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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 within a PUCCH group simultaneously. If PUCCH and PUSCH overlap in time and have same priority level, the UCI from PUCCH, except SR, are 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 introduced in DCI format 0_1 /0_2 to indicate how many HARQ information bits should be piggybacked on the PUSCH. On the other hand, a restriction on the scheduling of PUCCH is introduced as well to guarantee the DAI mechanism work properly. As described in the TS 38.213 Clause 9, 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.”
It means gNB cannot schedule a PUCCH transmission to carry HARQ information in a slot which gNB has already scheduled a PUSCH transmission by a UL grant in that slot previously, if the PUCCH and PUSCH would overlap in time. In this paper, it will mainly discuss the impact of the scheduling restrictions when PUSCH repetitions are configured, how to optimize the scheduling of PUSCH over multiple slots and how to calculate the number of HARQ information bits on the PUSCH after optimizations.  
[bookmark: _Ref129681832]Scheduling restriction on HARQ multiplexing on PUSCH 
Following the timing order of DL/UL DCI formats, shown in Figure 1, UL DCI format transmitted in slot n+1 schedules a PUSCH transmission in slot n+k, so the second DCI format in slot n+2 is not allowed to indicate PDSCH if the corresponding HARQ feedback on PUCCH would overlap with the PUSCH in slot n+k. The total DAI in the UL DCI format, if any, count the DL grant in slot n only. 
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[bookmark: _Ref67305234]Figure 1. Timing restriction on UL/DL scheduling for HARQ information multiplexed on PUSCH
The same timeline requirement, 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 requirement introduces more strict constrains on gNB scheduling.
[bookmark: _GoBack]By following the restriction, gNB is hard to schedule HARQ feedback report TDMed with PUSCH, especially PUSCH repetition is enabled. gNB cannot anticipate whether there will have or how many PDSCHs exactly to be scheduled when it delivers the UL grant On the other hand, PUSCH repetition is generally enabled for a UE at cell edge to enhance the UE’s coverage, and within a slot, gNB may also tend to configure as many symbols as possible for PUSCH, e.g. the whole slot, to gain the better coverage and throughput. Therefore, the avoidance of overlapping in each PUSCH slot seems quite difficult for gNB scheduling.
If the overlapping between PUCCH and PUSCH cannot be avoided in the slots of PUSCH repetition, gNB has to indicate the HARQ feedback after finishing PUSCH repetitions. Take an example for FDD system in Figure 2, UL DCI in slot n schedules a PUSCH transmission over slots from n+2 to n+5 and the number of symbols for each PUSCH repetition is 14. PUCCH conveying the HARQ feedback corresponding to PDSCH in slot n+1 is not allowed to transmit in the slots of PUSCH repetition, i.e. slot n+2 ~ n+5. So the earliest slot for HARQ reporting is slot n+6, which results in a large k1 value and delay for HARQ feedback. The delay would become larger if more repetition times are assigned for PUSCH, and the k1 value could be as high as (k2 + number of PUSCH repetition) slots.
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[bookmark: _Ref67337676]Figure 2. Scheduling of HARQ feedback with timing restriction in FDD system
Observation 1: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant introduces large delay for HARQ feedback, which could be as high as (k2 + number of PUSCH repetition) slots.
In Rel-17, the repetitions of PUSCH would be enhanced to transmit in available UL slots. In TDD system, UL and DL slots are configured in a pattern within a frame and PUSCH repetitions may occupy a series of UL slots. Illustrated in Figure 3, a DL domain frame is configured as DDDSU. In the slot 0 of frame N, UL DCI triggers PUSCH repetitions for 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 data transportation are blocked for dedicated k1 values. For example, if the value of k1, 7>k1>1, PDSCHs cannot be scheduled within any slots of frame N and frame N+1.
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[bookmark: _Ref67401465]Figure 3. Scheduling of HARQ feedback with timing restriction in FDD system
Observation 2: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant causes PDSCH blockage for dedicated small k1 values.
If repetition is enabled for PUSCH, the scheduling restriction for HARQ feedback after UL grant introduced large delay for HARQ reporting, the PDSCH scheduling is also blocked due to lack of PUCCH resource. The latency of HARQ feedback is increased and the DL data rate is also slowed down. Therefore, optimizations on the scheduling restriction should be introduced to overcome the performance loss caused by the restriction.
Proposal 1: If PUSCH repetition is configured, the optimization of timing restriction on scheduling HARQ after UL grant should be considered to maintain the performance.
Another problem is how to keep the DAI mechanism work properly. As explained above, the total DAI in the UL DCI format counts the number of PDCCH already sent to UE and reflects how many HARQ bits in total, the UE should be reported. If the timing restriction on DL/UL scheduling order, DAI enhancements are also needed to let UE know the number of HARQ bits.
Observation 3: The total DAI in a UL grant counts the number of PDCCH already sent by gNB before the UL grant.
Optimization of the scheduling restriction
The optimization of the scheduling restriction can be considered from two aspects. First, to apply the timing requirement to part of PUSCH repetitions, e.g. initial PUSCH repetition. For dynamically scheduled PUSCH repetitions, the first transmission is similar as the single slot PUSCH transmission, gNB could acknowledge the traffic more easily in the first slot than others. It could also avoid the overlapping possibly by scheduling. Following the time restrictions seems acceptable. On the other hand, to have a unified design with single slot PUSCH, which could decrease the implementation complexity of gNB and UE, applying the timing restriction for the initial PUSCH repetition is a feasible way. For avoiding introducing too much latency and blockage of DL data, the non-initial PUSCH receptions can piggyback the HARQ information for these PDSCHs scheduled after UL grant, shown in Figure 4. 
The other method is to release the restrictions for all the PUSCH repetitions. No matter initial or non-initial PUSCH repetitions, all of them can convey the HARQ bits for PDSCHs indicated after the UL DCI. This will bring a higher level of flexibility for gNB scheduling, however, this solution may have a more serious impact on the usage of total DAI in UL DCI. A new DAI mechanism is possibly needed to count the number of PDCCH receptions before and after UL grant.  Considering the impact on the DAI mechanism and limited time for TEI discussion, the first approach seems a more acceptable way for optimization.
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[bookmark: _Ref67409807]Figure 4. Apply the timing restriction to the initial PUSCH repetition only
Proposal 2: The time restriction on scheduling HARQ after UL grant is only applied to initial PUSCH repetition, and HARQ information bits corresponding to the PDSCH(s) scheduled after UL grant which triggers the PUSCH transmission are allowed to be multiplexed on the non-initial repetitions.
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 the instance UL DCI received, but just as the explanation in section 1, the follow-up DL grants are not covered the by the total DAI in UL DCI format and mechanism of DAI cannot work properly. Hence, to resolve this issue and align the number of HARQ bits on PUSCH between gNB and UE, enhancements on DAI should be studied.
If the option 1 is taken to optimize the scheduling restriction, the total DAI in the UL DCI format can be still applied to the first PUSCH repetition. However, due to the allowance for multiplexing more HARQ information bits on non-initial PUSCH repetitions, the total DAI in UL grant cannot indicate the number exactly on those PUSCH repetitions. A feasible way is using the DAI in the last DL DCI instead, either total or counter, to count the quantity of PDCCH monitoring occasion and calculate the number of HARQ bits.
Since all the PUSCH repetitions can multiplex the HARQ information scheduled after UL grant in option 2, DL DAI in the last DCI can be used to generate HARQ codebook on each PUSCH repetition including the initial one. Following the procedure of HARQ codebook generation, more than one PDSCH could have feedbacks on same slot, if the PUCCH resource indicated in the last DCI associated with these PDSCHs overlaps with PUSCH repetition(s), UE utilizes the counter/total DAI in the last DCI to calculate the number of HARQ bits piggybacked on a PUSCH repetition. However, the problem is the last DCI could be missed by UE, and when it happened, the number of PDCCH is not aligned between UE and gNB, neither the number of HARQ bits.
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Figure 5. Update total DAI in UL DCI by the DAI in DL DCI 
To align the number of HARQ information bits, a way forward is to make the total DAI in UL DCI format used for HARQ quantity calculation in every PUSCH repetition. However, that will require the total DAI in UL grant covers not only the number of PDCCHs have sent by gNB before, but also the ones will be delivered after. Generally, the PHY of gNB may have no idea about how many PDSCHs will be transmitted in the next slots, to cover all the possible PDSCH receptions, gNB may set an upper bound as total DAI. Following current spec, the total DAI will be applied every PUSCH which would multiplex HARQ information. The challenge of this solution is the uncertainty for the future scheduling from gNB side, if there is no exact estimation of the PDSCH quantity, the total DAI in the UL DCI format is hardly to set accurately. If the total DAI set too large, additional resource cost is brought.  If the DAI is set too small, it will also limit the potential PDSCH receptions so that to degrade the downlink data rate.
[image: ]
Figure 6. Total DAI in UL DCI cover all past and future DL grants
DCI format 2-4 is introduced in Rel-16 to cancel the PUSCH transmission scheduled previously. A similar operation may be taken by gNB as well that a new DCI is sent to UE to update the DAI value just before the PUSCH transmission subject to the timeline conditions. Shown in Figure 7, UL DCI_2 is transmitted to UE to update the total DAI value which is notified by UL DCI_1 in slot n+1, to incorporate the new DL grant in slot n+2. 
[image: ]
[bookmark: _Ref67429225]Figure 7. New UL DCI delivered to update DAI value
Consider the signaling overhead and potential spec efforts to introduce a new DCI format, the third option is less attractive. The second option introduces a novel method to fix the last DCI missing issue, but meanwhile it also bring the complexity on gNB implementation. gNB cannot predict upcoming data transmission, neither the exact DAI value for future. An upper bound is a compromise way but the feasibility should be studied further taking the spectrum efficiency into account. Although the option 1 cannot handle the last DCI problem, it incorporates the design of single slot which introduces less standard efforts and more friendly with both gNB and UE implementation. Therefore, option 1 is preferred for DAI enhancements. 
Proposal 3: When the timing restriction on scheduling HARQ after UL grant is released for the non-initial PUSCH repetitions, DAI in the last DCI is applied to the non-initial PUSCH repetitions if there are HARQ information scheduled after the UL grant multiplexing on the PUSCH repetitions.
Conclusions
Based on the discussion above, following observations and proposals are obtained:
Observation 1: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant introduces large delay for HARQ feedback, which could be as high as (k2 + number of PUSCH repetition) slots.
Observation 2: If PUSCH repetition is configured, the timing restriction on scheduling HARQ after UL grant causes PDSCH blockage for dedicated small k1 values.
Observation 3: The total DAI in a UL grant counts the number of PDCCH already sent by gNB before the UL grant.
Proposal 1: If PUSCH repetition is configured, the optimization of timing restriction on scheduling HARQ after UL grant should be considered to maintain the performance.
Proposal 2: The time restriction on scheduling HARQ after UL grant is only applied to initial PUSCH repetition, and HARQ information bits corresponding to the PDSCH(s) scheduled after UL grant which triggers the PUSCH transmission are allowed to be multiplexed on the non-initial repetitions.
· 
Proposal 3: When the timing restriction on scheduling HARQ after UL grant is released for the non-initial PUSCH repetitions, DAI in the last DCI is applied to the non-initial PUSCH repetitions if there are HARQ information scheduled after the UL grant multiplexing on the PUSCH repetitions.
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