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In Rel-15 and Rel-16, to maintain the single carrier metric of uplink transmission, UCI (except SR) from PUCCH is multiplexed on a PUSCH within the same PUCCH group, when they are overlapped in time and have same priority level. To guarantee UE and gNB have the same understanding of HARQ bits number on the PUSCH, total DAI mechanism is applied and a restriction on PDSCH scheduling is introduced, which is described in the TS 38.213 Clause 9 [1] and the restriction is copied as below:
“A UE does not expect to detect a DCI format scheduling a PDSCH reception or having associated HARQ-ACK information report without scheduling a PDSCH reception, and indicating a resource for a PUCCH transmission with corresponding HARQ-ACK information in a slot if the UE previously detects a DCI format scheduling a PUSCH transmission in the slot and if the UE multiplexes HARQ-ACK information in the PUSCH transmission.”
In Rel-17 TEI stage, whether/how to relax the restriction is discussed but did not reach agreement or conclusion in the end, however, the majority companies consider such restriction is not very necessary especially for the case of PUSCH repetition and dynamic scheduling PDSCH [3]. In RAN1 #112, whether/how to relax the restriction for PUSCH repetitions are discussed and majority companies think such a restriction is too limited to gNB scheduling. In this contribution, the impact of this scheduling restriction is analyzed based on the PUSCH repetition case and solution to calculate the number of HARQ information bits on the PUSCH are further discussed.
[bookmark: _Ref129681832]Scheduling restriction on PDSCH 
The impact introduced by scheduling restriction
In contribution [2], the scheduling restriction on PDSCH is explained and can be interpreted as two ways:
· Interpretation 1: After UL DCI, gNB cannot schedule a PUCCH transmission to carry HARQ information in the slot of PUSCH transmission scheduled by the UL DCI, unless the PUSCH and PUCCH transmissions are not overlapped in time.
· Interpretation 2: After UL DCI, gNB may not schedule PDSCH until all the PUSCH transmissions scheduled by the UL DCI are finished.
Following Interpretation 1, to avoid overlapping between PUCCH and PUSCH, when gNB schedules a DL data transmission after the UL grant, gNB has to indicate a PUCCH reporting corresponding HARQ information transmitted after PUSCH transmission, which results in quite large HARQ latency. Considering the case of PUSCH with repetition in TDD system, the latency could become huge and beyond the largest k1 value (i.e. 15) configured for eMBB service. Take Figure 1 as an example, a DL domain frame is configured as DDDSU. In slot 0 of frame N, UL DCI triggers PUSCH transmitted 4 times repeatedly and each repetition occupies 14 symbols. Although PDSCH is scheduled in slot 1 of frame N, the corresponding HARQ only can be reported until slot 4 of frame N+2, 22 slots between the PDSCH reception and PUCCH transmission. It should be noted, number of repetitions can be configured as 8 and for the coverage extension scenario, the number could be configured as large as 32. 
Observation 1: If PUSCH repetition is configured, the timing restriction on scheduling PDSCH after UL grant introduces large delay for HARQ feedback.
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[bookmark: _Ref126768798]Figure 1. PDSCH scheduling restriction results in large HARQ feedback delay
As interpreted in the second way, to have a short HARQ latency and smaller value of k1, gNB may postpone PDSCH scheduling after PUSCH repetitions finishing. This will cause no PDSCH can be scheduled during the period of PUSCH repetition which will decrease the spectrum efficiency dramatically. Use the same UL_DL configuration and repetition times as above example, once gNB triggers a PUSCH transmission with repetition in slot 0, Frame N, it may wait until slot 0, Frame N+2 to schedule a new PDSCH expecting a quick HARQ feedback. Details are illustrated in Figure 2. 
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[bookmark: _Ref126773423]Figure 2. PDSCH scheduling restriction results in PDSCH blockage
Observation 2: If PUSCH repetition is configured, the timing restriction on scheduling PDSCH after UL grant causes PDSCH blockage for small k1 values.
Possible solutions to reduce the impact
During the discussion in Rel-17, several possible solutions are proposed by companies, including configuring TDMed PUCCH resource with PUSCH in a slot, enabling parallel PUCCH and PUSCH transmissions and always enabling PUSCH repetition type B. However, these solutions cannot always fix the issue completely, on the contrary, may introduce more restrictions on gNB scheduling. 
Specifically, when UE is required to repeatedly transmit a TB, it means UE may locate at edge of a cell and UL coverage is possibly constraint. Hence, gNB intends to allocate more resources, typically 14 symbols, for UE to have better UL transmission performance. Less number of PUSCH transmission might lead to more PUSCH repetitions. On the other hand, gNB cannot predict whether there will be any new PDSCH scheduling after a UL grant. If gNB always spare some symbols in UL slots for potential PUCCH transmission, a large quantity UL resource could be wasted.
Transmit PUCCH and PUSCH simultaneously within a PUCCH group is supported in Rel-17, however, such kind of transmission are only applicable PUCCH and PUSCH are in different bands and with distinguished priority index. Therefore, it cannot be feasible for typical eMBB case in same band.
PUSCH repetition type B is applicable for a small packet and repetitions can be finished as soon as possible, which is enhanced for URLLC transmission purpose. Despite type A PUSCH repetition are supported widely and latency is also a critical metric for eMBB service, so using Type B repetition might not be always suitable.
Based on the analysis in section 2.1 and considering the possible solution discussed above, relaxing the scheduling restriction on PDSCH and associated HARQ seems a more feasible way which brings more flexibility for gNB scheduling. 
Proposal 1: The restriction on scheduling PDSCH after UL grant should be removed for the case of PUSCH with repetitions.
From UE Side, to support the function of scheduling PDSCH after a UL DCI format and multiplexing associated HARQ on the PUSCH scheduled by the DCI format, a new UE capability can be introduced in Rel-18. To align the understanding between gNB and UE and avoid unnecessary ambiguity due to false alarm, an RRC parameter should be introduced as well to configure the function. When UE reports a capability to support the function, gNB can configure it and schedule HARQ-ACK information multiplexed on the PUSCH scheduled previously. Otherwise, the scheduling restriction is maintained and there is no change to current specifications. 
Proposal 2: An RRC parameter to configure the function of scheduling PDSCH after a UL DCI format and multiplexing associated HARQ on the PUSCH scheduled by the DCI format can be introduced in Rel-18. 
DAI enhancements 
The optimization of restriction in section 2 relaxes the scheduling of PDSCH later than UL DCI and makes it possible to piggyback the associated HARQ information on the scheduled PUSCH. However, in this case total DAI in a UL grant cannot reflect the number of scheduled PDSCH(s) after the UL grant. Therefore, some enhancements are needed here. 
Several solutions are discussed in previous contribution [2]. As shown in Figure 3, if the scheduling restriction is relaxed, one simple way to indicate the number of HARQ bits on PUSCH is reusing the DAI mechanism of the HARQ feedback piggybacked on CG PUSCH or a PUSCH scheduled by DCI format 0_0, which is using the DAI in the last DL DCI for calculating HARQ bits on CG PUSCH. Relative description in TS38.213 to multiplex HARQ on CG PUSCH can be found in the Appendix.
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[bookmark: _Ref86743532]Figure 3.  Update total DAI in UL DCI by the DAI in DL DCI
Further enhancements on total DAI mechanism taking the DL scheduling after the UL grant into account should be investigated. It should allow total DAI covers both the number of PDCCHs sent before the UL grant and the ones will be delivered after the UL grant. Although in the PHY layer, it may be difficult for gNB to anticipate how many PDSCHs will be scheduled in the future, gNB could simply set an upper bound of HARQ bits as the total DAI in UL grant to cover all the possible PDSCH(s) receptions, as shown in Figure 4. The challenge of this solution is the uncertainty for the future scheduling from gNB side. If the upper bound is set too large, additional resources are wasted.  If the bound is set too small, it will also limit the potential PDSCH receptions so that to degrade the downlink data rate. Clearly, the gNB can choose a proper value for the upper bound considering different factors. 
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[bookmark: _Ref86743666]Figure 4. Total DAI in UL DCI cover all past and future DL grants
Updating total DAI by a new signaling could be discussed. For example, a new DCI is sent to UE to update the total DAI value just before the PUSCH transmission subject to the timeline conditions, similar operation as DCI format 2_4 used to cancel the PUSCH transmission scheduled previously. As shown in Figure 5, UL DCI_2 is transmitted to UE to update the total DAI value which has been notified by UL DCI_1 in slot n+1, to incorporate the HARQ information corresponding to the PDSCH_2 scheduled in slot n+2. The shortage of this method is also obvious, additional DAI update signaling will bring more scheduling complexity and resources waste. 
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[bookmark: _Ref126779937]Figure 5. New UL DCI delivered to update DAI value
[bookmark: _Ref67429225]As summarized in [3], more companies prefer to keep total DAI usage and avoid potential misalignment due to the last DCI missing. Thus, the second option can be a way for moving forward.  
Proposal 3: When the restriction on scheduling PDSCH after UL grant is released for PUSCH with repetition case, the UL total DAI can be indicated with a large DAI value to count all HARQ bits corresponding to the PDSCHs scheduled before and after the UL grant to generate a HARQ codebook.
Based on the discussion in RAN1 #112 [4], one company commented that the proposed DAI enhancement solution may introduce some ambiguities on HARQ codebook side due to limited bits number of DAI. For example, gNB intends to make that DAI value is equal to 5, but UE does not know what DAI value gNB exactly indicates (5, 9, 13, ….). However, this can be handled by gNB using the legacy implementation. In Rel-15, even with this scheduling restriction, the actual total DAI size is aligned between gNB and UE according to the actual PDCCH scheduled/received and the assumption that UE would not miss consecutive 4 DCI formats. For the case gNB indicates a total DAI value as 5, if 5 PDSCHs are scheduled from gNB in total and only 3 of them are received by UE, both gNB and UE will determine the HARQ codebook as 5bits on the PUSCH rather than 9 or 13. On the other hand, if more than 5 but less than 9 PDSCH are received by UE, then UE will think DAI=9 and generate codebook including potential NACKs accordingly. So does gNB side. Therefore, the understanding of codebook size is aligned between gNB and UE.
Conclusions
Based on the discussion above, following observations and proposals are obtained:
Observation 1: If PUSCH repetition is configured, the timing restriction on scheduling PDSCH after UL grant introduces large delay for HARQ feedback.
Observation 2: If PUSCH repetition is configured, the timing restriction on scheduling PDSCH after UL grant causes PDSCH blockage for small k1 values.
Proposal 1: The restriction on scheduling PDSCH after UL grant should be removed for the case of PUSCH with repetitions.
Proposal 2: An RRC parameter to configure the function of scheduling PDSCH after a UL DCI format and multiplexing associated HARQ on the PUSCH scheduled by the DCI format can be introduced in Rel-18. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 3: When the restriction on scheduling PDSCH after UL grant is released for PUSCH with repetition case, the UL total DAI can be indicated with a large DAI value to count all HARQ bits corresponding to the PDSCHs scheduled before and after the UL grant to generate a HARQ codebook.
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Appendix
Related description about the HARQ multiplexing on CG PUSCH.
	9.1.2.2	Type-1 HARQ-ACK codebook in physical uplink shared channel
If a UE would multiplex HARQ-ACK information in a PUSCH transmission that is not scheduled by a DCI format or is scheduled by a DCI format that does not include a DAI field, then 
-	if the UE has not received any PDSCH or SPS PDSCH release that the UE transmits corresponding HARQ-ACK information in the PUSCH, based on a value of a respective PDSCH-to-HARQ_feedback timing indicator field in a DCI format scheduling the PDSCH reception or the SPS PDSCH release or on the value of dl-DataToUL-ACK if the PDSCH-to-HARQ_feedback timing indicator field is not present in DCI format 1_1 or on the value of dl-DataToUL-ACK-ForDCI-Format1-2 if the PDSCH-to-HARQ_feedback timing indicator field is not present in DCI format 1_2, in any of the  occasions for candidate PDSCH receptions by a DCI format or SPS PDSCH on any serving cell , as described in clause 9.1.2.1, the UE does not multiplex HARQ-ACK information in the PUSCH transmission;
-	else the UE generates the HARQ-ACK codebook as described in clause 9.1.2.1, except that harq-ACK-SpatialBundlingPUCCH is replaced by harq-ACK-SpatialBundlingPUSCH, unless the UE receives only a SPS PDSCH release, or only SPS PDSCH reception, or only a PDSCH that is scheduled by DCI format 1_0 with a counter DAI field value of 1 on the PCell in the  occasions for candidate PDSCH receptions in which case the UE generates HARQ-ACK information only for the SPS PDSCH release or only for the PDSCH reception as described in clause 9.1.2.
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9.1.3.2	Type-2 HARQ-ACK codebook in physical uplink shared channel
If a UE would multiplex HARQ-ACK information in a PUSCH transmission that is not scheduled by a DCI format or is scheduled by a DCI format that does not include a DAI field, then
-	if the UE has not received any PDCCH within the monitoring occasions for DCI formats scheduling PDSCH receptions, or SPS PDSCH release, or DCI format 1_1 indicating SCell dormancy on any serving cell  and the UE does not have HARQ-ACK information in response to a SPS PDSCH reception, or in response to a detection of a DCI format 1_1 indicating SCell dormancy, to multiplex in the PUSCH, as described in clause 9.1.3.1, the UE does not multiplex HARQ-ACK information in the PUSCH transmission;
-	else, the UE generates the HARQ-ACK codebook as described in clause 9.1.3.1, except that harq-ACK-SpatialBundlingPUCCH is replaced by harq-ACK-SpatialBundlingPUSCH.
……
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