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1	Introduction
During the eURLLC study item phase the out-of-order HARQ has been recognized as potential enhancements for critical service. Moreover, scenarios of intra UE prioritization/multiplexing have been discussed during eURLLC SI and IIoT SI, where out-of-order HARQ is a special case of some intra UE prioritization scenarios. In the end, the following were included in eURLLC WI [1]:
· [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.

The out-of-order HARQ related discussion can be found also in offline summary from RAN1#96 meeting [3]. In this paper we want to discuss and provide our view on intra UE prioritization/multiplexing in DL. 

Agreements:
For a Rel. 16 eURLLC UE and dynamic downlink scheduling, on the active BWP of a given serving cell, the HARQ-ACK associated with the second PDSCH with HARQ process ID x received after the first PDSCH with HARQ process ID y (x != y) can be sent before the HARQ-ACK of the first PDSCH. Specify based on the following solutions:
· Solution 1: The UE always processes the second PDSCH. The UE may or may not drop the processing of the first channel.
· Solution 2: The UE processes both the first and second PDSCHs as a UE capability with no condition.
· Solution 3: The UE processes both the first and second channels under some conditions, e.g. using the CA capability. The conditions are reported as a UE capability. If the conditions are not satisfied, the UE behavior is not defined. 
· FFS: The details of the UE capability.
· Solution 4: 
· A UE drops (terminates) the processing of the first PDSCH.
· Alt1: The UE always drops the first PDSCH.
· Alt2: Some scheduling conditions should be defined. If not satisfied, the UE drops the processing of the first channel.
· FFS how to define the scheduling conditions, e.g., based on the number of RBs, TBS, number of layers, the gap between the first and second PDSCHs, the gap between the two PUCCHs carrying HARQ-ACK, etc.
· The UE behavior, e.g., decision on dropping the first channel and timing capability associated with the second channel, is determined, and is fixed, after decoding the PDCCH associated with the first and the second PDSCH. 
· When the UE drops the processing of the first channel, increasing the minimum PDSCH processing procedure time (N1) of the second PDSCH by d symbols can be considered.
· FFS the value of d. 
· Dropping the processing of the first PDSCH can be done in one of the two ways:
· Alt1: dropping the processing of the first PDSCH on the same serving cell 
· Alt2: dropping the processing of a PDSCH(s) on the same cell or a different serving cell.
· The UE only expects a maximum of one OOO PDSCH-to-HARQ-ACK flow on the active BWP of a given serving cell when applicable
· FFS whether or not, out-of-order operation is allowed across PDSCHs with PDSCH-to-HARQ gap compatible with PDSCH processing time (N1) for capability X.

Agreements:
For a Rel. 16 UE, on the active BWP of a given serving cell, the UE can be scheduled with a second PUSCH associated with HARQ process x starting earlier than the ending symbol of the first PUSCH associated with HARQ process y (x != y) with a PDCCH that does not end earlier than the ending symbol of first scheduling PDCCH.  Specify based on the following solutions:
· Solution 1: The UE always processes the second scheduled PUSCH. The UE may or may not drop the processing of the first schedeuled PUSCH.
· If the first scheduled and second scheduled PUSCHs are not colliding in the time domain:
· Solution 2: The UE processes both the first scheduled and second scheduled PUSCHs as a UE capability with no condition.
· Solution 3: The UE processes both the first scheduled and second scheduled PUSCHs under some conditions. The conditions are reported as a UE capability.
· FFS: The details of the UE capability.
· Solution 4: 
· A UE drops (terminates) the processing of the first scheduled PUSCH.
· Alt1: The UE always drops the first scheduled PUSCH.
· Alt2: Some scheduling conditions should be defined. If not satisfied, the UE drops the processing of the first scheduled PUSCH.
· FFS how to define the scheduling conditions, e.g., based on the number of RBs, TBS, number of layers, the gap between the first and the second PUSCHs, etc.
· The UE behavior, e.g., decision on dropping the first scheduled PUSCH and timing capability associated with the second scheduled PUSCH, is determined, and is fixed, after decoding the PDCCH associated with first and the second scheduled PUSCHs. 
· When the UE drops the processing of the first scheduled PUSCH, increasing the minimum PUSCH preparation procedure time (N2) of the second PUSCH by d symbols can be  considered.
· FFS the value of d. 
· Dropping the processing of the first scheduled PUSCH can be done in one of the two ways:
· Alt1: dropping the processing of the first scheduled PUSCH on the same serving cell 
· Alt2: dropping the processing of a PUSCH(s) on the same cell or different serving cell.
· The UE only expects a maximum of one OOO PDCCH-to-PUSCH flow on the active BWP of a given serving cell when applicable.
· FFS whether or not out-of-order operation is allowed across PUSCHs with PDCCH-to-PUSCH gap compatible with PUSCH processing time (N2) for capability X.
· If the first scheduled PUSCH and the second scheduled PUSCH are colliding in the time domain, the UE drops the processing and the transmission of the first scheduled PUSCH.
· For dropping, the scheduling limitations do not apply. The UE always drops the first scheduled PUSCH.
· Other details of dropping are as those of the solution 4. 

In this paper we discuss solutions for out-of-order HARQ as well as intra UE prioritization for DL transmissions.
[bookmark: _Ref178064866]2	Discussion
2.1	Out-of-order HARQ-ACK
2.1.1	Overview
Out of order HARQ-ACK scenario can be explained by Figure 1. 
[image: ]
Figure 1: Out of order HARQ-ACK
It can be seen on the figure that after PDSCH1 the same UE is scheduled by PDSCH2 in the way that HARQ feedback for PDSCH2 should be sent earlier then feedback for PDSCH1 which can be done by e.g. K1 value.
The shown example breaks the following rule in TS38.214:
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.
In described scenario there are two main issues we are discussing below. The first one is related to PDSCH processing and the second is related to potential issues with HARQ feedback.

2.1.2	PDSCH processing aspects
According to our understanding of Rel-15 UE processing timeline, it is a common case for UE when one transmission in DL follows another one. In example shown in Figure 2, a UE is scheduled in several consecutive slots with 30 kHz SCS. Here PDSCH1, 2 and 3 belong to different HARQ processes.
[image: ]
Figure 2: Example of consecutive slots scheduling for one UE in DL.
According to release 15, if capability 1 is in use the UE has no excuse in PDSCH3 processing time, thus the scheduler may assume N1 for capability 1 for all PDSCHs including the last one. 
For capability 2 there is a rule in TS38.214 Section 5.3:
“For UE processing capability 2 with scheduling limitation when μ = 1, if the scheduled RB allocation exceeds 136 RBs, the UE defaults to capability 1 processing time. The UE may skip decoding a number of PDSCHs with last symbol within 10 symbols before the start of a PDSCH that is scheduled to follow Capability 2, if any of those PDSCHs are scheduled with more than 136 RBs with 30kHz SCS and following Capability 1 processing time.”
According to this rule even Rel-15 UE with capability 2 can in principle process PDSCH1 and PDSCH2 (Figure 1) following each other, if PDSCH1 is less than 136RBs. The only difference between Rel-16 and Rel-15 baseline can be assumption on two HARQ-ACK codebooks intended for different services, but we do not expect that this can have an impact on processing time.
Hence, for out of order HARQ (figure 1) there are cases when UE is able to process both PDSCH1 and PDSCH2 even with Rel-15 capabilities.
[bookmark: _Toc5140244]For out of order HARQ-ACK in downlink there are cases when UE can process both PDSCH1 and PDSCH2 even with Rel-15 UE processing capabilities and limitations.

Among the solutions from agreements of course the solution 2 will require less specification changes because there is no need to define any limitations and conditions, thus, this option is in our first preference. It can be expected that this solution requires more advanced implementation in UE. At the same time, solution 2 is more spectral efficient, since non-urgent transmission may be decoded successfully, and a retransmission will not be required.
[bookmark: _Toc5140245]Solution 2 from agreements has less specification impact and higher spectral efficiency.
[bookmark: _Toc5140259]As the first preference, Rel-16 UE with out-of-order HARQ-ACK capability should be able to process first and second PDSCHs without any scheduling limitations.

However, one can be conservative and since already in Rel-15 there are some scheduling limitations one can follow the same way and define cases when UE may be able to drop first PDSCH (non-urgent transmission) on Figure 1. Thus for UEs that are not able to process first and second PDSCHs without any scheduling limitations, we prefer solution 4 with Alternative 2.
[bookmark: _Toc5140260]As the second preference, in case out of order HARQ-ACK a UE drops (terminates) the processing of the first scheduled PDSCH only in certain scheduling conditions.
As a scheduling condition for dropping, the condition from Rel-15 specification on number of RBs can be reused. 
[bookmark: _Toc5140261]If dropping conditions are defined, in case out of order HARQ-ACK a UE may drop the second scheduled PDSCH if allocation size is bigger than 136 RBs, otherwise a UE is expected to decode both the first and second PDSCH.
Because UE in principle can process consecutive PDSCHs and dropping of non-urgent PDSCH can be done during urgent PDSCH buffering, we believe that UE can handle first PDSCH dropping without additional delay introduction for second (urgent) PDSCH.
[bookmark: _Toc5140262]When UE drops the first scheduled PDSCH, no additional delay (d=0) is needed for processing the second PDSCH.

In Fig. 1, the PDSCH processing can be associated with either of two capabilities, 1 (larger time) or 2 (shorter time), and thus 4 cases exist. The cases are – PDSCH1 is decoded with using Capability 1, and PDSCH2 is decoded with Capability 1 or 2; or PDSCH2 is decoded with using Capability 1, and PDSCH2 is decoded with Capability 1 or 2. However, out of 4 cases, one case may not be justifiable where earlier non-urgent PDSCH1 is processed with Capability 2, and the following urgent PDSCH2 is processed with Capability 1. 
[bookmark: _Toc5140263]For out-of-order PDCSH operation, the case is not relevant, where the first scheduled PDSCH processing is associated with Capability 2 and the second scheduled PDSCH is associated with Capability 1.
Another case when both transmissions are processed with Capability 2 may not be relevant as well, hence, it can be further discussed by RAN1.
[bookmark: _Toc5140264]FFS whether the case when both PDSCH transmissions are associated with Capability 2 is supported.
[bookmark: _Toc5140265]For out-of-order PDCSH operation, the cases should be supported, where earlier PDSCH processing is associated with Capability 1 and the following PDSCH is associated with Capability 1 or 2.

2.1.3	HARQ-ACK aspects
In terms of how to send out-of-order HARQ-ACK, there can be several cases:
1. Out-of-order HARQ-ACK and “in order” HARQ-ACK are sent over different slots (or sub-slots in case of multiple HARQ feedbacks per slot) – this can be handled according to Rel-15 rules.
2. Out-of-order HARQ-ACK and “in order” HARQ-ACK are sent in the same slot (or sub-slot) – this can be considered as a control-control collision which we discuss in [4].
3. Out-of-order HARQ-ACK collides with non-urgent data – this can be considered as a control-data collision which we also discuss in [4].
4. Out-of-order HARQ-ACK collides with urgent data – this can be handled according to Rel-15 rules, where the HARQ-ACK is multiplexed with urgent data.
2.2	Out-of-order PUSCH
As discussed in Section 2.1.2, multiple PUSCHs, e.g., PUSCH1 and the following PUCSH2, can be granted at consecutive slots belonging to different HARQ processes. According to Release 15, to prepare PUSCH transmission, UE is required N2 symbols, which it can assume for all PUSCHs [Section 6.4, TS 38.214]. However, for a UE with capability 1 or 2, there are no grounds that these PUSCHs cannot be processed concurrently where preparation time of earlier PUSCH1 is larger than PUSCH2. The only difference is that these PUSCHs can be associated with different traffic, and we believe that this will have no impact on PUSCH processing/preparation time. Hence, for an out-of-order PUSCH, both PUSCHs can be processed with Release 15 capabilities.
[bookmark: _Toc5140246]For out of order PUSCH, there are cases when UE can process both PUSCH1 and PUSCH2 even with Rel-15 capabilities and limitations.
Among the solutions from agreements, the solution 2 is most desirable, as there is no need to specify additional limitations or constraints, and therefore solution 2 may incur minimal changes in the specification. Besides, another important aspect is that solution 2 is most spectral efficient. With such implementation, the non-critical transmission, e.g., the first scheduled PUSCH1, can be transmitted without needing of a retransmission.
[bookmark: _Toc5140247]For out-of-order PUSCH, solution 2 from agreements has less specification impact and higher spectral efficiency.
[bookmark: _Toc5140266]As the first preference, Rel-16 UE with out-of-order PUSCH capability should be able to process first and second PUSCHs without any scheduling limitations.

As it may happen due to scheduling limitations, one can consider a conventional approach where UE may consider dropping the first scheduled PUSCH (non-urgent transmission). Thus for UEs that are not able to process both PUSCH, we prefer solution 4 with Alternative 2.
[bookmark: _Toc5140267]As the second preference, in case out of order PUSCH, a UE drops (terminates) the processing of the first PUSCH only in certain scheduling conditions.
Because UE in principle can process consecutive PUSCHs and dropping of non-urgent PUSCH transmission can be done during urgent PUSCH preparation, we believe that UE can handle the first PUSCH dropping without additional delay introduction for second (urgent) PUSCH.
[bookmark: _Toc5140268]For out-of-order PUSCH operation. when UE drops the first scheduled PUSCH, no additional delay (d=0) is needed for processing the second scheduled.

The processing/preparation of a PUSCH during the out-of-order PUSCH operation can be associated with either of two capabilities, 1 (larger time) or 2 (shorter time), and thus 4 cases exist. The cases are – PUSCH1 processing follows Capability 1, and PUSCH2 processing follows Capability 1 or 2; or PUSCH2 processing follows Capability 1, and PUSCH2 processing follows Capability 1 or 2. However, out of 4 cases, one case may not be justifiable where earlier non-urgent PUSCH1 is prepared with Capability 2, and the following urgent PUSCH2 is prepared with Capability 1. 
[bookmark: _Toc5140269]For out-of-order PUSCH operation, the case is not relevant, where the first scheduled PUSCH is associated with Capability 2 and the second scheduled PUSCH is associated with Capability 1.
Another case when both transmissions are processed with Capability 2 may not be relevant as well, hence, it can be further discussed by RAN1.
[bookmark: _Toc5140270]FFS whether the case where both PUSCH transmissions are associated with Capability 2 is supported.
[bookmark: _Toc5140271]For out-of-order PUCSH operation, the cases should be supported where the first scheduled PUSCH is associated with Capability 1 and the second scheduled PUSCH is associated with Capability 1 or 2.


2.3	Intra UE prioritization for DL transmissions
In our view the intra UE prioritization (or pre-emption) is in fact special case of out of order scheduling in downlink. For this case we discuss additional issues and challenges in a separate paper [5].
Considering only allocation of PDSCHs of urgent and non-urgent transmissions on time-frequency grid there can be several cases discussed.
[image: ]
Figure 3: Intra UE prioritization in DL
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.
There are many aspects:
1. PDCCH monitoring issue if it overlaps with first PDSCH.
2. How to assign priority:
a. Order rule
b. Priority indicator
3. How to process PDSCHs:
a. Process both (pre-emption of first transmission must be resolved by UE for case 2):
i. always
ii. at some conditions
iii. delay processing of the first PDSCH.
b. Skip processing of the low priority PDSCH.
4. HARQ-ACK handling.

On the first, according to Rel-15 rules UE do not assume to monitor CORESETs overlapping with assigned PDSCH, thus, in some configurations UE cannot read PDCCH for urgent transmission. We discuss this issue further in our companion paper [5].
1. [bookmark: _Toc5140272]Consider solutions to resolve the issue when PDCCH for the second scheduled PDSCH overlaps with first scheduled PDSCH.
On the second, it has been noted before that either a rule of order (second assignment has higher priority) or explicit signaling in DCI can be used. Indeed, the rule of order may work, however there can be cases when priority indicator is beneficial and can complement the scheduling flexibility. We discuss such cases in [6].
[bookmark: _Toc5140273]Priority indicator in DCI is supported in Rel-16.

Whatever rule is defined to assign priority of time-overlapped PDSCHs, the next issue is processing of low and high priority PDSCHs. In contrast with out of order HARQ where transmissions come sequentially, this case either requires special UE capability on process both PDSCHs or simple dropping rule of low priority PDSCH can be introduced. Ultimately, processing of both PDSCHs is more beneficial from scheduling perspective and has higher spectral efficiency, but again, it can cost UE complexity, thus, it can be considered as optional UE feature.
[bookmark: _Toc5140274]In case of intra UE prioritization a new optional UE capability is defined for enabling processing of both PDSCHs. A UE without this capability is expected to drop low priority PDSCH processing.
In the end, HARQ-ACK handling must be clarified. In our view, it can be done by future Rel-16 rules or by out of order HARQ-ACK rules, hence, special rules for intra UE prioritization in DL are not needed.
[bookmark: _Toc5140248]Reuse HARQ-ACK handling rules of out-of-order HARQ for intra UE prioritization in DL.

Conclusion
In the previous sections we made the following observations: 
Observation 1	For out of order HARQ-ACK in downlink there are cases when UE can process both PDSCH1 and PDSCH2 even with Rel-15 UE processing capabilities and limitations.
Observation 2	Solution 2 from agreements has less specification impact and higher spectral efficiency.
Observation 3	For out of order PUSCH, there are cases when UE can process both PUSCH1 and PUSCH2 even with Rel-15 capabilities and limitations.
Observation 4	For out-of-order PUSCH, solution 2 from agreements has less specification impact and higher spectral efficiency.
Observation 5	Reuse HARQ-ACK handling rules of out-of-order HARQ for intra UE prioritization in DL.


Based on the discussion in the previous sections we propose the following:
Proposal 1	As the first preference, Rel-16 UE with out-of-order HARQ-ACK capability should be able to process first and second PDSCHs without any scheduling limitations.
Proposal 2	As the second preference, in case out of order HARQ-ACK a UE drops (terminates) the processing of the first scheduled PDSCH only in certain scheduling conditions.
Proposal 3	If dropping conditions are defined, in case out of order HARQ-ACK a UE may drop the second scheduled PDSCH if allocation size is bigger than 136 RBs, otherwise a UE is expected to decode both the first and second PDSCH.
Proposal 4	When UE drops the first scheduled PDSCH, no additional delay (d=0) is needed for processing the second PDSCH.
Proposal 5	For out-of-order PDCSH operation, the case is not relevant, where the first scheduled PDSCH processing is associated with Capability 2 and the second scheduled PDSCH is associated with Capability 1.
Proposal 6	FFS whether the case when both PDSCH transmissions are associated with Capability 2 is supported.
Proposal 7	For out-of-order PDCSH operation, the cases should be supported, where earlier PDSCH processing is associated with Capability 1 and the following PDSCH is associated with Capability 1 or 2.
Proposal 8	As the first preference, Rel-16 UE with out-of-order PUSCH capability should be able to process first and second PUSCHs without any scheduling limitations.
Proposal 9	As the second preference, in case out of order PUSCH, a UE drops (terminates) the processing of the first PUSCH only in certain scheduling conditions.
Proposal 10	For out-of-order PUSCH operation. when UE drops the first scheduled PUSCH, no additional delay (d=0) is needed for processing the second scheduled.
Proposal 11	For out-of-order PUSCH operation, the case is not relevant, where the first scheduled PUSCH is associated with Capability 2 and the second scheduled PUSCH is associated with Capability 1.
Proposal 12	FFS whether the case where both PUSCH transmissions are associated with Capability 2 is supported.
Proposal 13	For out-of-order PUCSH operation, the cases should be supported where the first scheduled PUSCH is associated with Capability 1 and the second scheduled PUSCH is associated with Capability 1 or 2.
Proposal 12	Consider solutions to resolve the issue when PDCCH for the second scheduled PDSCH overlaps with first scheduled PDSCH.
Proposal 13	Priority indicator in DCI is supported in Rel-16.
Proposal 14	In case of intra UE prioritization a new optional UE capability is defined for enabling processing of both PDSCHs. A UE without this capability is expected to drop low priority PDSCH processing.
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