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1
Introduction
According to the WID of NR IIoT [1], the WI should address the following objectives for Rel-16:
	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].


As highlighted above, one key objective for RAN2 is to specify the enhancements resolving resource collision between uplink grants that involve configured grants (CGs), including conflict between DG and CG, as well as conflict among multiple CGs. In this contribution, we aim to analyse different approaches that have been proposed to handle such prioritization.
2
Discussion

The proposed intra-UE prioritization can be classified into three main options, namely:

· Option 1: MAC prioritization based on Parallel Grant Selection

· Option 2: PHY prioritization

· Option 3: MAC prioritization based on Sequential Grant Selection

The detailed operations of these schemes are described below.

Option 1: MAC prioritization based on Parallel Grant Selection

This option has been widely assumed as the basic approach for MAC prioritization, in which the MAC directly compare multiple available uplink grants that overlap in time, and then select one of them for further processing (e.g. PDU generation, delivery to PHY).   Based on what has been agreed in the SI phase, the selection of grant is based on the priority of LCHs that have data available as well as the LCHs that can be mapped into each of the conflicting grants (by taking LCH mapping restrictions into account).  Once a grant is selected for prioritization, the MAC carries out LCP to generate MAC PDU for this selected grant, and then deliver it to the HARQ entity for uplink transmission by PHY. This allows the UE to always prioritize the transmission corresponding to the highest priority traffic that has data in the queue. A high-level MAC procedure of prioritization based on parallel grant selection is shown in Figure 1.
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Figure 2 MAC procedures with parallel grant selection for intra-UE prioritization (Option 1)
However, in this approach, PDU generation for a grant is only possible after the selection, so it takes some time and potentially impacts the processing time limitation defined by PHY. Also, as pointed out in [2], such grant selection procedure may cause delay and hinders PHY from carrying out possible UCI multiplexing onto the selected grant. Many papers have suggested that, in case such parallel selection is not feasible in terms of meeting timing constraints, the MAC should instead generate PDU for each grant and let PHY to determine prioritization. Apparently, it is not a stable approach and specification complexity is also higher.
There is another shortcoming of parallel grant selection: some even more urgent traffic may arrive at the LCH buffer after the grant selected, and the MAC may not able to process this latest urgent as its grant has already been dropped during grant selection process (due to empty buffer of such LCH at the time of grant selection). 
Observation 1: MAC Prioritization based on parallel grant selection (Option 1) can take LCH priority into account, but it may result in undesirable delay for PHY processing. Also, late arrival of high-priority traffics after grant selection cannot be handled.
Option 2: PHY prioritization

Considering the impacts of MAC prioritization based on parallel grant selection to processing time, as well as the incapability of handling late-arriving urgent traffic after grant selection, some proposals have suggested that PHY (instead of MAC) can decide which of the conflicting grant/PDU should be processed for uplink transmission. From the MAC point of view, in this approach the MAC should generate a PDU for each of the conflicting grants regardless of the traffics that are conveyed, and PHY should have its own mechanism to choose the MAC PDU for transmission. The MAC procedure for such PHY-prioritization approach is shown in Figure 3.
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Figure 3 MAC procedures with PHY prioritization (Option 2)
Different PHY prioritization mechanisms have been proposed in both SI and WI phase. For instance, a per-grant priority indicator could be embedded in the DCI, so the PHY is able to quickly identify if a grant should be prioritized by decoding such indicator. Such DCI enhancement with additional overhead is not desirable due to extra RAN1 effort, considering that currently RAN1 is already endeavoring to reduce DCI size via compact DCI design. Moreover, the information relating to LCH priority is not utilized, so there is a risk such that a prioritized grant carries lower-priority traffic. 
Also, as the MAC has to construct a MAC PDU for each of the grants even if some of them will not be transmitted at all, it is not an efficient due to wastage of computing resources and battery power of a UE. Furthermore, this is not clear how to handle these generated MAC PDUs if they are eventually de-prioritized, as it is not easy to push the payload back to the LCH buffers once the PDUs are built. 
Note that, as stated in the WI objectives, the prioritization should take LCH priority into account. Since the priority of LCHs corresponding to MAC SDUs in each of the generated MAC PDU is transparent to PHY, it is awkward to conduct PHY prioritization considering that MAC has better knowledge regarding LCH priorities. 
Observation 2: PHY Prioritization (Option 2) is in general more awkward, as information such as LCH priorities is typically transparent to PHY, although issues such as processing time can be handled by PHY more easily as compared to MAC prioritization based on parallel grant selection.

Option 3: MAC prioritization based on Sequential Grant Selection

Considering the pros and cons of Option 1 and Option 2 discussed above, Option 3 is actually a compromised approach which resolves the shortcomings of Option 1, while maintaining the principal of prioritization based on LCH priority (unlike Option 2) without introducing additional signaling overheads.
Essentially, instead of looking at all conflicting grants simultaneously, in this option the MAC should begin by processing the grant with the earliest PUSCH starting time (e.g. perform LCP to generate MAC PDU), and then sequentially (e.g. based on the order of PUSCH starting time) inspect the other colliding grants in a one-by-one manner. When inspecting each grant, based on LCH priority and LCH mapping restriction, the MAC compares and determines if this grant will carry higher priority traffic than the one that has already been processed. With the comparison with the previously processed grant, the MAC has the following behaviors:

· If the grant under processing will be carrying traffics with higher priority than the MAC PDU corresponding to the earlier grant, then the MAC entity delivers the new grant to HARQ entity for further processing, which implicitly instruct the PHY to stop the processing or transmission of the MAC PDU corresponding the earlier grant. 

· If the grant under processing is not to carry traffics with higher priority than the MAC PDU corresponding to the earlier grant, then the MAC entity should simply abandon the grant under processing instead of interrupting the processing or transmission of the MAC PDU corresponding to the earlier grant.
From PHY perspective, it will always prioritize the later PDU that is delivered by MAC, as the MAC does not deliver such PDU to PHY if it does not carry higher priority traffic than the one that is already processed or even under transmission. A high-level MAC procedure of prioritization based on sequential grant selection is shown in 
Notably, in Option 3 each conflicting grant is processed almost immediately (if it is to be processed) as soon as the MAC can process it, so unlike Option 1 there is no concern about if the grant selection would reduce the time budget of PHY. Moreover, when processing each grant, the latest traffic arrival can always be taken into account, therefore the urgent traffic can be handled in time. As compared to Option 2, the MAC does not always generate PDU for each grant, but it would generate the PDU if (and only if) the grant will carry higher priority LCH than the previously processed grant, so it is still aligned with the SI conclusion where LCH priority should be deemed as the metric for prioritization. Remarkably, the PHY will always prioritize the later received PDU from the MAC, because the MAC will only deliver a MAC PDU to PHY if and only if it carries higher priority traffic than the on-going PUSCH. Notably, the UE behavior regarding how a de-prioritized MAC PDU should be specified, which is particularly crucial if this de-prioritized MAC PDU is to be transmitted on a configured grant. We discuss this issue in our companion contribution [3].
Observation 3: MAC Prioritization based on sequential grant selection (Option 3) is able to meet the processing time limitation of PHY, while allowing prioritization based on LCH prioritization with consideration of LCH mapping restrictions.
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Figure 4 MAC procedures with sequential grant selection for intra-UE prioritization (Option 3)
Based on the analysis of different intra-UE prioritization options provided above, the pros and cons of these options are summarized in Table 1:
Table 1 A comparison of three options of intra-UE prioritization schemes
	Scheme
	Pros 
	Cons 

	Option 1: MAC Prioritization based on parallel grant selection
	· Based on LCH priority and LCH mapping restrictions
	· May cause delay in PHY processing (e.g. UCI multiplexing, PUSCH preparation)

· Not able to handle more urgent traffics that arrive after the grant is selected. 

	Option 2: PHY Prioritization 
	· Allow timely PHY processing


	· Not efficient as MAC has to generate a PDU for every grant

· LCH priority is not considered.

· May need additional L1 signalling such as per-grant priority indication

	Option 3: MAC Prioritization based on sequential grant selection
	· Based on LCH priority and LCH mapping restrictions

· Allow timely PHY processing

· Able to handle the cases with more urgent traffics that arrive at any time.
· MAC only generate the PDU for a grant if higher priority traffic is conveyed.

· No additional L1 control signaling
	· Need to handle data recovery or re-transmission of the de-prioritized MAC PDUs


Clearly, Option 3 (MAC prioritization based on sequential grant selection) is the best compromise as compared to two other options. The only issue is that such option requires some handling of de-prioritized MAC PDU, but it is actually quite straightforward as discussed in our companion paper [3]. Therefore, we conclude that in order to address intra-UE prioritization cases such as the resource collision between dynamic grant and configured grant, or the resource collision among active configured grants, an approach based on sequential grant selection should be adopted in Rel-16.
Proposal 1: The grant should be selected by MAC in a sequential manner, in which the MAC determines if the MAC PDU should be generated for a grant based on whether it is to carry higher priority LCH(s) than a previously processed conflicting grant. 
Proposal 2: The PHY should always prioritize the latest PDU received from the MAC and stop other already processed conflicting PUSCH at least temporary.

3
Conclusions
This contribution analyzes three different options of intra-UE prioritization schemes, including:
· Option 1: MAC prioritization based on Parallel Grant Selection

· Option 2: PHY prioritization

· Option 3: MAC prioritization based on Sequential Grant Selection

By looking into each of these schemes, we have made the following observations:

Observation 1: MAC Prioritization based on parallel grant selection (Option 1) can take LCH priority into account, but it may result in undesirable delay for PHY processing. Also, late arrival of high-priority traffics after grant selection cannot be handled.
Observation 2: PHY Prioritization (Option 2) is in general more awkward, as information such as LCH priorities is typically transparent to PHY, although issues such as processing time can be handled by PHY more easily as compared to MAC prioritization based on parallel grant selection.

Observation 3: MAC Prioritization based on sequential grant selection (Option 3) is able to meet the processing time limitation of PHY, while allowing prioritization based on LCH prioritization with consideration of LCH mapping restrictions.

We conclude that Option 3 is the best compromise as compared to the other two options, and hence we propose the following:

Proposal 1: The grant should be selected by MAC in a sequential manner, in which the MAC determines if the MAC PDU should be generated for a grant based on whether it is to carry higher priority LCH(s) than a previously processed conflicting grant. 

Proposal 2: The PHY should always prioritize the latest PDU received from the MAC and cancel other already processed conflicting PUSCH at least temporary.
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