration of long PUCCH starting and ending positions,

· Inter-slot aggregation of long PUCCH transmissions.
4 PUCCH Transmission within Wide Bandwidth

In case the system operates in wide bandwidth, it is likely that multiple bandwidth parts will be configured. However, since URLLC typically may require wider BW than eMBB, it is natural to assume that URLLC UE will be capable to operate in wide BW. That is, it will either be configured with at least one wide BWP or with multiple active BWP. Assuming, this, potential considerations on retuning gaps for PUCCH transmission in case of wide bandwidth operation may not be needed. Alternatively, these gaps may be handled by proper configuration of PUCCH occasions.
Observation 3
· No specific work is required to enable PUCCH transmission in case of wide band operation to support URLLC services.

5 PUCCH Early Termination

As discussed in previous sections, configuration of multiple PUCCH repetitions can provide desirable level of reliability at expense of reduced spectrum efficiency (and therefore lower UE multiplexing capacity) and higher power consumption. Most importantly, multiple PUCCH repetitions adversely affect PUCCH delivery latency and therefore overall URLLC capacity. This may for example increase HARQ round trip time in case of PUCCH carrying ACK-NACK feedbacks, or increase scheduling latency in case of SR transmission.

In order to improve system performance in case of PUCCH repetitions, an early termination mechanism may be assumed. That is, the system may be designed in a way to be able to switch the state and perform the next action as early as PUCCH is successfully decoded / detected without waiting for the last PUCCH transmission. The early termination may be useful for both HARQ-ACK and SR since these UCI types trigger DCI for DL and UL data respectively.
For example, in case of HARQ ACK/NACK feedback, it is beneficial to introduce PUCCH repetitions so that gNB may reschedule data as early as it detects the feedback. Note that different number of repetitions may be considered for NACK and ACK, since NACK delivery is much more crucial, as it is illustrated in Figure 2.
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Figure 2. Early termination of A/N repetitions.
Another example, is the case of SR transmission, a UE can transmit SR on PUCCH resources until it receives a DCI or the maximum number of SR transmission is achieved. As illustrated in Figure 3, the SR resources for continuous transmission may be allocated each mini-slot or with symbol-level periodicity. Note that similar behavior is supported in LTE and is controlled with parameters of maximum number of SR retransmissions and transmission prohibit timers.
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Figure 3. Early termination of SR repetitions.

Observation 4
· In order to reduce latency of aggregated PUCCH transmissions, an early termination approach can be considered.

However it should be noted that such behavior requires minimal specification support beyond flexible configuration of aggregated PUCCH transmissions. One potential impact is the possibility to configure UEs to drop certain scheduled PUCCH transmissions after some event or trigger, e.g. reception of the corresponding DCI grant.
Proposal 1

· UE can be configured to drop certain scheduled PUCCH transmission in an aggregation based on a particular event or a trigger.
Another note is that for unpaired spectrum deployments (i.e. TDD), the early termination may be challenging due to half-duplex nature. In that case, additional gaps between PUCCH repetitions are required to potentially receive the termination trigger.
6 PUCCH Power Control

In general, increase of transmission power is one of the easiest options to improve link performance (not taking into account interference and other system level considerations). From system perspective, URLLC transmissions may be rather infrequent and therefore do not contribute much to the overall system interference even with higher TX power. Therefore, at expense of higher interference variations and dynamic range at gNB, the higher TX power can be configured for transmission of PUCCH carrying SR or HARQ feedbacks. This can be possible by UE-specific configuration, however in case a UE is configured with different services types, e.g. URLLC and eMBB, the power control parameters for URLLC PUCCH need to be configured separately.
Additionally, in case multiple channels are scheduled for simultaneous transmission (e.g. for different services and/or in different bandwidth parts / component carriers), a mechanism to prioritize power allocation for the higher priority service PUCCH may be needed to provide URLLC service.

Proposal 2

· PUCCH power control parameters should be configurable per service or per PUCCH resource configuration.

7 Conclusions

In this contribution, we discussed NR design aspects affecting reliability of UL control channels. Based on the discussion and analysis, we have the following observations and proposals:
Observation 1

· Current agreements and design direction for NR short PUCCH can provide flexible structure to achieve ultra-reliability assuming the following will be also enabled:

· Configuration of UE-specific symbol-level granularity short PUCCH occasions,

· Aggregation of short PUCCH transmissions with application of time and frequency hopping.
Observation 2

· Current agreements and design direction for NR long PUCCH can provide flexible structure to achieve ultra-reliability assuming the following will be also enabled:

· Flexible configuration of long PUCCH starting and ending positions,

· Inter-slot aggregation of long PUCCH transmissions.
Observation 3

· No specific work is required to enable PUCCH transmission in case of wide band operation to support URLLC services.
Observation 4
· In order to reduce latency of aggregated PUCCH transmissions, an early termination approach can be considered.
Proposal 1

· UE can be configured to drop certain scheduled PUCCH transmission in an aggregation based on a particular event or a trigger.
Proposal 2

· PUCCH power control parameters should be configurable per service or per PUCCH resource configuration.
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