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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 [2]. 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. 

During the RAN1#96bis meeting following agreements and assumptions were realized.
Agreements:
In case two unicast PDSCHs for a UE are overlapping, the following scenarios are identified:
· [bookmark: _Hlk7534934]Scenario 1-1: Overlapping in the time domain and not in the frequency domain
· Scenario 1-2: Overlapping both in the time and frequency domains
Working assumption:
· When the two unicast PDSCHs for a UE are overlapping, the UE generates HARQ-ACK for both of the PDSCHs.

And the following conclusions have been made in RAN1#97:
Conclusion:
Study further whether/how to support the following scenarios for the handling of two unicast PDSCHs:
· Scenario A: When different DL processing times are associated with different PDSCHs on the same serving cell, and the two PDSCHs are non-overlapping.
· Note: The PDSCH-to-PUCCHs can be out-of-order or in-order.
· Note: The solution(s) should address the UE processing pipelining issue.
· Two PDSCHs follow DL processing timing capability #1 and #2, respectively, on the same serving cell.
· FFS if any different solutions are necessary to address different scenarios when the above condition occurs 
· Scenario B: When the same DL processing time is configured on the same serving cell, and the two PDSCHs are non-overlapping, and the PDSCH-to-PUCCHs are out of order.
· Note: There is no UE processing pipelining issue.
· Note: the in-order PDSCH-to-PUCCHs are already handled in Rel-15.
· Scenario C: The two unicast PDSCHs are overlapping at least in the time domain, regardless of whether the same or different DL processing times is configured on the same serving cell.
· Note: The solution(s) should address the UE processing pipelining issue in this case.

In this paper we discuss solutions for out-of-order HARQ as well as intra UE prioritization for DL transmissions.
[bookmark: _Ref178064866]2	Discussion
The paper has two sections, the first section is dedicated to out-of-order operation in downlink and second section discusses out-of-order operation in uplink.
2.1	Out-of-order operation in downlink
As it was identified during previous meetings, the out-of-order operation in downlink can further be discussed as two separate scenarios: when the two PDSCHs are overlap at least in the time domain and when the two PDSCHs do not overlap in time. The first case is illustrated on Figure 1.
[image: ]
[bookmark: _Ref16768881]Figure 1: Intra UE prioritization in DL
In this subsection we discuss PDSCH processing issues, PDCCH issues, priority issues and HARQ-ACK handling. 
2.1.1	PDSCH processing aspects
It is noted that due to pipeline processing and limitations in Rel-15 it can be impossible to process two overlapped or non-overlapped PDSCHs. Therefore, during the last meeting predominantly two Rel-16 candidate solutions were popular among all companies: how to process both unicast PDSCHs and how to drop one of those. For being flexible we think that it is possible to introduce unified solution which can include both behaviors depending on UE capabilities. In short, it can be summarized as following. When UE detects out-of-order operation:
1. Depending on presence of multi-TB processing feature in the UE:
a. UE processes both PDSCHs if it possesses the feature (e.g. CA, multiple processing chains per CC);
b. Otherwise,
i. UE decodes both PDSCHs under some conditions (e.g., if pipeline is not impacted),
ii. Otherwise UE drops processing of one unicast PDSCH.
Next, we elaborate the multi-TB processing feature, and the conditions when UE may drop the PDSCH.
Multi-TB processing feature: This feature enables simultaneous processing of multiple TBs. This happens, if the resource, i.e., CC is equipped with multiple processing chains. Further, there can be two classifications. If a single CC possesses multiple processing chains is allocated with multiple TBs, then these TBs should not be overlapped in time (due to the resource constraint) for their successful decoding. If there are multiple CCs with independent processing chains, then multiple TBs over these CCs can overlap in time and poses no scheduling restriction. However, in either case, the TBs can be configured with capability 1 or 2. 
Under Rel-15 restriction [TS38.214 Section 5.3] for 30 kHz SCS, i.e., if the earlier TB with capability 1 and size larger than 136 PRBs, and the gap between two TBs less than 10 symbols, then following TB is always processed with capability 1. However, with multi-TB processing feature enabled, the Rel-15 condition would not impact, and the following TB configured with capability 2 can be processed with the same as long as the UE has dedicated processing chain to handle it.
[bookmark: _Toc16772938][bookmark: _Toc16899531]In case of intra UE PDSCH prioritization, a new feature is defined for enabling the processing of both PDSCHs. A UE without this capability is assumed not to process the lower priority PDSCH.
Dropping condition: If multi-TB processing feature is absent, then UE may be required to drop earlier PDSCH in order to process urgent PDSCH under some condition. 
In scenario A (concluded in RAN#97), if earlier PDSCH is configured with capability 1 and the later with capability 2, therefore in order to decode the later PDSCH within a short time (capability 2 processing time), UE must drop earlier PDSCH. However, if the time gap between the PDSCHs is increased, then at certain minimal time gap, both PDSCHs can be processed with respective capabilities without impacting the pipeline.
In scenario B, both PDSCHs can be with capability 1 or capability 2, and beside in-order, if the out-of-order restrictions are relaxed, both PDSCHs can be processed without impacting the pipeline. For the case with capability 2, the PDSCH cannot be of a larger size if 30 kHz SCS is in use, therefore Rel-15 restrictions [TS38.214 Section 5.3] cannot impact. 
In scenario C, either PDSCH (overlapping in time) can be dropped preferably the non-urgent one.
[bookmark: _Toc16899532]The PDSCHs with different capabilities can be processed without impacting their pipelines if they are spaced apart with at least symbols x. FFS for x.
We present following solution to the scenarios (two PDSCHs transmission) concluded in last meeting.
	Scenarios concluded in RAN1#97
	A
No time overlapping
PDSCH1 – capability 1
PDSCH2 – capability 2
	B
No time overlapping
PDSCH1 and 2 – same capability
	C
Time overlapping
Any combination of PDSCH capabilities

	Solution
	· The non-urgent transmission configured with capability 2 must not followed by urgent transmission configured with capability 1 (if the PDSCHs are spaced are less than x symbols). 
· For capability 2 PDCSH following capability 1 PDSCH, with Solution 2, both PDSCHs can be processed whether in-order or out-of-order.
· If Solution 2 is not applicable, e.g., multi-TB processing feature is absent, then UE applies Solution 4-2, i.e., drops earlier PDSCH.

	· When both transmissions are configured with capability 1,
· In-order PDSCH-to-PUCCHs are already handled in Rel-15,
· For out-of-order case, both PDSCHs can be handled if Rel. 15 limitations are removed.


	· Possible with Solution 2 where multiple CCs have at least an independent processing capability.
· Implements Solution 4-2 otherwise.



As it can be seen from summary, the general approach includes solutions 2 and 4-2 from RAN1#96 agreements and can be the way forward in the discussion. The presented solution is close to Solution 3, however Solution 3 has undefined behavior if processing conditions are undefined which we find unacceptable.
[bookmark: _Toc16772934][bookmark: _Toc16899533]Rel-16 UE with advanced capability should be able to process first and second PDSCHs without any scheduling limitations, otherwise, a UE drops (terminates) the processing of the first PDSCH only in certain scheduling conditions or capability limitations.
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: _Toc16772935][bookmark: _Toc16899534]For out-of-order HARQ-ACK operation, when UE drops the first PDSCH, no additional delay is considered (d=0).
In case of dropped PDSCH, its retransmission can take place according to Rel-15 specifications.
[bookmark: _Toc16772936][bookmark: _Toc16899535]For out-of-order HARQ-ACK operation, retransmission of dropped PDSCH takes place according to Rel-15 specifications.
2.1.2	PDCCH issues
The PDCCH issue is more relevant to PDSCH overlapping scenario, however it can happen even with back-to-back transmissions of PUSCH out-of-order operation. 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: _Ref16772779][bookmark: _Ref864999][bookmark: _Ref4661408]Figure 2: Intra-UE DL prioritization cases with PDCCH
In the Figure 2, Cases 1 and 2 are divided onto sub-cases A and B. 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 difficult 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.  In Rel-15, the PDSCH should be rate-matched around the resources used by the PDCCH scheduling the PDSCH. In view of the above, it is necessary that Rel-16 supports rate-matching or puncturing rules for a PDSCH w.r.t received PDCCHs that did not schedule the PDSCH.
[bookmark: _Toc16766095][bookmark: _Toc16766142][bookmark: _Toc16766181][bookmark: _Toc16767065][bookmark: _Toc16899066]A PDSCH may be pre-empted by later scheduled PDCCH.
[bookmark: _Toc16772941][bookmark: _Toc7806069][bookmark: _Toc16899536]Rel-16 supports rate-matching or puncturing rules for a PDSCH w.r.t received PDCCHs that did not schedule the PDSCH. 
As noted above it can be impossible 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: _Toc16772942][bookmark: _Toc16899537]Consider enhanced CORESET with dynamic allocation relative to the allocation of a PDSCH.
[bookmark: _Toc16772939][bookmark: _Toc16899538]Consider solutions to resolve the issue when later PDCCH overlaps with the earlier PDSCH.
2.1.3	How to assign priority
For Case 2A and Case 2B in Figure 2 with the assumption that UE may receive both PDSCHs, it can be viewed 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 signaling is not required for the UE because PI may be derived from DCI. 
Rel-15 can’t guarantee a correct UE behavior in case of intra-UE DL prioritization. To solve this, we want to 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 [4] we discuss DCI format to comprise a physical layer priority. In our view this indicator can be used as enabler to solve the above prioritization cases by the following high-level rules: 
· A PDSCH scheduled without a physical layer priority 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: _Toc16772940][bookmark: _Toc16899539]Priority indicator in DCI is supported in Rel-16.
2.1.4	HARQ-ACK handling
HARQ-ACK should be generated for both PDSCHs. Currently, the working assumptions consider HARQ-ACK generation for overlapping PDSCH, e.g., NACK is communicated if one of the overlapped PDSCH is dropped. However, for the scenarios with non-overlapping PDSCHs, due to the pipeline issue, if one of the PDSCH can be dropped, e.g., in Scenario A or B, and in such scenarios HARQ-ACK should be generated for the dropped PDSCH.
[bookmark: _Toc16899540]For out-of-order HARQ-ACK, confirm the Working Assumption with modification: For out-of-order HARQ-ACK with either overlapping PDSCHs or non-overlapping PDSCHs, the UE generates HARQ-ACK for both of the PDSCHs. 
2.1.5	Processing of Punctured PDSCH 
The scenarios are considered here pertaining to scenarios 2A and 2B where later PDSCH is punctured in earlier PDSCH. Now, depending on UE capability or soft combining requirement needs, UE may or may not expect earlier PDSCH from gNB. If the UE expects earlier PDSCH and intends to process it, the UE should not include the noisy bits of the punctured region.
[bookmark: _Toc16767064][bookmark: _Toc16899067]If UE only processes the later scheduled PDSCH, and it may or may not process the earlier scheduled PDSCH, gNB can skip transmission of all or part of the earlier scheduled PDSCH.
[bookmark: _Toc16899541]If UE processes the earlier PDSCH overlapping (punctured) with later PDSCH, then the earlier PDSCH processing must not include the punctured part belonging to later PDSCH. 
[bookmark: _Hlk7742880]2.2	Out-of-order PUSCH
The out-of-order PUSCH scenario can be described as where respective PUSCH allocations do not follow the order of their DCIs. It means the PUSCH corresponding to later DCI, either overlap or allocated before in time with respect to other PUSCH.
[bookmark: _Toc16766101][bookmark: _Toc16766145][bookmark: _Toc16766184][bookmark: _Toc16772944][bookmark: _Toc16899542]A similar approach to out-of-order operation in downlink can be considered for out-of-order PUSCH operation.
[bookmark: _Hlk7744947][bookmark: _Hlk7744972]Conclusion
Based on the discussions in previous subsections, we lay out observations:
Observation 1	A PDSCH may be pre-empted by later scheduled PDCCH.
Observation 2	If UE only processes the later scheduled PDSCH, and it may or may not process the earlier scheduled PDSCH, gNB can skip transmission of all or part of the earlier scheduled PDSCH.

Based on the discussions in previous subsections, we lay out the following proposals:
Proposal 1	In case of intra UE PDSCH prioritization, a new feature is defined for enabling the processing of both PDSCHs. A UE without this capability is assumed not to process the lower priority PDSCH.
Proposal 2	The PDSCHs with different capabilities can be processed without impacting their pipelines if they are spaced apart with at least symbols x. FFS for x.
Proposal 3	Rel-16 UE with advanced capability should be able to process first and second PDSCHs without any scheduling limitations, otherwise, a UE drops (terminates) the processing of the first PDSCH only in certain scheduling conditions or capability limitations.
Proposal 4	For out-of-order HARQ-ACK operation, when UE drops the first PDSCH, no additional delay is considered (d=0).
Proposal 5	For out-of-order HARQ-ACK operation, retransmission of dropped PDSCH takes place according to Rel-15 specifications.
Proposal 6	Rel-16 supports rate-matching or puncturing rules for a PDSCH w.r.t received PDCCHs that did not schedule the PDSCH.
Proposal 7	Consider enhanced CORESET with dynamic allocation relative to the allocation of a PDSCH.
Proposal 8	Consider solutions to resolve the issue when later PDCCH overlaps with the earlier PDSCH.
Proposal 9	Priority indicator in DCI is supported in Rel-16.
Proposal 10	For out-of-order HARQ-ACK, confirm the Working Assumption with modification: For out-of-order HARQ-ACK with either overlapping PDSCHs or non-overlapping PDSCHs, the UE generates HARQ-ACK for both of the PDSCHs.
Proposal 11	If UE processes the earlier PDSCH overlapping (punctured) with later PDSCH, then the earlier PDSCH processing must not include the punctured part belonging to later PDSCH.
Proposal 12	A similar approach to out-of-order operation in downlink can be considered for out-of-order PUSCH operation.
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