
3GPP TSG RAN WG1 Meeting #104bis-e	R1-2102353
E-meeting, April 12 – April 20, 2021
 
Agenda Item:	8.3.3
Source:	Huawei, China Southern Power Grid, BUPT, HiSilicon
Title:	Intra-UE multiplexing enhancements
Document for:	Discussion and Decision

[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In the RAN plenary meeting #88e, the scope of Industrial IoT and URLLC was revised in [1]. The description for intra-UE multiplexing and prioritization is captured as follows:
	3. Intra-UE multiplexing and prioritization of traffic with different priority based on work done in Rel.16 [RAN1]:
a. Specify multiplexing behavior among HARQ-ACK/SR/CSI and PUSCH for traffic with different priorities, including the cases with UCI on PUCCH and UCI on PUSCH. 
b. Specify PHY prioritization of overlapping dynamic grant PUSCH and configured grant PUSCH of different PHY priorities on a BWP of a serving cell including the related cancelation behavior for the PUSCH of lower PHY priority, taking the solution developed during Rel-16 as the baseline 


In previous meetings, some agreements have been achieved, mainly on potential multiplexing methods for HP SR and LP HARQ-ACK, and some mechanism to multiplex HP HARQ-ACK and LP HARQ-ACK on PUCCH/PUSCH [2][3][4]. In this paper, we firstly discuss the remaining issues for these two aspects, and then provide our views on the details of the overall mechanism for UCI/data multiplexing.
Coding methods for Case 1 (HP HARQ-ACK vs LP HARQ-ACK)
In the RAN1 #103-e meeting, the following agreement has been achieved [3] for multiplexing HP HARQ-ACK and LP HARQ-ACK:
	Agreements:
· For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, when the total number of LP and HP HARQ-ACK bits are more than 2 bits, down-select from the following options in RAN1#104-e:
· Option 1: Support joint coding.
· Option 2: Support separate coding.
· Option 3: Combination of Option1 and 2.
· FFS the details
· For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, when the total number of LP and HP HARQ-ACK bits is 2 bits, provide design details for decision for the following cases in RAN1#104-e:
· Multiplexing on a PUCCH format 0
· Multiplexing on a PUCCH format 1


Based on the above agreement, it can be seen that the following two sub-cases are defined for discussing the multiplexing methods for HP HARQ-ACK and LP HARQ-ACK: 
· Case 1-1: the total number of bits is 2
· Case 1-2: the total number of bits is more than 2. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]For Case 1-1, as shown in the agreement we need to discuss both the multiplexing on PUCCH format 0 and the multiplexing on PUCCH format 1 [3]. From our perspective, to keep it simple, the existing mechanism should be reused as much as possible. For the case of multiplexing on PUCCH format 0, the 1 bit HP HARQ-ACK and 1 bit LP HARQ-ACK can be regarded as 2 bits, and can be transmitted on PUCCH format 0 following the existing sequence based mechanisms. Note that the current PUCCH format 0 can provide reliable transmission for 2-bit HP HARQ-ACK, and hence we do not see a clear motivation to further enhance the reliability of HP HARQ-ACK through an unequal-distance CS allocation for HP HARQ-ACK bit state and LP HARQ-ACK bit state with respect to its implementation complexity. For the case of multiplexing on PUCCH format 1, the 1 bit HP HARQ-ACK and 1 bit LP HARQ-ACK can be regarded as 2 bits and can be transmitted on PUCCH format 1 using the existing CS and OCC mechanisms. For the PUCCH resource (format 0 or format 1) for carrying the multiplexed UCI, it is better to use a dedicated PUCCH resource set, and the details would be explained later in Section 4.1.
Proposal 1: For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is 2 bits, the 1-bit HP HARQ-ACK and the 1-bit LP HARQ-ACK are concatenated and transmitted on PUCCH format 0 or PUCCH format 1 following the existing mechanism.
For Case 1-2, three options are listed as shown in the agreement [3], i.e. joint coding, separate coding and a combination of joint coding and separate coding. We have performed link-level simulations to evaluate the performance for these methods. The following examples have been simulated and the detailed simulation assumptions are given in Appendix.
· Example #1: HP HARQ-ACK of 12 bits, LP HARQ-ACK of 12 bits and a total of 10 RBs
· Example #2: HP HARQ-ACK of 12 bits, LP HARQ-ACK of 48 bits and a total of 16 RBs
· Example #3: HP HARQ-ACK of 3 bits, LP HARQ-ACK of 8 bits and a total of 2 RBs
· Example #4: HP HARQ-ACK of 4 bits, LP HARQ-ACK of 12 bits and a total of 2 RBs
· Example #5: HP HARQ-ACK of 1 bit, LP HARQ-ACK of 8 bits and a total of 3 RBs
In Example #1, polar coding is used for both HP HARQ-ACK and LP HARQ-ACK in case of separate coding, and 8:2 RB allocation (i.e., 8 RBs are allocated to HP HARQ-ACK and 2 RBs are allocated to LP HARQ-ACK) to provide distinguished reliability protection. Note that in case of joint coding, the total number of bits is 24 and hence polar coding would also be used. Example #2 is similar to Example #1 with the difference that the LP HARQ-ACK has more bits than the HP HARQ-ACK. The RB allocation in case of separate coding is 1:1, i.e., 8 RBs are allocated to the HP HARQ-ACK and the other 8RBs are allocated to the LP HARQ-ACK. The results for Example #1 are shown in Fig. 1a and the results for Example #2 are shown in Fig. 1b below. It is observed that for HP HARQ-ACK aiming at 1e-5 target BLER, the SNR gain of separate coding over joint coding is about 3 dB (for Example #1) and 4 dB (for Example #2) while the SNR loss for LP HARQ-ACK aiming at 1e-3 target BLER is about 4 dB (for Example #1) and 2 dB (for Example #2).
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(a)                                                                     (b)
Figure 1 SNR-BLER performance of different coding methods for Example #1 and #2
In Example #3, the number of bits is small, and hence RM coding is used for the HP HARQ-ACK, the LP HARQ-ACK and the multiplexed HARQ-ACK. The RB allocation is 1:1 in case of separate coding. In Example #4, RM coding and polar coding are used for the HP HARQ-ACK and the LP HARQ-ACK respectively in case of separate coding with a RB allocation of 1:1, while polar coding would be used for the multiplexed HARQ-ACK in case of joint coding. The results for Example #3 and #4 are shown in Fig. 2a and Fig. 2b below. For HP HARQ-ACK aiming at 1e-5 target BLER, the SNR gain of separate coding over joint coding is about 2.5 dB (for Example #3) and 5 dB (for Example #4) while the SNR loss for LP HARQ-ACK aiming at 1e-3 target BLER is about 2 dB (for Example #4) and 2.5 dB (for Example #4).
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Figure 2 SNR-BLER performance of different coding methods for Example #3 and #4
In Example #5, the HP HARQ-ACK is of 1 bit while the LP HARQ-ACK is of 8 bits. For separate coding, the HP HARQ-ACK is of 1 bit and the coding method for UCI of 1 bit on PUSCH is reused. Specifically, we first expand the 1 bit of the HP HARQ-ACK from [x] to [x, x] and then repeat this sequence 12 times to accommodate the rate-matching result. At the receiver, we simply compare the post-probability of [0] and [1], from the outputs of the soft-demodulation block. From the simulation results below, it is found that the separate coding method can still provide a SNR gain of 6 dB for the HP HARQ-ACK over the joint coding method while the SNR loss for the LP HARQ-ACK is smaller than 1 dB.
[image: ] 
Figure 3 SNR-BLER performance of different coding methods for Example #5
Observation 1: For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is more than 2, separate coding can provide better reliability for HP HARQ-ACK with the SNR gain of about 2.5~6 dB.
A further drawback of joint coding is the latency. For separate coding, the gNB can start the decoding procedure immediately after it receives the HP symbols which can be mapped before the LP symbols, while for the joint coding, the gNB has to receive all symbols of the PUCCH carrying both HP and LP HARQ-ACKs before starting the decoding procedure, and hence, the processing of the HP HARQ-ACK would be delayed. 
In addition, the joint coding method has vulnerable reliability of HP HARQ-ACKs due to missing the (last) DCI for the LP HARQ-ACK. Basically it is more easily for the UE to miss the LP DCI regarding the differentiated reliability policies between LP and HP. The resulting incorrect number of LP HARQ-ACK will lead to incorrect number of total HARQ-ACKs and thereby impact the decoding error of the HP HARQ-ACKs. In contrast, the separate coding method can guarantee the reliability of HP HARQ-ACK even when the (last) DCI for the LP HARQ-ACK is missed. Specifically, if the reduced LP HARQ-ACK due to LP DCI missing does not impact the PUCCH resources (e.g., RB number and position), then the number and position of the REs for the HP HARQ-ACK under separate coding is not changed, and hence the gNB can detect the HP HARQ-ACK successfully (only LP HARQ-ACKs are wrongly detected). On the other hand, the reduced LP HARQ-ACK bit number lead to the change of PUCCH resources, the gNB can simply make two hypotheses on PUCCH resources and identify the correct resource by DMRS blind detection.
Proposal 2: For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is more than 2, separate coding is adopted.
Mechanism to enable/disable intra-UE MUX
In the RAN1#103-e meeting, the following agreement has been achieved [3].
	Agreements:
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, support a mechanism for gNB to enable/disable the multiplexing.
· FFS the type of the mechanism, e.g. DCI indication and/or RRC configuration
· FFS: Interaction between the enable/disable mechanism and other multiplexing conditions
· FFS for other types of UCI.
Agreements:
For HARQ-ACK multiplexing on PUSCH of different priority in R17, support a mechanism for gNB to enable/disable the multiplexing.
· FFS the type of the mechanism, e.g. DCI indication and/or RRC configuration, beta_offset=0
· FFS: Interaction between the enable/disable mechanism and other multiplexing conditions
· FFS for other types of UCI.


In principle, a unified solution is preferred to enable/disable the multiplexing of HP UCI and LP UCI to minimize the standard effort and simplify the implementation and network management complexity. In the following we will discuss the HP and LP UCI multiplexed on PUCCH and PUSCH, separately.
Firstly, for the case of multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH, it is not preferred to introduce DCI indication. The reason is that such a mechanism could not be applicable for some situations, e.g. for the case of HARQ-ACK feedback for PDSCH(s) that are scheduled by fallback DCI or for SPS HARQ-ACKs. Moreover, DCI indication is not applicable for the case of multiplexing LP HARQ-ACK and HP SR either, since it is impossible for the gNB to predict the state of the SR. As shown in Fig. 4 below, the LP HARQ-ACK is scheduled on a long PUCCH resource overlapping with a HP SR of a small periodicity. Since the HP SR has a stringent latency requirement and cannot be multiplexed on the long PUCCH resource carrying LP HARQ-ACK, the gNB could not indicate ‘Enable’ in the scheduling DCI of LP HARQ-ACK. This will unavoidably result in poor resource utilization since the HP SR may be configured for aperiodic traffic and is only triggered occasionally. In addition, it would induce extra DCI overhead. Hence, it would be better to use RRC signaling to semi-statically enable/disable the intra-UE MUX. When it is ‘enabled’, further conditions which are described in Section 4.1 can be checked whether the latency and reliability of HP HARQ-ACK can be guaranteed for a certain overlapping case.
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[bookmark: _Ref60838719]Figure 4 Collision of LP HARQ-ACK and HP SR of a small periodicity
Secondly, for the case of multiplexing HARQ-ACK of different priorities on PUSCH, similar to the case of multiplexing HARQ-ACK of different priorities on PUCCH, DCI indication is not preferred since it is not applicable in some cases. Thus RRC configuration is preferred as a unified solution for gNB to enable/disable the multiplexing. In addition, similar to the case for multiplexing on PUCCH, some extra conditions on latency and reliability can be defined to judge whether the multiplexing should be allowed for a certain case as discussed in section 4.2. As an exception, the beta-offset field has already existed in UL grant, and hence beta-offset = 0, as discussed in section 4.2, should be supported to indicate that the corresponding UCI will not be multiplexed (i.e., the number of UCI REs would be zero) to protect the data of high priority on PUSCH, without introducing extra DCI overhead.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 3: Adopt RRC configuration to enable/disable the multiplexing of HP HARQ-ACK and a LP HARQ-ACK on PUCCH, and the multiplexing of HARQ-ACK on PUSCH with different priorities.
· If the RRC parameter indicates ‘Enable’, extra conditions should be specified to check whether the latency/reliability of HP HARQ-ACK can be guaranteed for a certain overlapping case.
For other UCI types, at least for the multiplexing of low priority HARQ-ACK and high priority SR, RRC configuration can be used to enable/disable the multiplexing on PUCCH also.  
UCI multiplexing on PUCCH
In the RAN1 #102-e meeting [2], three use cases are identified as high priority, i.e. HP HARQ-ACK vs LP HARQ-ACK, HP SR vs LP HARQ-ACK, and HP HARQ-ACK/SR vs LP HARQ-ACK. This section provides our views on the details of multiplexing for each case.
4.1 Case 1: HP HARQ-ACK vs LP HARQ-ACK
As discussed in Section 2, the coding methods for two sub-cases are different. For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is 2 bits, the 1-bit HP HARQ-ACK and the 1-bit LP HARQ-ACK are regarded as normal 2 bits UCI and transmitted on PUCCH format 0 or PUCCH format 1 following the existing mechanism. 
For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is more than 2, separate coding is preferred. Based on these coding methods, some further detailed design should be discussed also, e.g. PUCCH resource determination for the multiplexed HARQ-ACK bits, additional multiplexing condition on top of the RRC configuration for enabling/disabling multiplexing, and detailed mapping rules on PUCCH and PUSCH, etc.
(1) PUCCH resource determination
In the RAN1 #104-e meeting [4], the following agreements are achieved.
	Agreements:
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, 
· Use a PUCCH resource in the second PUCCH-Config (the PUCCH-config containing the PUCCH resource of the HP HARQ-ACK) at least in case the total number of LP and HP HARQ-ACK bits is more than 2.
· FFS: The PUCCH resource is configured dedicated for multiplexing of HP HARQ-ACK and LP HARQ-ACK.
· FFS in case the total number of LP and HP HARQ-ACK bits is 2.
· FFS details



As shown in the agreement above, whether to also use a PUCCH resource in the second PUCCH-Config for multiplexing a HP HARQ-ACK and a LP HARQ-ACK into a PUCCH is still open for the case that the total number of LP and HP HARQ-ACK bits is 2. For the case that the total number of LP and HP HARQ-ACK bits is 2, HP HARQ-ACK and LP HARQ-ACK would be multiplexed on PUCCH format 0 or format 1, and thus it is straightforward to select the PUCCH resource from the second PUCCH-Config. The major benefit is that it can be guaranteed that the selected PUCCH resource uses the same power control as well as spatial processing as the PUCCH resource carrying the HP HARQ-ACK, and hence ensures the reliability of the HP transmission.
Another open issue is how to determine the PUCCH resource for the multiplexed of HP HARQ-ACK and LP HARQ-ACK. One candidate is to transmit the multiplexed HP HARQ-ACK and LP HARQ-ACK on to the HP PUCCH resource, i.e. the same resource with HP HARQ-ACK only. However, the ambiguity of the LP HARQ-ACK bit number due to missing LP DCI will harm the reliability of the HP decoding. For example, for Case 1-1 (i.e. 2 bits HP HARQ-ACK and LP HARQ-ACK on PUCCH format 0/1), if the UE misses the LP HARQ-ACK and transmits the sequence with a CS #0 (for ‘0’) or CS #6 (for ‘1’), the gNB still makes a decision among CS #0 (for ‘00’), #3 (for ‘01’), #6 (for ‘10’), #9 (for ‘11’) has been transmitted and would be easier to mistake CS #0 as CS #9 compared to 1 bit case, leading to a larger error probability. Similarly, if the UE transmits only 1 bit BPSK (‘0’ or ‘1’) but the gNB still makes decision on 2 bits QPSK (‘00’, ‘01’, ‘10’, ‘11’), then it would be easier to mistake ‘00’ as ‘10’ compared to the BPSK case, leading to a larger error probability. For Case 1-2 (i.e. more than 2 bits HP HARQ-ACK and LP HARQ-ACK on PUCCH format 2/3/4), the number of available REs for rate matching HP HARQ-ACKs will also be wrongly calculated due to the ambiguity of the LP HARQ-ACK number, if the HP only and hybrid HP + LP occupy the same RB(s). This will result in decoding error of the HP HARQ-ACK.
As an alternative, dedicated PUCCH resource should be configured for HP+LP to avoid the decoding error of HP HARQ-ACK due to the ambiguity of the LP HARQ-ACK number. The gNB can configure different PUCCH resources (RB/CS/OCC) for HP only and hybrid HP+LP, respectively, and simply perform the blind detection of PUCCH DMRS on the two hypotheses for easy verification of the LP DCI missing. Follow this way, in addition to the up to 4 PUCCH resource sets currently configured for HP HARQ-ACK only transmission, up to 4 extra PUCCH resource sets can be additionally configured for multiplexing  HP HARQ-ACK and LP HARQ-ACK in the second PUCCH-Config. 
Fig. 5 below is an illustration of the PUCCH resource configuration in the second PUCCH-Config. The dedicated PUCCH set for hybrid HP+LP can be on different RBs or CSs with the HP only PUCCH resource, partially overlap or totally orthogonal, up to the gNB configuration. This method can achieve flexible PUCCH configuration for hybrid HP+LP and avoid the ambiguity issue.
Proposal 4: Support a group of dedicated PUCCH sets in the second PUCCH-Configuration to carry the multiplexed HP HARQ-ACK and LP HARQ-ACK.
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Figure 5 Different PUCCH resource sets for HP HARQ-ACK and multiplexed HARQ-ACKs
Meanwhile, to achieve differentiated reliability, in the second PUCCH-Config, one extra coding rate for LP HARQ-ACK should be configured for PUCCH format 2, 3, 4 respectively, and then the UE can apply with the legacy coding rate and the newly configured coding rate for HP HARQ-ACK and LP HARQ-ACK, respectively. Alternatively, the UE can use the coding rate of the LP HARQ-ACK when it is transmitted on the original PUCCH resource for the coding of the LP HARQ-ACK. Then the UE can select the PUCCH resource set as well as the number of total RBs according to the separate payload sizes and coding rates for HP HARQ-ACK and LP HARQ-ACK. 
After the resource determination, the UE can generate the signals for PUCCH, i.e., sequence for format 0, OCC for format 1, and modulated symbols for format 2/3/4. For format 2/3/4, the UE first performs coding and modulation for HP HARQ-ACK and LP HARQ-ACK, and then maps these two modulated sequences onto the target PUCCH resources. For resource mapping of separately coded HP HARQ-ACK and LP HARQ-ACK, we can refer to the legacy processing for CSI part I and CSI part II, and design a mapping order for HP HARQ-ACK and LP HARQ-ACK as well.
(2) MUX conditions
As analyzed above, by configuring dedicated PUCCH resources for hybrid HP+LP at the second PUCCH-Config, the transmission reliability of HP HARQ-ACK can be guaranteed. Then the remaining key problem is how to guarantee the latency. The latency of the HP HARQ-ACK depends mainly on the ending symbol of the PUCCH resource carrying the multiplexed UCI, or more specifically, the ending symbols of REs carrying HP HARQ-ACK in the PUCCH resource. Therefore, if the multiplexing is only allowed when the ending symbol of the PUCCH resource carrying multiplexed UCI or the ending symbol of REs carrying HP HARQ-ACK is no later than X symbols after the ending symbol of the PUCCH resource carrying HP HARQ-ACK, then the impact on the latency for HP HARQ-ACK can be avoided. For simplicity, it is preferred to define X = 0 and to select the ending symbol of PUCCH resource for the HP HARQ-ACK as the reference symbol to make it immune to mapping rules.
Proposal 5: For HP HARQ-ACK overlapping with LP HARQ-ACK, the multiplexing is allowed only when the PUCCH carrying the multiplexed UCI ends no later than the PUCCH carrying HP HARQ-ACK.
With respect to the multiplexing timeline, the following working assumption is achieved in RAN1 #104-e meeting [4]. In our understanding, it is reasonable to reuse the Rel-15 intra-UE PUCCH/PUSCH multiplexing timeline requirements for Rel-17 intra-UE PUCCH/PUSCH multiplexing with different priorities, and moreover in case that the timeline is not satisfied, the UE should return back to the Rel-16 behavior, i.e., only transmitting the HP HARQ-ACK and dropping the LP HARQ-ACK.
	Working assumption:
Reuse Rel-15 intra-UE PUCCH/PUSCH multiplexing timeline requirements for Rel-17 intra-UE PUCCH/PUSCH multiplexing with different priorities
· FFS whether or not to specify a different behavior than Rel-15 when the timeline requirements are not met  


Proposal 6: For Rel-17 intra-UE PUCCH/PUSCH multiplexing, confirm the working assumption to reuse intra-UE PUCCH/PUSCH multiplexing timeline requirements and if the timeline requirements are not satisfied, return back to Rel-16 prioritization rule.
4.2 Case 2: HP SR vs LP HARQ-ACK
In Rel-15 and Rel-16, the multiplexing of SR and HARQ-ACK has been discussed in two sub-cases. Similarly, the study of Case 2 can still follow these two sub-cases.
· Case 2-1: HARQ-ACK is of 1~2 bits and carried on PUCCH format 0 or 1
· Case 2-2: HARQ-ACK is of more than 2 bits and carried on PUCCH format 2, 3 or 4
For Case 2-1, the following agreements were achieved in the RAN1 #104-e meeting [4]. 
	Agreements:
When a PUCCH carrying HP SR with PF0 overlaps with a PUCCH carrying LP HARQ-ACK with PF0, further study the following options (proponents are encouraged to provide more details and analysis):
· Opt.1: The positive SR and HARQ-ACK are multiplexed and transmitted on the SR resource.
· Opt.1a: The UE does not transmit negative SR.
· Opt.1b: For negative SR, the UE transmit only HARQ-ACK on the HARQ-ACK resource.
· Opt.1c: For negative SR, the UE transmits SR and HARQ-ACK on the SR resource
· FFS: whether with power boost to transmit multiplexed payload or not.
· Opt.2: The SR and HARQ-ACK are multiplexed and transmitted on the HARQ-ACK resource.
· Opt.2a: If SR is positive, an offset (e.g. 1 PRB) is added to the starting PRB of the HARQ-ACK PUCCH resource.
· Opt.2b: Using 4 CS values as for SR+1-bit HARQ-ACK in Rel-15/16. For the case of 2-bit HARQ-ACK, the HARQ-ACK is reduced/compressed to 1-bit.
· Opt.2c: If SR is positive, SR is multiplexed on HARQ-ACK resource in the same way as Rel-15. If SR is negative, transmit only HARQ-ACK on HARQ-ACK resource.
· Opt.3: No enhancement over Rel-16.
· Other options not excluded.
· FFS: Whether/How to differentiate HP SR and LP SR when multiplexed with LP HARQ-ACK?

Agreements:
When a PUCCH carrying HP SR with PF0 overlaps with a PUCCH carrying LP HARQ-ACK with PF1, further study the following options (proponents are encouraged to provide more details and analysis):
· Opt.1: The positive SR and HARQ-ACK are multiplexed and transmitted on the SR resource.
· Opt.1a: The UE does not transmit negative SR.
· Opt.1b: For negative SR, the UE transmit only HARQ-ACK on the HARQ-ACK resource.
· Opt.1c: For negative SR, the UE transmits SR and HARQ-ACK on the SR resource
· FFS: whether with power boost to transmit multiplexed payload or not.
· Opt.2: The SR and HARQ-ACK are multiplexed and transmitted on the HARQ-ACK resource.
· Opt.2a: If SR is positive, an offset (e.g. 1 PRB) is added to the starting PRB of the HARQ-ACK PUCCH resource.
· Opt.2b: Applying QPSK for SR+1-bit HARQ-ACK. For the case of 2-bit HARQ-ACK, the HARQ-ACK is reduced/compressed to 1-bit.
· FFS on conditions of multiplexing.
· Opt.3: For positive SR, transmit HARQ-ACK on the SR resource. For negative SR, transmit HARQ-ACK on the HARQ-ACK resource.
· Opt.4: For positive SR, transmit SR on the SR resource and drop HARQ-ACK. For negative SR, transmit HARQ-ACK on the HARQ-ACK resource.
· Opt.5: No enhancement over Rel-16.
· Other options not excluded.
· FFS: Whether/How to differentiate HP SR and LP SR when multiplexed with LP HARQ-ACK?

Agreements:
When a PUCCH carrying HP SR with PF1 overlaps with a PUCCH carrying LP HARQ-ACK with PF0, further study the following options (proponents are encouraged to provide more details and analysis):
· Opt.1: The SR and HARQ-ACK are multiplexed and transmitted on the SR resource.
· Opt.1a: For positive SR, the UE transmits the PUCCH in the resource using PUCCH format 1 for SR. The value of cyclic shift of sequence, i.e., , of this PUCCH format 1 is determined by HARQ-ACK, and the bit, i.e., b(0), of this PUCCH format 1 is determined by SR. For negative SR, the UE transmits only a PUCCH with HARQ-ACK information and drops the PUCCH with negative SR.
· Opt.1b: SR and HARQ-ACK are multiplexed and modulated to be transmitted on the SR resource
· Opt.2: The SR and HARQ-ACK are multiplexed and transmitted on the HARQ-ACK resource.
· Opt.2a: If SR is positive, an offset (e.g. 1 PRB) is added to the starting PRB of the HARQ-ACK PUCCH resource.
· Opt.2b: Using 4 CS values as for SR+1-bit HARQ-ACK in Rel-15/16. For the case of 2-bit HARQ-ACK, the HARQ-ACK is reduced/compressed to 1-bit.
· Opt.2c: If SR is positive, SR is multiplexed on HARQ-ACK resource in the same way as Rel-15. If SR is negative, transmit only HARQ-ACK on HARQ-ACK resource.
· Opt.2d: HP SR and LP HARQ-ACK are multiplexed by the Rel-15 cyclic shift only if latency requirement for HP SR is met. Otherwise, drop the LP HARQ-ACK and only transmit the HP SR on its resource.
· Opt.3: For positive SR, transmit HARQ-ACK on the SR resource. For negative SR, transmit HARQ-ACK on the HARQ-ACK resource.
· Opt.4: No enhancement over Rel-16.
· Other options not excluded.
· FFS: Whether/How to differentiate HP SR and LP SR when multiplexed with LP HARQ-ACK?



According to the summary above, Opt.1 and Opt.2 are common over these cases, where Opt.1 targets to transmit the multiplexed SR and HARQ-ACK on the PUCCH resource for SR and Opt.2 targets to transmit the multiplexed SR and HARQ-ACK on the PUCCH resource for HARQ-ACK. For Opt.1, it can guarantee the reliability by reusing the power control of HP SR and also the latency since the same resource is used. However, for SR with PF0, this would lead to great resource waste since the PUCCH resource for SR is pre-configured by the gNB and the gNB needs to reserve more RBs/CSs which would be not useful in most of the time. Such waste is not negligible for the IIoT scenario where massive robots/AGVs would be connected. Similarly, for SR with PF1, this would lead to multiplexing as many as three bits on PF1 resource. For Opt.2, the drawback is that the latency and reliability cannot be guaranteed. In principle, we prefer to reuse the Rel-15 mechanism as much as possible unless the R15 way will result in the dropping of HP SR. 
· For HP SR of PF0/PF1 and LP HARQ-ACK of PF0, we can multiplex SR on the PUCCH resource of the LP HARQ-ACK through CS changing. The latency increase is at most 1 OFDM symbol and hence can be ignorable since the PUCCH resource of PF0 spans at most two symbols. The reliability can be guaranteed by employing the power control for HP UCI.
· For HP SR of PF1 and LP HARQ-ACK of PF1, the resource selection method in Rel-15 can guarantee the latency and reliability of multiplexed UCI since the multiplexed UCI is transmitted on the PUCCH resource of SR.
· For HP SR of PF0 and LP HARQ-ACK of PF1, the Rel-15 rule would lead to SR dropping and hence is unacceptable in Rel-17. The simplest solution would be to drop the LP HARQ-ACK when the HP SR is positive, i.e., Opt.4 listed above. 
Proposal 7: For multiplexing HP SR and LP HARQ-ACK with PF0/PF1,
· For the case of HP SR with PF0 vs LP HARQ-ACK with PF0, SR is multiplexed on HARQ-ACK resource in the same way as Rel-15 if SR is positive and transmit only HARQ-ACK on HARQ-ACK resource if SR is negative (i.e. option 2c); 
· For the case of HP SR with PF0 vs LP HARQ-ACK with PF1, drop LP HARQ-ACK if HP SR is positive (i.e. option 4);
· For the case of HP SR with PF1 vs LP HARQ-ACK with PF0, SR is multiplexed on HARQ-ACK resource in the same way as Rel-15 if SR is positive and transmit only HARQ-ACK on HARQ-ACK resource if SR is negative (i.e. option 2c); 
· For the case of HP SR with PF1 vs LP HARQ-ACK with PF1, reuse the resource selection method in Rel-15.
For Case 2-2, the multiplexing rule in Rel-15 is to add  bits to represent which SR configuration is positive into the HARQ-ACK bit sequence where  denotes the number of SR configurations whose PUCCH resources overlap with the PUCCH resource carrying HARQ-ACK. In Rel-17, a straightforward way is to employ separate coding for the HP SR and the LP HARQ-ACK on one PUCCH resource to provide different reliability protection and improved resource utilization. For resource determination, we can reuse the dedicated PUCCH resource for hybrid HP HARQ-ACK and LP HARQ-ACK mentioned in 4.1 as a unified solution. With respect to the MUX condition, we can reuse the condition for multiplexing the HP HARQ-ACK and the LP HARQ-ACK explained above. That is, the multiplexing is only allowed when the Rel-15 timeline requirement is satisfied and the latency of HP SR is not enlarged.
Proposal 8: For multiplexing HP SR and LP HARQ-ACK with PF2/PF3/PF4,
· Adopt separate coding to HP SR and LP HARQ-ACK on one PUCCH resource
· The PUCCH resource is selected from the dedicated PUCCH resource sets in the second PUCCH-Config for multiplexing HP HARQ-ACK and LP HARQ-ACK
· The multiplexing is only allowed if the ending symbol of the PUCCH resource carrying multiplexed SR and HARQ-ACK is no later than the ending symbol of the PUCCH resource carrying SR.
4.3 Case 3: collision of more than two PUCCHs
For the collision of more than 2 PUCCHs, e.g., one LP HARQ-ACK overlapping with two HP HARQ-ACKs in two sub-slots or one HP SR and one HP HARQ-ACK in one or two sub-slots, the multiplexing rules are more complicated since the multiplexing timeline may only be satisfied by parts of them. Also, the multiplexing order may impact the final result. At the current stage, we think the R16 multiplexing order should be adopted as the starting point but the detailed discussion should be delayed until the multiplexing methods for Case 1 and Case 2 above are clear and have become agreed.
Proposal 9: The discussion about multiplexing more than 2 PUCCHs should be postponed until the multiplexing rules for two colliding PUCCHs are agreed.
UCI multiplexing on PUSCH
In the RAN1 #102-e meeting [2], three use cases are identified as high priority, i.e. LP HARQ-ACK vs HP PUSCH (conveying data only), HP HARQ-ACK vs LP PUSCH (conveying data only), and LP HARQ-ACK and HP HARQ-ACK vs HP/LP PUSCH (conveying data and A-CSI).
5.1 Case 4: LP HARQ-ACK vs HP PUSCH
In the RAN1 #104-e meeting [4], it was agreed to support 0< beta-offset <1 to enable better protection of data reliability. 
From RAN1#104-e:
	Agreements:
For multiplexing LP HARQ-ACK in a HP PUSCH, support 0< beta-offset <1.
· FFS value(s)
· FFS to additionally support beta-offset =0 or a value disabling the multiplexing
· Aim to NOT increase the corresponding bitwidth in the DCI (compared to Rel-16)


Since the bit-field for the beta-offset already exists in the DCI, it is reasonable to support beta-offset = 0 to implicitly disable multiplexing of UCI on HP PUSCH.
Proposal 10: For multiplexing LP HARQ-ACK on HP PUSCH, support beta-offset = 0.
5.2 Case 5: HP HARQ-ACK vs LP PUSCH
For multiplexing HP HARQ-ACK on LP PUSCH, the reliability can be guaranteed by configuring/indicating a large beta-offset, but the latency may be greatly enlarged, especially when frequency hopping is configured for the LP PUSCH. A simple solution would be to introduce extra conditions and to allow multiplexing only for the case when the latency would not be extended. For that, the method in proposal 6 could be re-used, i.e., allowing the multiplexing only if the ending symbol of the LP PUSCH (or ending of the symbols used for carrying HP HARQ-ACK in LP PUSCH) is no later than the ending symbol of the PUCCH carrying HP HARQ-ACK.
Proposal 11: For HP HARQ-ACK overlapping with LP PUSCH, the multiplexing is only allowed when the ending symbol of the LP PUSCH is no later than the ending symbol of the PUCCH carrying HP HARQ-ACK.
5.3 Case 6: LP HARQ-ACK/CSI & HP HARQ-ACK/CSI vs one PUSCH
This case is similar to sub-case 1-2, and the key is whether separate coding or joint coding should be used for these two UCIs. Since separate beta-offsets can be configured for different multiplexing combinations, e.g. HP UCI vs HP PUSCH, HP UCI vs LP PUSCH, LP UCI vs HP PUSCH, LP UCI vs LP PUSCH, it is straightforward to still use two different beta-offsets for HP HARQ-ACK/CSI and LP HARQ-ACK/CSI when being multiplexed on one PUSCH. Hence, it is reasonable to adopt separate coding based on the different beta-offset values, let alone the separate coding can guarantee distinguished reliability for HP HARQ-ACK/CSI and LP HARQ-ACK/CSI. 
Proposal 12: For multiplexing HP HARQ-ACK/CSI and LP HARQ-ACK/CSI on one PUSCH, support separate coding with different beta-offsets for these two UCIs.
Prioritization between CG PUSCHs and DG PUSCHs
In the RAN1 #102-e meeting, the following agreement was achieved [2]. 
	Agreements:
Support PHY prioritization for the case where low-priority DG-PUSCH collides with high-priority CG-PUSCH in R17.
· FFS details
· Clarify R16 baseline if needed.


In RAN1 # 103-e meeting, the following agreements are achieved [3].
	Agreements:
Support PHY prioritization of overlapping high-priority dynamic grant PUSCH and low-priority configured grant PUSCH on a BWP of a serving cell in R17.
· FFS the related cancelation behavior for the PUSCH of lower PHY priority and other details.
· First clarify what is the scope of this feature, e.g. if overlapping between more than 2 channels is considered.
· FFS the timeline requirements.
· First clarify what is the behavior of Rel-16 UE in case of DG/CG/UCI overlapping, with and without uplink skipping enabled.
· FFS UE capability for this feature.
Note: The main bullet has been agreed in the WID by RAN Plenary



For collision between HP CG vs LP DG, the LP DG should be cancelled at least from the first overlapping symbol in case of CG PUSCH begins later than the DG PUSCH (if CG would begin earlier, then the UE can directly stop the DG PUSCH). With respect to the timeline for cancellation, we think it is up to UE implementation to guarantee that there is enough time in the PHY layer to cancel a LP DG and to prepare the transmission HP CG.
Proposal 13: For collision between HP CG PUSCH and LP DG PUSCH, PHY layer can make the prioritization so that the UE is expected to transmit the CG PUSCH and cancel the overlapping DG PUSCH at latest from the first symbol that is overlapping with the CG PUSCH.
For collision between LP CG PUSCH and HP DG PUSCH, the R16 timeline for HP DG PUSCH and LP PUCCH for SPS HARQ-ACK can be reused, i.e. the UE is expected to cancel the LP CG PUSCH at least from the first symbol of the HP DG PUSCH, and the cancellation should start no earlier than Tproc,2+d1 after the last symbol of the PDCCH scheduling the DG PUSCH. Meanwhile, an extra processing time of d2 would be introduced for the preparation of the DG PUSCH due to the cancellation process. 
Proposal 14: For collision between HP DG PUSCH and LP CG PUSCH, PHY layer can make the prioritization so that the UE is expected to transmit the DG PUSCH and cancel the CG PUSCH by the first overlapping symbol at the latest.
· The UE expects to transmit the DG PUSCH no earlier than Tproc,2+d2 after the last symbol of the PDCCH scheduling the DG PUSCH.
Finally, the discussion should be limited to the case that one DG PUSCH collides with one CG PUSCH of a different priority. The case that one PUCCH overlaps with the PUSCH to be cancelled and/or how to handle the problem of grant skipping, is discussed in detail in our companion paper [5].
Simultaneous PUCCH /PUSCH transmission on different cells
For simultaneous PUCCH/PUSCH transmission on different cells, the following agreements were achieved in the previous meeting.
	Agreements (RAN1#102-e meeting[2]):
Support simultaneous PUCCH/PUSCH transmissions on different cells at least for inter-band CA.
· FFS how to trigger this function. 
· FFS for intra-band CA.

Agreements (RAN1#104-e meeting[4]):
Per UE with the capability of inter-band CA, simultaneous PUCCH/PUSCH transmission of different PHY priorities over different cells can be RRC configured within the same PUCCH group
· FFS: dynamic indication



The focus of the feature for simultaneous PUCCH/PUSCH transmission on different cells is limited to the inter-band CA case and also the PUCCH and PUSCH must have different priorities. Note that we don't see the motivation to support simultaneous PUCCH/PUSCH transmission on different cells for same priority. Based on this, we discuss how this feature will work with the Rel-16 intra-UE prioritization rule.  
In Rel-16, the processing of intra-UE prioritization is as follows: 
· Step 1: perform the multiplexing of LP PUCCH(s)/PUSCH assuming no overlapping HP UL channels and determine the final LP PUCCH/PUSCH; 
· Step 2: judge whether the final LP PUCCH/PUSCH is overlapping with any HP UL channels before and/or after multiplexing of HP UL channels, and if an overlapping happens, the LP PUCCH/PUSCH is dropped
With the support of simultaneous PUCCH/PUSCH transmission of different PHY priorities over different cells, the processing can be slightly changed: the UE performs Step 1 as in Rel-16 and gets the final LP PUCCH/PUSCH; and in Step 2, the UE would still check whether the final LP PUCCH/PUSCH overlaps with any HP UL channel, but only when the overlapping happens and the HP UL channel is in a CC within the same band as the final LP PUCCH/PUSCH, the LP PUCCH/PUSCH will be dropped. That is, if a HP UL channel overlaps with the final LP PUCCH/PUSCH but lies in a CC in a different band, the LP PUCCH/PUSCH can remain and is transmitted simultaneously with the HP UL channel.
Observation 2: If simultaneous PUCCH/PUSCH transmission of different PHY priorities over different cells is configured, the prioritization of LP PUCCH/PUSCH can be performed as follows.
· Step 1: perform the multiplexing of LP PUCCH(s)/PUSCH assuming no overlapping HP UL channels and determine the final LP PUCCH/PUSCH; 
· Step 2: judge whether the final LP PUCCH/PUSCH is overlapping with any HP UL channels before and/or after multiplexing of HP UL channels, and if an overlapping happens on the same serving cell or cells within the same band, the LP PUCCH/PUSCH is dropped.
Conclusions
In this paper, we discussion the possible multiplexing rules of PUCCHs/PUSCHs with different priorities. The following observation and proposals are given:
Observation 1: For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is more than 2, separate coding can provide better reliability for HP HARQ-ACK with the SNR gain of about 2.5~6 dB.
Observation 2: If simultaneous PUCCH/PUSCH transmission of different PHY priorities over different cells is configured, the prioritization of LP PUCCH/PUSCH can be performed as follows.
· Step 1: perform the multiplexing of LP PUCCH(s)/PUSCH assuming no overlapping HP UL channels and determine the final LP PUCCH/PUSCH; 
· Step 2: judge whether the final LP PUCCH/PUSCH is overlapping with any HP UL channels before and/or after multiplexing of HP UL channels, and if an overlapping happens on the same serving cell or cells within the same band, the LP PUCCH/PUSCH is dropped.

Proposal 1: For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is 2 bits, the 1-bit HP HARQ-ACK and the 1-bit LP HARQ-ACK are concatenated and transmitted on PUCCH format 0 or PUCCH format 1 following the existing mechanism.
Proposal 2: For multiplexing HP HARQ-ACK and LP HARQ-ACK on PUCCH in case that the total number of bits is more than 2, separate coding is adopted.
Proposal 3: Adopt RRC configuration to enable/disable the multiplexing of HP HARQ-ACK and a LP HARQ-ACK on PUCCH, and the multiplexing of HARQ-ACK on PUSCH with different priorities.
· If the RRC parameter indicates ‘Enable’, extra conditions should be specified to check whether the latency/reliability of HP HARQ-ACK can be guaranteed for a certain overlapping case.
Proposal 4: Support a group of dedicated PUCCH sets in the second PUCCH-Configuration to carry the multiplexed HP HARQ-ACK and LP HARQ-ACK.
Proposal 5: For HP HARQ-ACK overlapping with LP HARQ-ACK, the multiplexing is allowed only when the PUCCH carrying the multiplexed UCI ends no later than the PUCCH carrying HP HARQ-ACK.
Proposal 6: For Rel-17 intra-UE PUCCH/PUSCH multiplexing, confirm the working assumption to reuse intra-UE PUCCH/PUSCH multiplexing timeline requirements and if the timeline requirements are not satisfied, return back to Rel-16 prioritization rule.
Proposal 7: For multiplexing HP SR and LP HARQ-ACK with PF0/PF1,
· For the case of HP SR with PF0 vs LP HARQ-ACK with PF0, SR is multiplexed on HARQ-ACK resource in the same way as Rel-15 if SR is positive and transmit only HARQ-ACK on HARQ-ACK resource if SR is negative (i.e. option 2c); 
· For the case of HP SR with PF0 vs LP HARQ-ACK with PF1, drop LP HARQ-ACK if HP SR is positive (i.e. option 4);
· For the case of HP SR with PF1 vs LP HARQ-ACK with PF0, SR is multiplexed on HARQ-ACK resource in the same way as Rel-15 if SR is positive and transmit only HARQ-ACK on HARQ-ACK resource if SR is negative (i.e. option 2c); 
· For the case of HP SR with PF1 vs LP HARQ-ACK with PF1, reuse the resource selection method in Rel-15.
Proposal 8: For multiplexing HP SR and LP HARQ-ACK with PF2/PF3/PF4,
· Adopt separate coding to HP SR and LP HARQ-ACK on one PUCCH resource
· The PUCCH resource is selected from the dedicated PUCCH resource sets in the second PUCCH-Config for multiplexing HP HARQ-ACK and LP HARQ-ACK
· The multiplexing is only allowed if the ending symbol of the PUCCH resource carrying multiplexed SR and HARQ-ACK is no later than the ending symbol of the PUCCH resource carrying SR.
Proposal 9: The discussion about multiplexing more than 2 PUCCHs should be postponed until the multiplexing rules for two colliding PUCCHs are agreed.
Proposal 10: For multiplexing LP HARQ-ACK on HP PUSCH, support beta-offset = 0.
Proposal 11: For HP HARQ-ACK overlapping with LP PUSCH, the multiplexing is only allowed when the ending symbol of the LP PUSCH is no later than the ending symbol of the PUCCH carrying HP HARQ-ACK.
Proposal 12: For multiplexing HP HARQ-ACK/CSI and LP HARQ-ACK/CSI on one PUSCH, support separate coding with different beta-offsets for these two UCIs.
Proposal 13: For collision between HP CG PUSCH and LP DG PUSCH, PHY layer can make the prioritization so that the UE is expected to transmit the CG PUSCH and cancel the overlapping DG PUSCH at latest from the first symbol that is overlapping with the CG PUSCH.
Proposal 14: For collision between HP DG PUSCH and LP CG PUSCH, PHY layer can make the prioritization so that the UE is expected to transmit the DG PUSCH and cancel the CG PUSCH by the first overlapping symbol at the latest.
· The UE expects to transmit the DG PUSCH no earlier than Tproc,2+d2 after the last symbol of the PDCCH scheduling the DG PUSCH.
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Appendix
The simulation assumptions of LLS in Section 2 are listed in Table A1.
Table A1. Simulation assumptions of LLS in Section 2
	
	URLLC

	Carrier frequency for evaluation
	3.5 GHz

	Link-level Channel model
	TDL-A

	Scaled delay spread
	30 ns

	UE speed
	3 km/h

	Antenna
	1T2R

	TRxP receiver type
	MMSE-IRC

	Channel estimation
	LMMSE

	PUCCH Transmition Scheme
	Format 3

	Modulation
	QPSK
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