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1	Introduction
The WI for Rel-16 to specify enhancements to URLLC (Ultra Reliable Low Latency Communications) with the following detailed objectives: 
· Specification of PDCCH enhancements [RAN1]
· DCI format(s) with configurable sizes for some fields, with a minimum DCI size targeting a reduction of 10~16 bits relative to Rel-15 DCI format 0_0/1_0 and a maximum DCI size that can be larger than Rel-15 DCI format 0_0/1_0, and provide the possibility to align with the size of the DCI format 0_0/1_0 (including possible zero padding if any) 
· Increased PDCCH monitoring capability on at least the maximum number of non-overlapped CCEs per slot for channel estimation for at least one SCS subject to restrictions including, but not necessary limited to, those identified in TR 38.824. Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) can be further considered.
· Specification of UCI enhancements [RAN1]
· More than one PUCCH for HARQ-ACK transmission within a slot
· At least two HARQ-ACK codebooks simultaneously constructed, intended for supporting different service types for a UE

· Specification of PUSCH enhancements for both grant-based PUSCH and configured grant based PUSCH [RAN1]
· For a transport block, one dynamic UL grant or one configured grant schedules two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots

· [bookmark: OLE_LINK1]Specification of enhancements to scheduling/HARQ [RAN1]
· Out-of-order HARQ-ACK associated with PDSCHs with different HARQ process IDs
· Out-of-order PUSCH scheduling associated with different HARQ process IDs, including overlapping PUSCHs and non-overlapping PUSCHs in time-domain
· Methods to handle DL data/data resource conflicts for overlapping PDSCHs in time-domain, scheduled by dynamic DL assignments 

· Specification of enhanced inter UE Tx prioritization/multiplexing [RAN1]
· UL cancelation scheme (see section 7.2.1 in TR 38.824) 
· Enhanced UL power control scheme (see section 7.2.2 in TR 38.824)  

· [bookmark: OLE_LINK2]Specification of enhanced UL configured grant transmission [RAN1, RAN2]
· [bookmark: OLE_LINK14]Multiple active configured grant type 1 and type 2 configurations for a given BWP of a serving cell
· [bookmark: OLE_LINK15]Note: V2X use cases are also considered
 
This paper considers intra-UE multiplexing and prioritization aspects which relate to several of the above objectives. 

In RAN1#95, RAN1 was notified of a LS from RAN2 on intra-UE prioritization and multiplexing [1]. Even though the topic is in scope of RAN2 leading IIoT study item, different aspects of intra-UE traffic prioritization including pre-emption require RAN1 expertise. Potentially new physical layer solutions might be needed to support the range of scenarios. In this paper we discuss the five prioritized scenarios stated in the LS [1] and limitations existing in Release 15 specification which needs to be solved to support the intra-UE prioritization.
[bookmark: _Ref178064866]2	Discussion
2.1	 Enabling out-of-order HARQ and out-of-order PxSCH scheduling 
Considering latest edits in TS38.214 v.15.4.0, specification explicitly disables sending DCI to schedule transmissions overlapped in time between any two HARQ process IDs. It can be illustrated by Figure 1 and applicable for DL and UL.
[image: ]
[bookmark: _Ref864209]Figure 1: Scheduling of one UE according to Release 15.
According to Rel-15 specification, the UE is not expected to be scheduled such that next allocation of a second HARQ process starts before the end of previous allocation of a first HARQ process. Therefore, it worth to mention that “out-of-order HARQ” and “out-of-order PxSCH scheduling” solutions are pre-requisites to many scenarios of intra-UE prioritization or pre-emption.
[bookmark: _Toc5125084]To enable out-of-order HARQ and out-of-order PDSCH scheduling the following two sentences in Section 5.1 of 38.214, v15.4.0 should be changed so that limitation holds only for “UE without out-of-order HARQ” capability: 
· [bookmark: _Toc5125085]The UE is not expected to receive a PDSCH in slot i, with the corresponding HARQ-ACK assigned to be transmitted in slot j, and another PDSCH in slot after slot i with its corresponding HARQ-ACK assigned to be transmitted in a slot before slot j. 
· [bookmark: _Toc5125086]For any two HARQ process IDs in a given scheduled cell, if the UE is scheduled to start receiving a first PDSCH starting in symbol j by a PDCCH ending in symbol i, the UE is not expected to be scheduled to receive a PDSCH starting earlier than the ending symbol of the first PDSCH with a PDCCH that does not end earlier than symbol i.
[bookmark: _Toc5125087]To enable out-of-order PUSCH scheduling the following sentence in Section 6.1 of 38.214, v15.4.0 should be changed so that limitation holds only for “UE without out-of-order PUSCH scheduling” capability: 
[bookmark: _Toc5125088]For any two HARQ process IDs in a given scheduled cell, if the UE is scheduled to start a first PUSCH transmission starting in symbol j by a PDCCH ending in symbol i, the UE is not expected to be scheduled to transmit a PUSCH starting earlier than the ending symbol of the first PUSCH by a PDCCH that does not end earlier than symbol i.


2.2	Enabling Intra-UE Downlink Prioritization
If out-of-order HARQ will be allowed in Rel-16 then we can distinguish between two cases: 

· Scenario 1: Out-of-order HARQ where PDSCH1 and PDSCH2 do not overlap in time
· Scenario 2: Out-of-order HARQ where PDSCH1 and PDSCH2 do overlap in time

Our companion paper [4] considers Scenario 1 in more detail and where we prefer that for Scenario 1 that the UE should be capable of processing both PDSCH without scheduling limitations.  Here we will focus on Scenario 2.     

In Scenario 2, a UE receives a DCI for one PDSCH transmission and later receive a second DCI for another PDSCH transmission, while the two scheduled PDSCH transmissions overlap in time. The scenario can be further divided into two sub-cases which are illustrated in Figure 2. 
[image: ]
[bookmark: _Ref864999][bookmark: _Ref4661408]Figure 2: Intra-UE DL prioritization cases
It can be seen from the figure that in Case 1 two PDSCHs do not overlap in frequency domain. In Case 2 PDSCH2 (critical data) transmission pre-empts PDSCH1 (non-critical) transmission by occupying resources that would otherwise be used for PDSCH1. From the figure it also be seen that in sub-case A the PDCCH2 does not overlap PDSCH1 and in sub-case B the PDCCH2 overlap PDSCH1. In the figure, PDSCH2 is dashed for Case 1B since this case also cover the case where PDCCH2 schedules PUSCH.  
The sub-cases B can potentially be avoided by scheduler using careful selection of search space candidate to be used to transmit PDCCH2. However, due to search space limitations it may be hard to completely avoid sub-case B. Since PDCCH2 carries assignment of critical data it is likely desirable to pre-empt PDSCH1 on resources used by PDCCH2. 

[bookmark: _Toc5148321]A PDSCH may be pre-empted by later scheduled PDCCH.

In Rel-15, the PDSCH is rate-matched around the resources used by the PDCCH scheduling the PDSCH. In view of the above we propose: 

[bookmark: _Toc5125089]Rel-16 supports rate-matching or puncturing rules for a PDSCH w.r.t received PDCCHs that not schedule the PDSCH. 

As noted above it can be hard due to search space limitations for the scheduler to avoid sub-case B since there can be just a few, if any, candidates that use resources that do not overlap with PDSCH1. On the other hand, the scheduler may want to keep PDCCH2 and PDSCH2 in-band PDSCH1 in order to limit the number of impacted UEs. With semi-static CORESET allocation as in Rel-15 it may be hard for scheduler to meet its desire. 

[bookmark: _Toc5125090]Consider enhanced CORESET with dynamic allocation relative to the allocation of a PDSCH. 

In principle UE can receive two PDSCHs overlapped in time while 3GPP specification is transparent to Case 1 vs Case 2. On the other hand, there may be UE implementation issues or other limitations/restrictions in the UE, similar to the out-of-order HARQ issue. For Rel-16, RAN1 should discuss whether it is possible for UE to receive more than one PDSCH per slot, and if possible, any time/frequency overlapping restrictions or any restrictions on how many PDSCHs overlapping in time the UE may process. It should also be discussed if this requires defining certain UE capabilities.

[bookmark: _Toc5125091]RAN1 needs to decide if and how a UE processes two overlapping PDSCH in a slot. 

For Case 2 with the assumption that UE may receive both PDSCHs, it can be view as special case of inter UE downlink pre-emption specified in Release 15. The only difference is that UE is a victim and an aggressor at the same time. According to specification, the UE may be informed by PI or CBGFI about flushing a soft buffer of PDSCH1, while in intra UE pre-emption case this signalling is not required for the UE because PI may be derived from DCI. 
Rel-15 can’t guarantee a correct UE behaviour in case of intra-UE DL prioritization. Our companion paper [6] considers methods for processing overlapping PDSCHs. Here we focus on enablers for UE to make proper prioritization. So far it is assumed that PDSCH2 has higher priority than PDSCH1 since PDSCH2 is scheduled after PDSCH1. Clearly, for dynamic scheduled PDSCHs this simple rule is enough. However, for SPS-scheduled PDSCH the situation is different. For example, if PDSCH2 is SPS-scheduled for critical data the assignment of PDSCH2 may be received by UE before the assignment for PDSCH1. Furthermore, for both Case 1 and Case 2 it is usually assumed that PDSCH1 is of lower priority, but if UE can receive both PDSCHs then PDSCH2 can be of lower priority wherein PDSCH2 is scheduled with the aim to utilize resources not used by PDSCH1. In our companion paper [2] a new DCI format is proposed to comprise a “Transmission Priority Indicator”. In our view this priority indicator can be used as enabler to solve the above prioritization cases by the following high-level rules: 
· A PDSCH scheduled without a “Transmission Priority Indicator” is associated with a default priority.  
· A lower-priority PDSCH is punctured in or rate-matched around the resource used by higher-priority PDSCH.
· A dynamic scheduled PDSCH has higher priority than a SPS scheduled PDSCH if they are associated with same priority. 

[bookmark: _Toc5148322] Dynamic priority indicator is beneficial when solving prioritization cases with overlapping PDSCHs 


2.3	Enabling Intra-UE UL Prioritization – Resource Conflict between Configured and Dynamic Grant
We expect that uplink differs from DL in the respect that time-overlap between two PUSCH is problematic even if UE is capable to send two simultaneous PUSCH. For example, if UE is power limited the two PUSCHs may consequently be sent with lower power which for URLLC can mean that reliability requirements cannot be met. Therefore, we expect that drop, puncture/pre-emption and termination rules have to be applied when two PUSCH overlap in time. Our companion paper [5] focus on processing and timing issues when such rules are applied while we here focus on the actual rules. 
In Rel-15, MAC treat dynamic grant (DG) as having higher priority than configured grant (CG). If URLLC is scheduled using CG and non-critical data is scheduled using DG this rule is not acceptable. As already mentioned we do not expect that a Rel-16 UE to be capable of sending two PUSCH simultaneously, therefore both options with time-overlap between CG PUSCH and DG PUSCH as illustrated in Figure 3lead to resource conflict. 
[image: ][image: ]
[bookmark: _Ref5125147]Figure 3: Intra-UE UL prioritization between DG and CG.
Since Rel-15 specification states that dynamic grant has priority over CG which is not acceptable in this case if CG contains URLLC and DG contains non-critical data. First of all, it needs to be clarified that this can happen when UE has non-critical and critical traffic at the same time and gNB is not sure that CG PUSCH will be present because of the sporadic nature of critical traffic. In order to increase spectral efficiency, gNB may decide to schedule DG PUSCH on top of CG PUSCH, but if suddenly critical traffic appears in UE buffer, there should be a possibility to skip or stop DG PUSCH and give a priority to CG PUSCH instead.
[bookmark: _Toc5148323]In NR Rel-15 specification a dynamic grant has priority over configured grant which can be unacceptable if critical data scheduled by CG is dropped.
Thus, the identified use case is when configured grant is for high priority traffic and the dynamic grant is for low priority traffic. On the other hand, we need to keep the rel-15 rule for the same priority traffic, that is, dynamic grant overrides configured grant. Furthermore, a static rule (e.g. RRC configured parameter) that configured grant has higher/low priority than a dynamic grant may not be sufficient since dynamic grant may sometimes be intended for critical data and sometimes not. 

[bookmark: _Toc5148324]Semi-static configuration of configured grant priority as compared to dynamic grant can be an un-acceptable limitation for URLLC  

In Rel-15 a re-transmission of a configured grant transmission is dynamically scheduled using CS-RNTI. In our opinion a dynamic grant scheduled with CS-RNTI should have higher priority than a CG for the same CS-RNTI. 

[bookmark: _Toc5148325]If Rel-16 supports semi-static configuration that configured grant has higher priority than dynamic grant, then such priority rule should only hold for grants addressed with different RNTIs.  

As we already observed, a semi-static configuration of priority between CG and DG may be a too limiting solution. In a mixed-services environment there may be different service requirements for URLLC services. Some URLLC service, say URLLC1, may have stricter latency requirements than other URLLC services, say URLLC2, although they have same reliability requirements. The ones with stricter latency requirements may need to be scheduled using configured grant while the URLLC services with less strict latency requirement it may be desirable to use SR-based scheduling. Additionally, there may be non-critical traffic. If configured grant is semi-statically configured with a higher priority than dynamic grant, then gNB cannot upon reception of SR or BSR that there is data for URLLC2 send a dynamic grant (large enough to fit both URLLC1 and URLLC2) that indicate a PUSCH that overlaps the PUSCH for the configured grant. However, with a dynamic priority indicator this is possible as illustrated in Figure 4. Therefore, for efficiency reasons we think that a dynamic indication of priority is to be preferred, e.g. “Transmission priority indicator” in new DCI format as proposed in our companion paper [2]. 
[image: ]
[bookmark: _Ref4740527]Figure 4: Illustration of benefit of dynamic priority indicator with a mix of non-critical data and two URLLC services scheduled respectively by dynamic and configured grant. 

[bookmark: _Toc5125092]Rel-16 supports dynamic indication of PUSCH transmission priority 

2.3	Enabling Intra-UE UL Prioritization – Resource Conflict between Dynamic Grants


Prioritization between conflicting dynamically scheduled PUSCH is basically the same problem as in the previous section except that both PUSCH are scheduled with dynamic grants. In dynamic-versus-dynamic grant overlapping, two scenarios are identified and shown in Figure 5. 
· Case (a): After receiving the second DCI, UE has sufficient time to react before PUSCH1 transmission is scheduled to start. UE cancels the first PUSCH (i.e., PUSCH1) transmission. There is only one PUSCH, i.e., PUSCH 2, transmitted. 
· Case (b): After receiving the second DCI, there is no sufficient time to react. It’s too late for the UE to cancel the first PUSCH transmission. This can be treated as a special case of inter-UE pre-emption and information about pre-emption of PUSCH1 can be derived by UE internally. In this case UE should be able to stop transmission of PUSCH1 and start transmission of PUSCH2.
	[image: ]
	[image: ]

	(a) UE skip PUSCH1
	(b) PUSCH1 has been started but is stopped due to PUSCH2


[bookmark: _Ref865128]Figure 5: Intra-UE prioritization in UL (dynamic grant versus dynamic grant).
Since the gNB is aware of the first PUSCH transmission, it is a reasonable assumption of scheduler implementation that if a second PUSCH is scheduled to overlap with a first PUSCH, the second PUSCH is targeted for high priority UL transmission, and the second PUSCH should have a higher priority than the first PUSCH.

[bookmark: _Toc535018996][bookmark: _Hlk5031147][bookmark: _Toc5148326]In case of dynamic grant versus dynamic grant prioritization, a reasonable assumption is that a later received UL grant has a higher priority than an earlier grant. 

In principle dynamic-versus-configured grant and dynamic-versus-dynamic grant conflicts might be studied together and the same solution can be applied to both. Considering two solutions as main candidates:
1. Prioritization of DCIs based on time of arrival;
2. Explicit/Implicit signalling of prioritization;
we slightly prefer the second because it is more flexible and can be applied in different scenarios.  Therefore, in view of the previous section and the above observation we propose: 

[bookmark: _Toc5125093][bookmark: _Hlk5031493]Rel-16 supports dynamic indication of priority wherein a later received grant is prioritized over an earlier grant if the grants are indicated the same priority.  

2.4 	Enabling Intra-UE UL Prioritization – Resource Conflict between Configured Grants 
There can be similar conflict between two configured grants as there was in the previous section between dynamic grants. As an example, a conflict has been shown in Figure 6 between two configured grant transmissions (denoted as CG1, and CG”) that have different periodicities (P1, and P2 respectively).
[image: ]
[bookmark: _Ref5030136]Figure 6: conflict between two configuration having different periodicities 
To resolve the issue, we define the priority between these two transmissions. It can be inferred as which traffic, e.g., PUSCH has prevalence in case different traffic has same or partial overlapped resource. The priority can be assessed from, e.g.,
· some priority indicator in some control signaling, e.g., DCI or RRC
· from the indicated reliability of the stream (e.g., MCSs, repK, RVs)
· mapping of CG from multiple CGs, e.g., traffic belonging to CG1 has higher priority than CG2 
One or a combination of criteria can be used to determine which CG process to prioritize vs deprioritize for the purpose of resource conflict resolution. Both UE and gNB are aware which UL CG process is prioritized to resolve the resource conflict, without blind detection by gNB.
[bookmark: _Toc5148327] In case of configured grant versus configured grant prioritization, a combination of reliability parameters (e.g., MCSs, repK, RV), time-of arrival or length of transmission can be used to prioritize one grant against another one if the grants are indicated the same priority. 

2.5	Enable Intra-UE UL Prioritization – Resource Conflict between Control Channel and Control Channel
There are many variations of UL control information transmission, and many combinations of resource conflict between two control channels. In our companion paper [3] we discuss UCI multiplexing, dropping and PUCCH pre-emption rules. We propose separate HARQ codebooks and procedures for URLLC and non-critical data. To realize separate HARQ operation, a dynamic indication is needed to map an HARQ-ACK to correct HARQ operation. The dynamic indication can used both as indication how to prioritize and multiplex UCI on PUCCH as well as rule for dropping or pre-emption of PUCCH when multiplexing is not possible.  

In our view, a dynamic priority indication proper protection of URLLC data and/or URLLC control can be defined for the following cases that we need to address: 
· UE has URLLC data for transmission and URLLC+eMBB control information.
· UE has eMBB data for transmission and URLLC+eMBB control information
· UE has no data, but it has URLLC and eMBB control information which needs to be prioritized.

[bookmark: _Toc5148328]For control-control conflict resolution, dynamic priority indicator is beneficial.
2.6	Enabling Intra-UE UL Prioritization – Resource Conflict between Control Channel and Data Channel
In our companion paper [3] we propose that Rel-16 should support enhanced beta-factors for UCI on PUSCH. Since different beta-factors is preferable depending on whether PUSCH contains URLLC or non-critical data and whether UCI is associated with URLLC or non-critical data. In some scenarios it may even be preferable to drop certain UCI that is non-critical if PUSCH contains URLLC. 
If PUSCH and PUCCH overlap in time and there is no time add the UCI intended for PUCCH on PUSCH pre-emption is needed to protect URLLC data or control. Pre-emption may further be needed so that UCI associated with URLLC is not mapped onto a PUSCH with long time duration. In our view, a dynamic priority indication could be used both as indicating multiplexing rules such as which beta-offset to use but also indicating pre-emption rules in case of resource conflict between control channel and data channel. Therefore, with an explicit priority indication we propose in our companion paper [2] that additional field for beta-factor indication in a new DCI format is not needed since beta-factors could be determined or derived from indicated priority. 
 
[bookmark: _Toc5148329]For control-data conflict resolution, dynamic priority indicator is beneficial.

[bookmark: _Ref189046994]3	Conclusion
In the previous sections we made the following observations: 
Observation 1	A PDSCH may be pre-empted by later scheduled PDCCH.
Observation 2	Dynamic priority indicator is beneficial when solving prioritization cases with overlapping PDSCHs
Observation 3	In NR Rel-15 specification a dynamic grant has priority over configured grant which can be unacceptable if critical data scheduled by CG is dropped.
Observation 4	Semi-static configuration of configured grant priority as compared to dynamic grant can be an un-acceptable limitation for URLLC
Observation 5	If Rel-16 supports semi-static configuration that configured grant has higher priority than dynamic grant, then such priority rule should only hold for grants addressed with different RNTIs.
Observation 6	In case of dynamic grant versus dynamic grant prioritization, a reasonable assumption is that a later received UL grant has a higher priority than an earlier grant.
Observation 7	In case of configured grant versus configured grant prioritization, a combination of reliability parameters (e.g., MCSs, repK, RV), time-of arrival or length of transmission can be used to prioritize one grant against another one if the grants are indicated the same priority.
Observation 8	For control-control conflict resolution, dynamic priority indicator is beneficial.
Observation 9	For control-data conflict resolution, dynamic priority indicator is beneficial.


Based on the discussion in the previous sections we propose the following:
Proposal 1	To enable out-of-order HARQ and out-of-order PDSCH scheduling the following two sentences in Section 5.1 of 38.214, v15.4.0 should be changed so that limitation holds only for “UE without out-of-order HARQ” capability:
	The UE is not expected to receive a PDSCH in slot i, with the corresponding HARQ-ACK assigned to be transmitted in slot j, and another PDSCH in slot after slot i with its corresponding HARQ-ACK assigned to be transmitted in a slot before slot j.
	For any two HARQ process IDs in a given scheduled cell, if the UE is scheduled to start receiving a first PDSCH starting in symbol j by a PDCCH ending in symbol i, the UE is not expected to be scheduled to receive a PDSCH starting earlier than the ending symbol of the first PDSCH with a PDCCH that does not end earlier than symbol i.
Proposal 2	To enable out-of-order PUSCH scheduling the following sentence in Section 6.1 of 38.214, v15.4.0 should be changed so that limitation holds only for “UE without out-of-order PUSCH scheduling” capability:
For any two HARQ process IDs in a given scheduled cell, if the UE is scheduled to start a first PUSCH transmission starting in symbol j by a PDCCH ending in symbol i, the UE is not expected to be scheduled to transmit a PUSCH starting earlier than the ending symbol of the first PUSCH by a PDCCH that does not end earlier than symbol i.
Proposal 3	Rel-16 supports rate-matching or puncturing rules for a PDSCH w.r.t received PDCCHs that not schedule the PDSCH.
Proposal 4	Consider enhanced CORESET with dynamic allocation relative to the allocation of a PDSCH. 
Proposal 5	RAN1 needs to decide if and how a UE processes two overlapping PDSCH in a slot.
Proposal 6	Rel-16 supports dynamic indication of PUSCH transmission priority 
Proposal 7	Rel-16 supports dynamic indication of priority wherein a later received grant is prioritized over an earlier grant if the grants are indicated the same priority.  
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