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1 Introduction

Potential enhancements to UL control mechanisms for Rel-16 URLLC were discussed at previous meetings. Some agreed areas for further study include [1]:

Agreements:

· For a R16 UE, at least two HARQ-ACK codebooks can be simultaneously constructed, intended for supporting different service types for a UE
· FFS more details (including procedures when applicable)
· FFS: How to identify a HARQ-ACK codebook 
· FFS applicability to semi-static HARQ-ACK codebook, or dynamic HARQ-ACK codebook, or both

· FFS more than 2

· FFS whether or not CBG configuration is supported for Rel-16 URLLC
Agreements:

· Down-select in RAN1#96 for potential A-CSI on PUCCH
· Opt.1: A-CSI report on PUCCH triggered by DL-scheduling DCI.

· For measurement source

· Alt.1: Based on CSI-RS/CSI-IM measurement 

· Alt.2: Based on DMRS/PDSCH/PDCCH measurement

· For report quantity

· Alt.1: R15 baseline

· Alt.2: Delta CQI

· Alt.3: Delta SINR

· For report timeline

· Alt.1: R15 timeline

· Alt.2: New timeline

· Opt.2: A-CSI report on PUCCH based on group-common PDCCH (similar to A-SRS triggering in GC-PDCCH in Rel-15) using Rel-15 mechanisms for measurement source, report quatity, and timeline (A-CSI triggered to transmit on PUSCH)

· Opt.3: No A-CSI on PUCCH due to this SI
Companies are encouraged to perform more evaluations/analysis w.r.t. the above options to facilitate coming up with observations and eventually drawing conclusion
This contribution addresses the detail solution for multiple PUCCHs for HARQ-ACK within a slot and several potential enablers for Rel-16 URLLC. 
2 Discussion
2.1 Support of multiple PUCCHs for HARQ-ACK within one slot
According to the RAN1 AH-1901 agreement a separate codebook can be constructed for at least two different service types. It means service type based PDSCH grouping should be defined for constructing independent HARQ-ACK codebooks and PUCCH resource determination can be performed separately within each group. 
On how to identify the PDSCH group, either explicit or implicit indication could be considered. PDSCH grouping can be explicitly indicated by DCI or RRC signaling. On implicit indication, PDSCH grouping could be based on DCI format or RNTI or based on the search space where the PDCCH was received. In order not to increase the DCI or RRC signaling overhead, we consider implicit indication can be used, and as discussed in [2], differentiation of dynamically scheduled traffic based on different RNTIs or different USS sets can be considered.
Proposal 1: If a UE is configured to receive both URLLC and non-URLLC traffic, a UE may determine the traffic type for a dynamically scheduled PDSCH transmission based on different RNTIs or different UE-specific search space sets where the corresponding PDCCH is detected.

After determining the service-type-dependent PDSCH group the corresponding HARQ-ACK codebook can be separately transmitted on different PUCCH resources if not overlapping, while UE behaviour for overlapping case is discussed in Sec. 2.2. Thus, separate PUCCH resource sets can be configured for different PDSCH groups respectively.
In the next step, whether supporting more than one PUCCH for HARQ-ACK within a slot for URLLC traffic should be further considered. Considering that for type-B PDSCH, at most seven PDSCH can be transmitted in one slot, we consider more than one PUCCH with HARQ-ACK should be supported for URLLC in a slot, hence further enhancement should be considered. To support multiple PUCCH for HARQ-ACK within one slot for URLLC, several options were discussed in last meeting:
Option 1 Finer HARQ-ACK timing granularity

In this option, a finer granularity for the K1 timing is defined to partition the PUCCH slot into different regions. The PUCCH resource set(s) may be independently configured per subslot. Alternatively, the PUCCH resource set(s) may be configured on slot basis but the start and length of each PUCCH resource may be configured such that they are distributed into each subslot. There are three sub-options that can be considered:
· Opt.1a: Subslot-based indication, K1 indicates the subslot offset from the DL subslot to the UL subslot
· Opt.1b: Joint encoding of number of slots and subslots in K1 (for extending range of PDSCH-PUCCH timing difference)
For option 1a, K1 indication is subslot based, where for a PDSCH transmission ending in subslot n the UE transmits HARQ-ACK in subslot n + K1. Semi-static codebook principle is reused for each subslot, candidate PDSCH occasions in a subslot is determined based on the ending position of PDSCH and the subslot boundary definition. For dynamic HARQ-ACK codebook, the codebook determination mechanism can be reused, PDCCH monitoring occasion set can be determined based on the configured subslot based K1 value and K0 values.

For option 1b, there are two fields in DCI to indicate K1, the first field is slot based and the second field is subslot based. The first field indicates the slot offset between PDSCH transmission and the PUCCH used for HARQ-ACK, while the second field indicates the subslot used for PUCCH in the slot indicated by the first field. The semi-static codebook procedure can be reused in this option. For dynamic HARQ-ACK codebook, the codebook determination mechanism can be totally reused for each PUCCH sub-slot.
The comparisons of the two options are summarized in the following table:

Table 1 Comparison of option 1a and option 1b
	
	K1 indication
	Semi-static codebook
	Dynamic codebook
	PUCCH occasion in a slot
	DCI overhead
	Spec impact

	Option 1a
	Sub-slot offset between the PDSCH ending sub-slot and PUCCH subslot
	Define sub-slot for DL, codebook is determined per sub-slot for DL
	Reuse the codebook determination principle, codebook construction based on per sub-slot
	One PUCCH per sub-slot

	At most 3 bits
	Define new K1, define sub-slot boundary, impact on semi-static codebook 

	Option 1b
	a combination of slot- and sub-slot level offsets
	Reuse the codebook determination method
	
	
	Same as or more than1a when cover same feedback range
	Define sub-slot boundary, introduce sub-slot indication in DCI

	Summary
	Both options need to define sub-slot, option 1a need to define sub-slot for PDSCH
	Option 1b have larger codebook size in some cases
	Similar
	 Similar
	Option 1b have larger overhead in some cases
	Option 1b have less spec impact


According to the comparisons, it seems that the main differences between the two sub-options are primarily the specification impact and DCI overhead. It can be seen that option 1a has impact on HARQ-ACK timing while option 1b introduces a sub-slot indication in DCI. Both options need to define sub-slot boundary, so the impacts are similar. Moreover, the semi-static codebook method can be reused for option 1b while we need to modify the candidate PDSCH occasion determination for semi-static codebook for option 1a. Hence our view is that option 1b has less specification impact. 
On the other hand, if semi-static codebook is configured, option 1b may have larger codebook size than option 1a in some special cases. For example, for option 1a and half-slot granularity for K1, if a single value of K1 = 3 is configured, the semi-static codebook size for PUCCH in subslot 2n+3 is 1 if there is only one PDSCH occasion in DL subslot 2n as shown in Figure 1a. However, for option 1b, if we want to support same feedback position as option 1a, slot based K1=1 and K1=2 should be configured to the UE. Then the semi-static codebook size for PUCCH in subslot 2n+3 is at least 2 as shown in Figure 1b since there are two PDSCH occasions in slot n. If there are possible PDSCH occasions in slot n-1, the codebook size can be even larger. According to the same example, we can see that the DCI overhead of option 1a is smaller, since 0 bit is needed in DCI of option 1a to indicate HARQ-timing and in option 1b, 1 bit is needed for HARQ-timing indication and 1 bit is needed for sub-slot indication.
In summary, option 1b has less specification impact, while option 1a has less DCI overhead and can produce smaller semi-static codebook size in some cases. 
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Figure 1a Example of HARQ feedback for Option 1a
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Figure 1b Example of HARQ feedback for Option 1b
Opt.2: PDSCH grouping + slot-based K1 indication 

In this option, we do not need to introduce the notion of a sub-slot. PDSCHs can be grouped by different methods. Several sub-options were considered at the last meeting: 
· Opt.2a: PDSCH grouping with explicit indicator (e.g. in DCI or RRC signaling)

· Opt.2b: Implicit PDSCH grouping based on PRI (for Type II codebook)

· Opt.2c: Implicit PDSCH grouping based on RRC parameters (K1 set, SLIV, CC set, etc.)

· Opt.2d: Implicit PDSCH grouping based on processing timeline (for Type I and Type II codebook)

· Opt.2e: Implicit PDSCH grouping based on DCI format or RNTI (e.g. separate groups for eMBB and URLLC)

For option 2a, it is similar to option 1b and the only difference is that PUCCH occasion is not limited to a subslot but can be in any position of a slot. Hence it is more flexible and multiple non-overlapping PUCCHs with HARQ-ACK can be transmitted in any position of a slot.

For option 2b, there is a drawback for semi-static codebook as pointed out in [3].. Here the PDSCH group is determined by the PUCCH resource but the UE cannot determine the PUCCH resource before it determines which PUCCH resource set the resource belongs to, and to determine the used PUCCH resource set the UE should first determine the codebook size. Further, UE cannot determine the codebook size before it determines the corresponding PDSCH group. Several options can be considered to resolve the issue, e.g. only one resource set is configured for the UE or PUCCH fallback is not supported for semi-static codebook then we do not need to select the PUCCH resource set, but anyway it will introduce more spec impact.

For option 2c, it introduces some RRC signaling overhead to define multiple PDSCH groups. Note that it also limits the possibility of UCI multiplexing between different PDSCH groups. One merit however is that it may reduce the codebook size for semi-static codebook compared with the other options.

For option 2d, since PDSCH grouping is based on the processing timeline, actually K1 is not needed in the DCI indication. This option is quite restrictive in terms of scheduling as it doesn’t allow the gNB to flexibly schedule HARQ-ACK feedback for e.g. PUCCH load balancing when the latency bound is not very tight. 
For option 2e, it is more suitable to differentiate different service types but not suitable for differentiating PDSCH groups for the same traffic type.
For all the above sub-options of option 2, option 2a is preferred since it does not restrict scheduling and the only limitation is that the DCI overhead is increased compared with the other options. 
We can further compare option 1a, option 1b and option 2a. It is clear that option 2a is better than option 1b since 1) we do not need to define sub-slot and 2) the position of multiple non-overlapping PUCCHs is more flexible. For option 1a and option 2a, the comparisons are further summarized in the following table:
Table 2 Comparison of option 1a and option 2a
	
	K1 indication
	Semi-static codebook
	Dynamic codebook
	PUCCH occasion in a slot
	DCI overhead
	Spec impact

	Option 1a
	Sub-slot offset between the PDSCH ending sub-slot and PUCCH subslot
	Define sub-slot for DL, codebook is determined per sub-slot for DL
	Reuse the codebook determination principle, codebook construction based on per sub-slot
	One PUCCH per sub-slot

	
	Define sub-slot, define new K1, define PDSCH grouping

	Option 2a
	Slot based
	Reuse the codebook determination method for each group
	Reuse the codebook determination principle, codebook construction based on per group
	Multiple PUCCH per slot

	Same as or larger than1a
	Define PDSCH grouping in DCI

	Summary
	Option 2a not need to define sub-slot
	Option 1a may have smaller codebook size in some cases
	Similar
	Option 2a is more flexible
	Option 1a may have smaller DCI overhead in some cases
	Option 2a have less spec impact


According to the comparisons, it seems that the main differences are on specification impact and UCI/DCI overhead. Option 2a has less specification impact than option 1a while option 1a has smaller UCI/DCI overhead. It should be noted that whether option 1a has less UCI/DCI overhead is based on the configured K1 timing, if only one K1 value is configured, it is observed that option 1a always has less UCI/DCI overhead. Considering only one K1 value configured for a UE is a typical scenario for FDD, we slightly prefer option 1a.
Proposal 2: Support subslot-based indication if multiple PUCCH for HARQ-ACK in a slot is supported for URLLC, K1 indicates the subslot offset from the DL subslot to the UL subslot.
2.2 UCI multiplexing for different traffic types
For a UE scheduled with both URLLC and non-URLLC traffic, both URLLC UCI and non-URLLC UCI may be required in the same slot. According to the agreement in last meeting, different HARQ-ACK codebooks should be constructed for different traffic types, URLLC UCI and non-URLLC UCI should be transmitted on separate PUCCHs. In case of overlapping between eMBB PUCCH and URLLC PUCCH, the Rel-15 UCI multiplexing rules for overlapping PUCCHs may or may not be reused.

Consider the example scenario shown in Figure 2. If there was no URLLC PDSCH in slot n, two non-overlapping PUCCHs may be transmitted in slot n+1 carrying HARQ-ACK for eMBB PDSCH on PUCCH #1 and HARQ-ACK for URLLC PDSCH on PUCCH #3. However, if there is a URLLC PDSCH in slot n indicating a PUCCH resource in slot n+1 (PUCCH #2) that overlaps with the PUCCH carrying eMBB HARQ-ACK (PUCCH #1), eMBB and URLLC HARQ-ACKs can be multiplexed in a single PUCCH resource similar as the UCI multiplexing rule for PUCCHs overlapping in R15. One issue is that the determined PUCCH resource may end later than the initial PUCCH resource for URLLC HARQ-ACK, which increases the latency of URLLC. Secondly, the code rate corresponding to the total HARQ-ACK payload may exceed the target code rate for URLLC HARQ-ACK. Dropping the non-URLLC HARQ-ACK can be considered if multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK. X can be configured by RRC or fixed by specification.
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Figure 2 HARQ multiplexing for URLLC and non-URLLC data

Proposal 3: In case of overlapping between PUCCHs carrying non-URLLC HARQ-ACK and URLLC HARQ-ACK, the non-URLLC HARQ-ACK could be dropped under the following conditions:

· If multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate of URLLC PUCCH and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK.
2.3 CSI feedback enhancements
In NR Rel-15, A-CSI reporting on PUCCH was discussed for low latency, but it is assumed sufficient to use A-CSI reporting on short PUSCH such as 2-symbol PUSCH to enable fast link adaptation. In NR Rel-16, it was observed that at least for URLLC, where PDCCH overhead may be a concern due to likely utilization of higher aggregation levels, signaling an A-CSI request in a DCI format is not very efficient when there is no UL data to multiplex on the PUSCH. URLLC traffic may be bursty and aperiodic in some use cases and both P-CSI and SP-CSI may not be suitable given the considerable UL overhead. Therefore, the potential benefits of A-CSI transmission on PUCCH should be considered. In RAN1 AH-1901 it was agreed to further study unicast and group-common DCI as signaling candidates for A-CSI on PUCCH [1]. 
A-CSI triggered by a GC-DCI

When using a GC-DCI format, A-CSI can be triggered similarly to triggering A-SRS using DCI format 2_3. One advantage is that there is no change to the Rel-15 CSI procedure including the CSI measurement source, report quantity and report timeline. Furthermore, multiple UEs can be triggered by the same DCI, which satisfies the objective of introducing A-CSI on PUCCH in the first place. However, for bursty traffic where A-CSI is likely to be beneficial, packet arrivals are independently distributed across UEs and the A-CSI may only be needed for one or a few UEs at any given time. Therefore, there may not be material savings in DCI overhead compared to the Rel-15 method of triggering in a DCI scheduling unicast PUSCH.
Observation 1: Triggering A-CSI on PUCCH using GC-DCI can largely reuse the Rel-15 CSI measurement/reporting mechanism but the savings in DL control overhead is questionable for bursty traffic.
A-CSI triggered by a DL-scheduling DCI

Triggering A-CSI in a DL-scheduling DCI is better suited to bursty (acyclic) traffic. A CSI request field may need to be added to the DCI, where the bit width is determined by the CSI reporting configuration. Regarding the measurement source, the A-CSI can be measured on CSI-RS/CSI-IM or PDSCH/PDCCH DMRS. 
One motivation for DMRS-based CSI measurement is that a UE can generate a CQI report that is based on the post-equalizer SINR. This CQI estimate can then be used by the gNB to update its CSI knowledge either as an absolute value, or more likely, as a delta CQI update. The drawback of DMRS-based CQI measurement is that the gNB only gets a precoder-specific CQI estimate and furthermore, one that only corresponds to the scheduled PDSCH BW. More importantly, this scheme introduces significant specification impact as a new CSI measurement procedure and CSI report quantity need to be specified. On the other hand, there is no impact on reporting timeline since it is based on the PDSCH processing timeline. 

Observation 2: DMRS-based CQI report requires specification of new measurement and report quantities but has the advantage the reporting timeline can follow the PDSCH processing timeline.

CSI-RS/CSI-IM based CSI measurement can also be considered similarly to Rel-15. In Rel-15, multiple CSI triggering states are configured by RRC signaling and DCI format 0_1 indicates a CSI trigger state. The CSI triggering state also includes the CSI-RS triggering offset between the PDCCH and CSI-RS. If multiple consecutive PDCCHs can trigger A-CSI reports, how to determine the CSI-RS resource needs further study. As an example shown in Figure 3, all the PDCCHs in slots n, n+1, n+2 and n+3 indicate A-CSI is triggered in slot n+4. 
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Figure 3 Multiple DLDCI trigger A-CSI on one PUCCH
Two options can be considered for CSI-RS slot determination:
· Option 1: Based on PUCCH slot with A-CSI and a slot offset between CSI-RS and PUCCH
· Option 2: Based on the slot containing the PDCCH and a slot offset between the PDCCH and CSI-RS
For Option 1, both gNB and UE determine the CSI-RS resource based on the PUCCH slot with A-CSI. A slot offset X between CSI-RS and PUCCH can be configured or predefined. The gNB transmits CSI-RS in the last valid slot which is X slots before the PUCCH slot. For the example of Figure 3, assuming the slot offset X=1, then for PUCCH in slot n+4, the gNB transmits CSI-RS only in slot n+3.

Option 2 is a similar mechanism as Rel-15, wherein a DCI triggering an A-CSI report on a PUCCH also indicates the slot containing the associated CSI-RS. One issue can be observed if multiple DCIs trigger corresponding CSI-RS resources in order to avoid the case of missing PDCCH carrying CSI as earlier described. This scheme is clearly inefficient in this case since the UE only needs one CSI-RS resource to perform the CSI measurement.  
Therefore, Option 1 is preferred since it avoids large CSI-RS overhead.
Another consideration for triggering A-CSI in a DCI scheduling unicast PDSCH is whether/how to multiplex HARQ-ACK and CSI on same PUCCH or different PUCCHs. 

Joint feedback of HARQ-ACK and A-CSI on the same PUCCH would be desirable for the DMRS-based CQI measurement if the CQI report is based on e.g. the post-equalizer SINR. As such, there is no additional latency compared to the specified PDSCH processing timeline supported for HARQ-ACK feedback. However, if multiple HARQ-ACKs are multiplexed in a PUCCH, the UE and gNB may have different understanding on the codebook size if the DCI indicating A-CSI is missed by the UE. As an example shown in Figure 4, if PDSCH in slots n, n+1, n+2 and n+3 all feedback HARQ-ACK in one PUCCH in slot n+4 and only the DCI in slot n+1 triggers A-CSI, UE will feedback only HARQ-ACK information if it misses the DCI in slot n+1 but the gNB will assume both HARQ-ACK and CSI are transmitted on PUCCH in slot n+4. To resolve the issue, gNB can indicate different PUCCH resources in DCI with A-CSI triggering and DCI without A-CSI triggering. Then if UE misses the DCI triggering A-CSI, gNB can perform a blind detection on different PUCCH resources. Alternatively, if the gNB triggers A-CSI in DL DCI, it sets the same value for the A-CSI trigger field in subsequent DCIs scheduling PDSCHs with HARQ-ACKs multiplexed in the same PUCCH to reduce the possibility of UE missing the DCI triggering A-CSI.
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Figure 4 Multiple DL DCI trigger A-CSI on one PUCCH
For CSI-RS-based measurement, multiplexing of HARQ-ACK and CSI on the same PUCCH resource implies that the feedback timing jointly satisfies the CSI processing and PDSCH processing timelines. This may only be possible in URLLC applications with more relaxed latency requirements, e.g. power distribution but not those with tight latency bounds such as factory automation.

Separate feedback of HARQ-ACK and A-CSI is a different alternative that is more suited to CSI-RS/CSI-IM based CSI report. The DCI indicates separate PUCCH resources and separate feedback timing for HARQ-ACK and A-CSI. Therefore, additional fields are included in DCI to indicate PUCCH resource and feedback timing for A-CSI. Furthermore, although A-CSI has a different PUCCH resource it is still possible that A-CSI overlaps with a HARQ-ACK corresponding to PDSCH scheduled by another DCI and further study is needed for this case.
Observation 3: For A-CSI on PUCCH using CSI-RS-based measurement, multiplexing of the CSI report and HARQ-ACK corresponding to the scheduled PDSCH on the same PUCCH resource implies that the feedback timing satisfies both PDSCH processing timeline and CSI processing timeline.
Based on this discussion it can be seen that A-CSI on PUCCH is feasible but more study is needed. It is recommended to capture the details of each scheme in the TR. 

Proposal 4: Capture details of GC-DCI and unicast DCI triggering mechanisms for A-CSI on PUCCH in the TR.
3 Conclusion
This contribution discussed possible PHY enhancements to adequately support Rel-16 URLLC use cases. For enhanced HARQ-ACK feedback we have the following proposals:
Proposal 1: If a UE is configured to receive both URLLC and non-URLLC traffic, a UE may determine the traffic type for a dynamically scheduled PDSCH transmission based on different RNTIs or different UE-specific search space set where the corresponding PDCCH is detected.

Proposal 2: Support subslot-based indication if multiple PUCCH for HARQ-ACK in a slot is supported for URLLC, K1 indicates the subslot offset from the DL subslot to the UL subslot.
Proposal 3: In case of overlapping between PUCCHs carrying non-URLLC HARQ-ACK and URLLC HARQ-ACK, the non-URLLC HARQ-ACK could be dropped under the following conditions:

· If multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate of URLLC PUCCH and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK.

For A-CSI transmission on PUCCH we have the following observations and proposal:

Observation 1: Triggering A-CSI on PUCCH using GC-DCI can largely reuse the Rel-15 CSI measurement/reporting mechanism but the savings in DL control overhead is questionable for bursty traffic.

Observation 2: DMRS-based CQI report requires specification of new measurement and report quantities but has the advantage the reporting timeline can follow the PDSCH processing timeline.

Observation 3: For A-CSI on PUCCH using CSI-RS-based measurement, multiplexing of the CSI report and HARQ-ACK corresponding to the scheduled PDSCH on the same PUCCH resource implies that the feedback timing satisfies both PDSCH processing timeline and CSI processing timeline.
Proposal 4: Capture details of GC-DCI and unicast DCI triggering mechanisms for A-CSI on PUCCH in the TR.
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