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1 Introduction

Objectives for NR intra-UE prioritization/multiplexing in IIoT WID RP-190728 are copied below.
	2. The detailed objectives for NR intra-UE prioritization/multiplexing are:
· Specify enhancements to address resource conflicts between dynamic grant (DG) and configured grant (CG) PUSCH and conflicts involving multiple CGs [RAN2, RAN1].

· Specify PUSCH grant prioritization based on LCH priorities and LCP restrictions for the cases where MAC prioritizes the grant [RAN2].

· Address UL data/control and control/control resource collision by:

· specifying a method to address resource collision between SR associating to high-priority traffic and uplink data of lower-priority traffic for the cases where MAC determines the prioritization [RAN2].

· specifying prioritization and/or multiplexing behaviour among HARQ-ACK/SR/CSI and PUSCH for traffic with different priorities, including the cases with UCI on PUCCH and UCI on PUSCH [RAN1, RAN2].


Various types of intra-UE prioritization/multiplexing conflicts are being handled across RAN1 and RAN2. 
Observation 1: Various types of intra-UE prioritization/multiplexing conflicts are being handled across RAN1 and RAN2.

This paper discusses RAN1 impacts associated with intra-UE prioritization solution that RAN2 should consider. This paper also proposes a framework accounting for the RAN1 impacts.
This is a revision of R2-1907924 with following major updates: 
· Section 3.3 discussing PHY prioritization carried out in Rel-15 LTE

· Updates to observation 3b and related discussion,

· Updates to observation 4b and related discussion,
· New observation 4e (and related discussion),

· Updates to proposal 1 (which was proposal 2 in R2-1907924).

2 Value of joint prioritization/multiplexing at PHY
Here, we explain why PHY is a good fit for performing joint prioritization/multiplexing as proposed in previous section.
Joint prioritization/multiplexing based on all available information provides performance gains. For instance, consider an example with a conflict between two PUSCH and one ACK, with overlap between PUSCH-1 and PUSCH-2, and also overlap between PUSCH-2 and ACK.

Suppose MAC prioritizes PDU-1 in favour of PDU-2. But, PHY ends up pre-empting PDU-2 because of a high priority HARQ-ACK (for DL traffic) whereas PDU-1’s PUSCH did not overlap with the high priority HARQ-ACK.

In this case, the multi-layer prioritization results in both the PUSCH failing, while the joint optimization allows PUSCH-1 to be sent.
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Figure 2 Benefits of joint optimization
Observation 2a: Joint prioritization/multiplexing based on all available information improves channel utilization. 
Another aspect to consider in the context of joint prioritization/multiplexing is that it should be carried out in a layer that has all available information (PDUs, UCI etc) and PHY is a good fit. Prioritization problems being considered in RAN2 like SR vs PUSCH prioritization will be even more challenging in Rel-16 because of dependence of PUCCH resource used for SR transmission on the presence of other UCI. 
The presence or absence of UCI like HARQ-ACK will be a function of a priority associated with HARQ-ACK which is known readily to PHY (from DL DCI). 
In the example below, the UE multiplexes the SR with the PUCCH carrying ACK/NACK, which in-turn makes the PUCCH resource for the SR unused. This allows the UE to transmit PUSCH-1. However, a suboptimal approach where MAC would not be aware that the SR resource became unused, and hence may drop PUSCH-1. 
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Figure 3 PHY’s knowledge of resources used for UCI multiplexing leads to better prioritization decisions
Observation 2b: Joint prioritization/multiplexing in a layer that has all available information (PDUs, UCI, channel timing/multiplexing information etc) improves channel utilization. Hence, PHY is a good fit for acting as this layer.  
Joint prioritization/multiplexing in PHY can consider options like selecting parts (e.g., code block groups) of a (e.g., long) PUSCH that can be dropped instead of dropping entire PUSCH.  
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Figure 4 Potential for PHY optimizations
Observation 2c: Joint prioritization in PHY can pick parts (e.g., code block groups) of (e.g., long) PUSCH that can be dropped instead of dropping entire PUSCH, thereby improving resource utilization.
There are limitations to MAC’s role in prioritization especially if MAC determines that a PDU has to be deprioritized which has already been sent to PHY, since interruption (of processing and transmission) is handled in PHY.
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Figure 5 Interruption of processing/transmission due to prioritization best handled in PHY

Observation 2d: There are limitations to MAC’s role in prioritization especially if MAC determines that a PDU has to be deprioritized which has already been sent to PHY, since interruption (of processing and transmission) is handled in PHY.

3 Value of PHY based DG priority label
Grant prioritization in PHY should be based on indications that are readily available to PHY. For dynamic grant, this indication may be conveyed using DCI/PDCCH and we refer to it as DG priority label.
Here, we motivate the use of PHY based DG priority labels for prioritization in general including PUSCH vs UCI prioritization.

3.1 Benefit of PHY based DG priority label to multiplexing vs prioritization decision for PUSCH vs UCI prioritization
We consider the following scenario to discuss benefits of using PHY based DG priority labels. One DG PUSCH overlaps with a PUCCH. The UCI in the PUCCH can be HARQ-ACK, CSI, HARQ+SR, CSI+SR, or in general, any UCI type. 
The DG PUSCH can have low PHY based DG priority label where gNB used rate control, RB allocation, power control to get an appropriate BLER/reliability (e.g., 10% BLER).  This does not change based on priority of LCHs associated with PDU of DG PUSCH. It will be still targeting 10% BLER. 
The DG PUSCH can also have high PHY based DG priority label, where gNB used rate control, RB allocation, power control to get appropriate BLER/reliability (e.g., 0.1% BLER). This also does not change based on priority of LCHs associated with PDU of DG PUSCH. 
Furthermore, the behaviour at PHY is that, when UCI is multiplexed into the DG PUSCH, the effective ‘power’ spent on delivery of UCI takes into account the code rate and a scaling factor both indicated in UL grant. gNB plans the appropriate rate control parameters of the grant to achieve a certain UCI error rate target (e.g., 0.1% BLER).  This PHY behaviour will also not change based on priority of LCHs associated with PDU of DG PUSCH.
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Figure 6: Example #1: High priority UCI collides with a high priority dynamic PUSCH.
Here, for DG PUSCH, we first assume that the MAC either keeps the PHY based DG priority label or ‘downgrades’, but it will never ‘upgrade’ the priority. With an upgrade (high priority LCHs sent using DG with low PHY based DG priority label, ie, with low reliability), the BLER target and reliability target for the data of the DG would not be met. If MAC always keeps the PHY based DG priority labels, then there is no point in using MAC priorities. Therefore, the only meaningful MAC prioritization action left to consider is a downgrade of PHY based DG priority label (e.g., because low priority LCHs are sent using the DG PUSCH). We show that this is a bad design choice using the following examples.

In all the following examples, we assume that there exists a DG with high PHY based DG priority label, and its priority is downgraded to low by MAC.
· Example #1: High priority UCI collides with a DG with high PHY based DG priority label
· Desired behaviour: gNB expects high priority UCI to be multiplexed in the DG PUSCH (PUSCH grants parameters were determined by gNB to enable reliable delivery of high priority UCI).
· Outcome if (high) PHY based DG priority label is used,
· high priority UCI gets multiplexed onto the PUSCH carrying data from a low priority logical channel. The UCI is delivered reliably,
· Outcome if (low) MAC priority is used,
· then low priority PUSCH is unnecessarily dropped in favour of UCI, leading to poor resource utilization.
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Figure 7: High priority UCI collides with a DG with high PHY based DG priority label
· Example #2: Low priority UCI collides with a DG with high PHY based DG priority label
· Desired behaviour: gNB expects UCI to be dropped. 
· Outcome if (high) PHY based DG priority label is used,
· the low priority UCI is dropped as expected; data from the low priority logical channel will be sent on PUSCH without UCI.

· Outcome if (low) MAC priority is used,
· UCI will be multiplexed onto the PUSCH at UE, which is not what the gNB expected and gNB is not aware of this UE behaviour. The gNB ends up decoding PUSCH with wrong rate-matching assumptions and will fail decoding (even if gNB try multi-hypotheses decoding, the multi-hypotheses decoding will not work, because UL DAI issued in the PUSCH grant is wrong; the DAI is for HARQ-ACK is issued by gNB assuming UCI is dropped).
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Figure 8: Low priority UCI collides with a DG with high PHY based DG priority label
The issues discussed above are exacerbated with CA with UE has to perform cross-carried UCI multiplexing. If prioritization (and dropping of PUSCH) is carried out without using an indication provided by gNB, it increases uncertainty for gNB reception even further.


[image: image8]
Observation 3a: For UCI vs PUSCH multiplexing/prioritization, DG priority label helps decide between multiplexing and dropping.
Observation 3b: A priority value determined based on content of PDU (e.g., LCH priorities) is not useful to prioritization/multiplexing in PHY and impacts gNB reception especially when operating with carrier aggregation.

3.2 Timeline benefits of PHY based DG priority label

As discussed in R2-1904666 [1], PHY based DG priority labels enables lower latency for preparing the PUSCH associated with dynamic grant with lesser timeline impacts and this is useful for URLLC applications. A related figure from [1] is copied below. The figure shows that there are significant timeline impacts if PHY cannot prioritize such dynamic grants.
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Figure 9 Challenging timeline (N2) without using PHY based DG priority label
Observation 3c: PHY based DG priority labels enables lower latency for preparing PUSCH associated with dynamic grant and has lesser timeline impacts (useful for URLLC).
3.3 PHY prioritization in Rel-15 LTE
Rel-15 LTE carries out prioritization between overlapping uplink grants at PHY based on grant characteristics. Specifically, the prioritization considers PUSCH duration assigning higher priority to shorter duration PUSCHs (usually used for URLLC). This is captured in clause 8.0 of TS 36.213 (V15.6.0) and related excerpts are discussed below.

The following excerpt from clause 8.0 of TS 36.213 discusses prioritization of an uplink transmission for a (long duration) subframe-PUSCH and (short duration) slot/subslot transmission. Note that short duration sTTI based transmission is generally prioritized. Also, note that grant-free transmissions (similar to configured grants) are also considered in the prioritization as the clause covers “or if the UE transmits a slot/subslot-PUSCH without a corresponding PDCCH/SPDCCH”. DCI format 7-0A/7-0B are used for scheduling of slot/subslot transmission (see clauses 5.3.3.1.15 and 5.3.3.1.16 of TS 36.212).
	For a serving cell, and a UE configured with higher layer parameter ul-TTI-Length, the UE is not expected to transmit subframe-PUSCH 

-
in a given subframe corresponding to PDCCH with uplink DCI format other than 7-0A/7-0B or without a corresponding PDCCH if the UE detects PDCCH/SPDCCH with uplink DCI format 7-0A/7-0B corresponding to a PUSCH transmission in the same subframe or if the UE transmits a slot/subslot-PUSCH without a corresponding PDCCH/SPDCCH. The UE shall transmit the HARQ-ACK response corresponding to the subframe-PUSCH using the slot/subslot-PUSCH (as defined in Subclause 7.3). The UE shall apply spatial HARQ-ACK bundling on the HARQ-ACK response

-
in case subslot-PUSCH is used
-
in case slot-PUSCH is used if the bundling is configured for the cell.

-
in a given subframe corresponding to PDCCH/EPDCCH with uplink DCI format other than 7-0A/7-0B received in subframe n if the UE detects PDCCH/SPDCCH with uplink DCI format 7-0A/7-0B in any subframe from subframe n+1 to subframe n+WUL corresponding to a PUSCH transmission, and if 
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 is indicated by skipSubframeProcessing capability [12],
-
in case of a collision between the subframe-PUSCH and slot/subslot-PUCCH. The UE shall transmit the HARQ-ACK response corresponding to the subframe-PUSCH using the slot/subslot-PUCCH (as defined in Subclause 7.3). The UE shall apply spatial HARQ-ACK bundling on the HARQ-ACK response

-
in case subslot-PUCCH is used

-
in case slot-PUCCH is used if the bundling is configured for the cell.

-
in case of a collision between the subframe-PUSCH, subframe-PUCCH, and slot/subslot-PUSCH when simultaneous PUSCH and PUCCH transmission is configured for the UE. The UE is also not expected to transmit subframe-PUCCH. The UE shall transmit the HARQ-ACK response corresponding to the subframe-PUCCH using the slot/subslot-PUSCH.


LTE prioritization captured in TS 36.213 also considered CA operation. The following excerpt from clause 8.0 of TS 36.213 considers prioritization of uplink transmissions across serving cells.

	For a UE configured with more than one serving cell and not capable of simultaneous transmission of different uplink signal durations to different serving cells as indicated by UE capability simultaneousTx-differentTx-duration, in case of a collision between 

-
a slot-PUSCH of first serving cell and a subframe-PUSCH/PUCCH/SRS/PRACH of second serving cell or 

-
a subslot-PUSCH of first serving cell and a subframe/slot-PUSCH/PUCCH/SRS/PRACH of second serving cell

the uplink transmission(s) of the second serving cell are dropped.


Observation 3d: Rel-15 LTE carries out prioritization between overlapping grants at PHY considering grant characteristics and considering CA operation.
4 Intra-UE prioritization: RAN1 impacts 

In this section, we look at some of the same technical issues and examples presented in Section 2 with a different perspective, to focus on the impacts to RAN1. RAN2 is encouraged to consider these RAN1 impacts while developing solutions for intra-UE prioritization solutions. 

Any complex prioritization rule (in MAC or PHY) can impact PHY timelines (e.g., N2) and modifying the timelines requires a major effort in RAN1. RAN1 discussions to decide the timeline parameters in Rel-15 spanned more than an year. Also, increasing timelines should be a last resort for RAN2 and RAN1 if the intent is to support URLLC. One example of timeline impact was discussed in detail in R2-1904666 [1] and the figure below from [1] illustrates the impact.
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Figure 10 Timeline issues if PHY cannot identify/prioritize high priority dynamic grant
Observation 4a: Any complex prioritization rule (in MAC or PHY) can impact PHY timelines (e.g., N2) and modifying the timelines requires a major effort in RAN1.

Any prioritization solution considered in RAN2 requiring de-prioritization of a MAC PDU already delivered to PHY may require pre-emption of processing or transmission of an ongoing PUSCH transmission as illustrated in figure below (copy of Figure 3). This is clearly in RAN1’s scope and likely requires careful analysis.
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Figure 11 Potential for interruption of PHY processing/transmission due to prioritization
Any prioritization solution considered in RAN2 requiring de-prioritization of a MAC PDU already delivered to PHY may can also impact UCI multiplexed to PUSCH associated with the MAC PDU. The example in figure below illustrates how flexibility in PHY is critical in avoiding sub-optimal decisions when UCI multiplexing is involved. Here, PHY knows that CG-PUSCH has high priority UCI, and should be prioritized over DG-PUSCH even though the latter has higher priority LCHs (otherwise, high priority UCI (ACK) is lost).

[image: image13]
Observation 4b: Any prioritization solution considered in RAN2 requiring de-prioritization of a MAC PDU already delivered to PHY may require pre-emption of processing or transmission of an ongoing PUSCH transmission and may even impact high priority UCI multiplexed in the PUSCH, and has significant RAN1 impact.

Prioritization especially in PHY may not always involve just a binary choice of transmitting or not transmitting. For instance, PHY may be able to pick parts (e.g., CBGs) of PUSCH that can be saved instead of dropping entire PUSCH as illustrated in figure below (copy of figure 4).
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Figure 12 Potential PHY optimizations
Observation 4c: Prioritization especially in PHY is not always just a binary choice of transmitting or not transmitting. For instance, PHY can pick parts (e.g., CBGs) of PUSCH that can be dropped instead of dropping entire PUSCH.

Prioritization problems being considered in RAN2 like SR vs PUSCH prioritization will be even more challenging in Rel-16 because of dependence of PUCCH resource used for SR transmission on presence of other UCI, where the presence or absence of UCI like HARQ-ACK will be a function of a priority associated with HARQ-ACK (and RAN1-defined solutions for periodization/multiplexing of HARQ-ACK).
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Figure 13 Potential complexities in SR-PUSCH overlap check due to Rel-16 UCI prioritization rules
Observation 4d: Prioritization problems being considered in RAN2 like SR vs PUSCH prioritization is challenging in Rel-16 because of dependence of PUCCH resource used for SR transmission on presence of other UCI, where the presence or absence of UCI like HARQ-ACK will be a function of a priority associated with HARQ-ACK and RAN1 solutions for prioritization/multiplexing of HARQ-ACK.
RAN2 solutions involving suppression of a PDU at MAC can impact following operations at PHY:

· other prioritization decisions handled by PHY such as UCI vs PUSCH which may be impacted by suppression of a PUSCH’s PDU,

· increases decoding complexity at gNB. 
· Suppose there is no UL DCI-based priority indication and priority is determined by MAC at UE. The gNB will not know what the PUSCH priority is before decoding it, so the gNB does not know where the control is. From the gNB’s perspective, there are 2N (N is the number of CCs) possible channel prioritizations, with various possible dropping/multiplexing outcomes unknown at the gNB. 
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Observation 4e: RAN2 solutions involving suppression of a PDU at MAC can impact other prioritization decisions handled by PHY and can increase decoding complexity at gNB. 

In light of observations 4a-4e, we propose the following (where the first bullet is related to observation 4b and second bullet is related to observation 4e).
Proposal 1: Due to PHY/RAN1 impacts of most intra-UE prioritization solutions, RAN2 should work closely with RAN1 when developing and before finalizing any intra-UE prioritization solutions. In particular, RAN2 should consult RAN1 before agreeing on any solutions
· requiring de-prioritization of PUSCH of a MAC PDU provided to PHY,
· involving suppression of a PDU at MAC.
5 Prioritization framework

We propose a prioritization framework below which addresses the aspects discussed in previous sections..
Proposal 2: Intra-UE prioritization framework should comprise of the following:

1. Each dynamic grant (DG) is mapped to a DG priority label determined only using DCI content.
2. Every configured grant (CG) is mapped to a CG priority label. Upper layers provide this CG priority label to PHY.
3. SRs are sent to PHY and are associated with PUCCH resource configuration.
4. DG PDUs are provided by MAC to PHY. 
5. CG PDUs are provided by MAC to PHY when available (accounting for uplink skipping). 
6. PHY carries out joint prioritization/multiplexing based on available DG PDUs, CG PDUs and SRs (provided by MAC), and CSI and ACK/NACK/CSI (available to PHY) based on DG priority label, CG priority label, SR priority label and ACK/NACK priority (known to PHY based on associated PDSCH DCI). This is decided by RAN1.
The proposed prioritization framework is illustrated in figure below.
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Figure 1 Prioritization framework
6 Conclusions
The highlights of the above discussion are captured below.

Observation 1: Various types of intra-UE prioritization/multiplexing conflicts are being handled across RAN1 and RAN2.
Observation 2a: Joint prioritization/multiplexing based on all available information improves channel utilization. 
Observation 2b: Joint prioritization/multiplexing in a layer that has all available information (PDUs, UCI, channel timing/multiplexing information etc) improves channel utilization. Hence, PHY is a good fit for acting as this layer.  

Observation 2c: Joint prioritization in PHY can pick parts (e.g., code block groups) of (e.g., long) PUSCH that can be dropped instead of dropping entire PUSCH, thereby improving resource utilization.
Observation 2d: There are limitations to MAC’s role in prioritization especially if MAC determines that a PDU has to be deprioritized which has already been sent to PHY, since interruption (of processing and transmission) is handled in PHY.
Observation 3a: For UCI vs PUSCH multiplexing/prioritization, DG priority label helps decide between multiplexing and dropping.

Observation 3b: A priority value determined based on content of PDU (e.g., LCH priorities) is not useful to prioritization/multiplexing in PHY and impacts gNB reception especially when operating with carrier aggregation.

Observation 3c: PHY based DG priority labels enables lower latency for preparing PUSCH associated with dynamic grant and has lesser timeline impacts (useful for URLLC).
Observation 3d: Rel-15 LTE carries out prioritization between overlapping grants at PHY considering grant characteristics and considering CA operation.
Observation 4a: Any complex prioritization rule (in MAC or PHY) can impact PHY timelines (e.g., N2) and modifying the timelines requires a major effort in RAN1.

Observation 4b: Any prioritization solution considered in RAN2 requiring de-prioritization of a MAC PDU already delivered to PHY may require pre-emption of processing or transmission of an ongoing PUSCH transmission and may even impact high priority UCI multiplexed in the PUSCH, and has significant RAN1 impact.

Observation 4c: Prioritization especially in PHY is not always just a binary choice of transmitting or not transmitting. For instance, PHY can pick parts (e.g., CBGs) of PUSCH that can be dropped instead of dropping entire PUSCH.

Observation 4d: Prioritization problems being considered in RAN2 like SR vs PUSCH prioritization is challenging in Rel-16 because of dependence of PUCCH resource used for SR transmission on presence of other UCI, where the presence or absence of UCI like HARQ-ACK will be a function of a priority associated with HARQ-ACK and RAN1 solutions for periodization/multiplexing of HARQ-ACK.

Observation 4e: RAN2 solutions involving suppression of a PDU at MAC can impact other prioritization decisions handled by PHY and can increase decoding complexity at gNB. 

Proposal 1: Due to PHY/RAN1 impacts of most intra-UE prioritization solutions, RAN2 should work closely with RAN1 when developing and before finalizing any intra-UE prioritization solutions. In particular, RAN2 should consult RAN1 before agreeing on any solutions

· requiring de-prioritization of PUSCH of a MAC PDU provided to PHY,
· involving suppression of a PDU at MAC.
Proposal 2: Intra-UE prioritization framework should comprise of the following:

1. Each dynamic grant (DG) is mapped to a DG priority label determined only using DCI content.
2. Every configured grant (CG) is mapped to a CG priority label. Upper layers provide this CG priority label to PHY.
3. SRs are sent to PHY and are associated with PUCCH resource configuration.
4. DG PDUs are provided by MAC to PHY. 
5. CG PDUs are provided by MAC to PHY when available (accounting for uplink skipping). 
6. PHY carries out joint prioritization/multiplexing based on available DG PDUs, CG PDUs and SRs (provided by MAC), and CSI and ACK/NACK/CSI (available to PHY) based on DG priority label, CG priority label, SR priority label and ACK/NACK priority (known to PHY based on associated PDSCH DCI). This is decided by RAN1.
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