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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In Rel-15 and Rel-16, to maintain the single carrier metric of uplink transmission, it is not allowed to transmit PUCCH and PUSCH simultaneously within a PUCCH group. If PUCCH and PUSCH overlap in time and have same priority level, the UCI (except SR) from PUCCH is multiplexed on the PUSCH. In order to alert the DCI missing and align the payload size of HARQ information carried on PUSCH, total DAI is included in DCI format 0_1 /0_2 to imply how many HARQ information bits should be piggybacked on the PUSCH. On the other hand, a restriction on the scheduling of PUCCH with HARQ is introduced to guarantee the DAI mechanism works properly. As described in the TS 38.213 Clause 9 [1], the restriction is copied as below:
“A UE does not expect to detect a DCI format scheduling a PDSCH reception or a SPS PDSCH release, a DCI format 1_1 indicating SCell dormancy, or a DCI format including a One-shot HARQ-ACK request field with value 1, 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.”
Another interpretation of this restriction is gNB cannot schedule a PUCCH transmission to carry HARQ information in a slot after a UL grant scheduling PUSCH transmission in that slot, and the PUCCH and PUSCH would overlap in time. In this contribution, the impact of this scheduling restriction is analyzed for the case single-slot PUSCH scheduled and the case that PUSCH repetitions are configured, and solutions to optimize the scheduling of PUSCH and calculate the number of HARQ information bits on the PUSCH are also discussed.  
[bookmark: _Ref129681832]Scheduling restriction on HARQ multiplexing on PUSCH 
Optimization of the scheduling restriction
Following the timing order of DL/UL DCI formats, as shown in Figure 1, the first DL format in slot n schedules PDSCH_1 with corresponding HARQ feedback in slot n+k, if there is a UL DCI format transmitted in slot n+1 scheduling a PUSCH transmission in slot n+k, thus the second DL DCI format in slot n+2 is no longer allowed to schedule PDSCH_2 corresponding to HARQ information transmitted in slot n+k and overlaps with the scheduled PUSCH by the UL DCI format. 
[image: ]
[bookmark: _Ref86743025]Figure 1. Timing restriction on UL/DL scheduling for HARQ information multiplexed on PUSCH
An example is given in Figure 2 further. Assume a DL domain frame configured as DDDSU pattern and gNB schedules a PUSCH transmission occupying 14 symbols in a slot. gNB schedules PUSCH_1 in slot 4 using UL DCI_1 in slot 0. While PUSCH_2 has to be indicated in slot 9, since the first UL slot of frame N, slot 4, has been occupied, which results in a large K2 (i.e. K2=7 in Figure 2). Following the specified scheduling restriction, the PDSCH reception from slot 5~7 with corresponding HARQ feedback in slot 9 cannot be assigned. For this case, the corresponding HARQ has to be reported in frame N+1 which results in large HARQ delay.

[bookmark: _Ref86743058]Figure 2. Impact of PUSCH scheduling restriction for K2=7
Observation 1: For a single-slot PUSCH scheduled with a large K2, the PUSCH scheduling restriction has impact the scheduling of PDSCH reception after the UL grant and introduce large HARQ delay. 
The same scheduling restriction, although not described explicitly in the spec, is also applied to the PUSCH with repetitions. However, due to the length of PUSCH transmissions in time, the restriction introduces more strict constrains on gNB scheduling for the case of PUSCH repetition. For example, still in Figure 2, if the PUSCH_2 is repeated for multiple times, the HARQ delay will become larger by adding the extra repetitions in time.
Observation 2: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant introduces large delay for HARQ feedback, which could be as large as (k2 + number of PUSCH repetition) slots.
In Rel-16, the number of PUSCH repetitions are counted by configured transmissions, the canceled repetitions caused by DL/UL collision will not be deferred. However, in Rel-17, the repetitions of PUSCH are enhanced to transmit in available UL slots only, PUSCH repetitions may keep occupying contiguous UL slots and leave no opportunity to transmit PUCCH for a long period, especially for TDD system. Illustrated in Figure 3, in the slot 0 of frame N, UL DCI triggers PUSCH to repeat 4 times and each repetition occupies 14 symbols like the example in FDD system. Consequently, for the consecutive UL slots for frame N and N+1, gNB cannot schedule PUCCH to transmit the HARQ information associate with the PDSCHs scheduled in the DL slots of both frames. In other word, due to the PUCCH scheduling restriction, the DL traffic is blocked for lots of dedicated k1 values. For example, if the value of k1 is set as 1< k1<7, PDSCHs cannot be scheduled within any slots of frame N and frame N+1.
[image: ]
[bookmark: _Ref86743108]Figure 3. Scheduling of HARQ feedback with timing restriction in FDD system
Observation 3: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant causes PDSCH blockage for dedicated k1 values.
As the analysis above, the restriction introduces a large delay for HARQ reporting. Furthermore, the PDSCH scheduling is also blocked due to lack of PUCCH resource. Therefore, optimizations on the scheduling restriction should be studied to overcome the performance loss caused by the restriction.
Proposal 1: The timing restriction on scheduling HARQ after UL grant should be removed for the cases of PUSCH with/without repetition.
Considering from the gNB configuration perspective, a RRC parameter to configure the function of scheduling HARQ-ACK in response to the PDSCH(s) after a DCI format multiplexed on the PUSCH scheduled by the DCI format, can be introduced in Rel-17. When gNB configures the function, it will schedule such 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: A RRC parameter to configure the function of multiplexing HARQ-ACK feedback in response to PDSCH(s) scheduled after a UL DCI format on the PUSCH indicated by the UL DCI format can be introduced in Rel-17. 
DAI enhancements 
The optimization of timing restriction in section 2.1 relaxes the scheduling of PUCCH and makes it possible to piggyback the HARQ information corresponding to PDSCHs scheduled later than UL DCI. However, in this case the total DAI specified currently in a UL grant cannot reflect the number of scheduled PDSCH(s) after the UL grant. Therefore, some enhancements are needed here. 
As shown in Figure 4, if the scheduling restriction is relaxed for both repetition and non-repetition cases one simple way is reusing the DAI mechanism of the HARQ feedback piggybacked on CG PUSCH or a PUSCH scheduled by DCI format 0_0, which is following HARQ on PUCCH procedure and 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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(a) PUSCH without repetition
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(b) PUSCH with repetition
[bookmark: _Ref86743532]Figure 4.  Update total DAI in UL DCI by the DAI in DL DCI
Further enhancements on the DAI mechanism  to address the impact from DCI missing is to still use the total DAI in the UL DCI format, but take the DL scheduling after the UL grant into account in further. Assuming the total DAI covers both the number of PDCCHs sent before the UL DCI and the ones would 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 5. 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.
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[bookmark: _Ref86743666]Figure 5. Total DAI in UL DCI cover all past and future DL grants
Another method is to update the total DAI by other signaling. For example, a new DCI can be 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 which used to cancel the PUSCH transmission scheduled previously. As shown in Figure 7, 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: _Ref67429225]Figure 7. New UL DCI delivered to update DAI value
Considering above three methods to determine the HARQ information bits on PUSCH comprehensively, it seems the first option (i.e. rely on the DAI in last DL DCI) is more appropriate for TEI from the specification impact perspective. It has been applied for HARQ codebook carried in PUCCH and multiplexing HARQ on CG PUSCH, and can be reused without too much spec change.  Considering the possibility of gNB implementation, the total DAI in the UL DCI format can be also set as same as the one in the last DL DCI format, which maintains the current total DAI mechanism. Therefore, following proposal is made. 
[bookmark: _GoBack]Proposal 3: When the timing restriction on scheduling HARQ after UL grant is released for PUSCH with/without repetitions, DAI in the last DCI is applied to determine the number of HARQ information bits multiplexed on the PUSCH which is similar to HARQ multiplexing on CG-PUSCH as in current specification.
To reflect proposal 1~3, some changes on the spec are provided as examples as below. How to capture the proposals once they are agreed can be further discussed during meeting and the example could be a starting point.
	9	UE procedure for reporting control information
<Unchanged parts omitted>
When [newRRC] is not configured, Aa UE does not expect to detect a DCI format scheduling a PDSCH reception or a SPS PDSCH release, a DCI format 1_1 indicating SCell dormancy, or a DCI format including a One-shot HARQ-ACK request field with value 1, 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. 
<Unchanged parts omitted>



	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 or if a UE would multiplex HARQ-ACK information including that corresponding to the PDSCHs scheduled after a DCI format in the PUSCH scheduled by the DCI format when [newRRC] is configured, 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.
A UE sets to NACK value in the HARQ-ACK codebook any HARQ-ACK information corresponding to PDSCH reception or SPS PDSCH release that the UE detects in a PDCCH monitoring occasion that starts after a PDCCH monitoring occasion where the UE detects a DCI format scheduling the PUSCH transmission.
A UE does not expect to detect a DCI format switching a DL BWP within  symbols prior to a first symbol of a PUSCH transmission where the UE multiplexes HARQ-ACK information, where  is defined in [6, TS 38.214]. 
If a UE multiplexes HARQ-ACK information in a PUSCH transmission that is scheduled by DCI format that includes a DAI field when [newRRC] is not configured or does not detect any PDCCH scheduling PDSCH with HARQ-ACK to be multiplexed in the PUSCH scheduled by a previous PDCCH when [newRRC] is configured, the UE generates the HARQ-ACK codebook as described in clause 9.1.2.1 when a value of the DAI field is  except that harq-ACK-SpatialBundlingPUCCH is replaced by harq-ACK-SpatialBundlingPUSCH. The UE does not generate a HARQ-ACK codebook for multiplexing in the PUSCH transmission when  unless the UE receives only a SPS PDSCH release, or only SPS PDSCH(s), 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.  if the PUSCH is scheduled by a DCI format that includes a DAI field and the DAI field is set to '0'; otherwise, .
<Unchanged parts omitted>



	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 or if a UE would multiplex HARQ-ACK information including that corresponding to the PDSCHs scheduled after a DCI format in the PUSCH scheduled by the DCI format when [newRRC] is configured, 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 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.
If a UE multiplexes HARQ-ACK information in a PUSCH transmission that is scheduled by a DCI format that includes a DAI field when [newRRC] is not configured or does not detect any PDCCH scheduling PDSCH with HARQ-ACK to be multiplexed in the PUSCH scheduled by a previous PDCCH when [newRRC] is configured, the UE generates the HARQ-ACK codebook as described in clause 9.1.3.1, with the following modifications:
-	For the pseudo-code for the HARQ-ACK codebook generation in clause 9.1.3.1, after the completion of the  and  loops, the UE sets  where  is the value of the DAI field according to Table 9.1.3-2
-	For the case of first and second HARQ-ACK sub-codebooks, the DCI format includes a first DAI field corresponding to the first HARQ-ACK sub-codebook and a second DAI field corresponding to the second HARQ-ACK sub-codebook
-	harq-ACK-SpatialBundlingPUCCH is replaced by harq-ACK-SpatialBundlingPUSCH.
<Unchanged parts omitted>


Applicability of scheduling enhancements
In section 2, the impact of scheduling restriction is analyzed. Based on the analysis, removal of the restriction for both PUSCH with and without repetition cases is proposed. As the ambiguity of DAI used for HARQ-ACK generation, the DAI in the last DL DCI format is clarified to be used. During the discussion of previous RAN1 meetings, more clarifications are provided below.
Last DCI missing 
First of all, the issue of last DCI missing is not introduced by the enhancement of PUSCH scheduling. For HARQ-ACK on PUCCH, the DAI in the last DCI is used originally to construct the HARQ-ACK codebook. The same procedure is also applied to HARQ-ACK multiplexed on CG PUSCH or PUSCH scheduled by DCI format 0_0, as currently specified. So last DCI missing is a common issue for all cases that using DAI in DL DCI format to generate HARQ-ACK codebook. However, considering the reliability requirement of PDCCH decoding, the probability of DCI missing is relatively low, and according to observation of actual deployment, last DCI is still quite reliable. Therefore, we think the last DCI missing issue might not be very serious and the proposed enhancement can be a first step that enables to remove the scheduling restriction for proper use cases.
If reliability is further pursued as that has been provided by the total DAI in UL grant, further enhancement can also be considered. For example, to allow a second UL grant indicating to the same TB but only with an updated total DAI after the second group of PDCCHs. This will require further specification work and we are open to consider, including other possible approaches with minimized specification impacts.
Restriction of A-CSI report
Restriction on PUSCH scheduling is also applied to A-CSI reporting. When gNB triggers an A-CSI reporting on a PUSCH, the consequent HARQ after CSI trigger cannot be multiplexed on the PUSCH with A-CSI report. In other word, the restriction on CSI reporting is caused by the restriction on HARQ-ACK multiplexing on PUSCH. Thus, A-CSI reporting can be seen as a special case of single PUSCH case. Even for that PUSCH repetition is configured, A-CSI will be only transmitted in the first repetition. Therefore, once a general solution to remove the restriction on PUSCH with/without repetition is agreed, it would apply to A-CSI reporting naturally and no more discussion is needed for A-CSI specifically.
Conclusions
Based on the discussion above, following observations and proposals are obtained:
Observation 1: For a single-slot PUSCH scheduled with a large K2, the PUSCH scheduling restriction has impact the scheduling of PDSCH reception after the UL grant and introduce large HARQ delay. 
Observation 2: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant introduces large delay for HARQ feedback, which could be as large as (k2 + number of PUSCH repetition) slots.
Observation 3: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant causes PDSCH blockage for dedicated k1 values.
Proposal 1: The timing restriction on scheduling HARQ after UL grant should be removed for the cases of PUSCH with/without repetition.
Proposal 2: A RRC parameter to configure the function of multiplexing HARQ-ACK feedback in response to PDSCH(s) scheduled after a UL DCI format on the PUSCH indicated by the UL DCI format can be introduced in Rel-17. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 3: When the timing restriction on scheduling HARQ after UL grant is released for PUSCH with/without repetitions, DAI in the last DCI is applied to determine the number of HARQ information bits multiplexed on the PUSCH which is similar to HARQ multiplexing on CG-PUSCH as in current specification.
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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.
[bookmark: _Toc12021474][bookmark: _Toc20311586][bookmark: _Toc26719411][bookmark: _Toc29894844][bookmark: _Toc29899143][bookmark: _Toc29899561][bookmark: _Toc29917298][bookmark: _Toc36498172][bookmark: _Toc45699198][bookmark: _Toc74762937]……
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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