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[bookmark: _Ref465963108]Introduction
In RAN plenary #86, the work item on Enhanced Industrial Internet of Things (IIOT) and URLLC Support was agreed [1]. One of the main objectives of the work item is to study

“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. “

[bookmark: _Ref525738522][bookmark: _Ref471731770][bookmark: _Ref462669569]In this section, the enhancement for intra-UE multiplexing and prioritization is discussed. 
Simultaneous x-CC PUCCH/PUSCH transmissions 
In NR, power headroom report (PHR) is only defined for PUSCH and SRS transmission. Namely, Type 1 power headroom is defined to capture the difference between the nominal UE maximum transmit power and the estimated power for UL-SCH transmission per activated Serving Cell. Type 3 power headroom is defined to capture the difference between the nominal UE maximum transmit power and the estimated power for SRS transmission per activated Serving Cell. Type 2 PHR is reserved in NR spec TS 38.213 but was not used so far. 
In NR Rel-15/16, there is no strong motivation to report PHR for PUCCH on PCC, because gNB can do nothing about PUCCH (rather than still schedule UE to transmit it especially for HARQ-ACK feedback), even it figures out power headroom is 0 or negative. However, in NR Rel-17 with simultaneous PUCCH/PUSCH transmission and PUCCH cell switch, there is motivation to do PUCCH PHR report, because gNB need to decide schedule PUCCH on which CC, i.e., put PUCCH (especially dynamic HARQ-ACK feedback) on CC with positive/larger power headroom. Without PUCCH PHR report, the feature of simultaneous PUCCH transmissions and PUCCH cell switch are broken/incomplete. 
An example scenario is illustrated as in Fig 1. Assuming simultaneous PUCCH and PUSCH transmission is enabled, PHR is triggered to be reported in the PUSCH on PCC. According to RAN2 spec, a UE should report PHR for both Pcell and Scell. In this PHR report, UE should report the legacy type 1 PHR for Pcell. For Scell, according to RAN2 spec, UE should report a PHR. Naturally, UE should report a new “type 2” PHR for PUCCH transmission on Scell. Therefore, base station can derive the power headroom for both PCC and SCC and it can decide the next dynamic HARQ-ACK feedback should be scheduled on PCC or SCC. 




The calculation of PUCCH PHR is very similar to PUSCH PHR. For PUSCH transmission occasion  on active UL BWP  of carrier  of serving cell , the UE computes a type 2 PHR for PUCCH as 
  [dB]

where , , , , ,  and  are defined in Subclause 7.2.1 of TS 38.213. 
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[bookmark: _Ref83658283][bookmark: _Hlk86958271]Fig 1: An example scenario of actual PHR for PUCCH 
Based on the above discussion, it is proposed to use the reserved PHR type 2 for PUCCH PHR report. 
[bookmark: _Hlk83848571]Proposal 1: For PUCCH cell switch in NR Rel-17, use type 2 actual PHR to report PHR for an actual PUCCH transmission on Pcell or a Scell in a PUCH group, following the PHR calculation as below.
  [dB]
Furthermore, to optimize PHR mechanism, since PUCCH can be switched between Pcell and Scell, in case the Pcell or Scell has no actual PUCCH transmission, to deliver the PUCCH power headroom information to gNB such that gNB can decide schedule future PUCCH on Pcell or Scell, virtual PUCCH PHR should be introduced. As shown in the scenario in Fig 2, for Pcell, UE needs to report a type 1 actual PHR for PUSCH and a type 2 virtual PHR. While for Scell, UE needs to report a type 1 virtual PHR for PUSCH, and a type 2 actual PHR for PUCCH. 
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[bookmark: _Ref86958496]Fig 2: An example scenario of virtual PHR for PUCCH
With the above analysis, we have the following proposal to introduce type 2 virtual PHR for PUCCH. 
Proposal 2: For PUCCH cell switch in NR Rel-17, support type 2 virtual PHR to report PUCCH PHR on Pcell or a Scell without actual PUCCH transmission in a PUCCH group.
[bookmark: _Hlk83931848]Interactions between simultaneous x-CC PUCCH and PUSCH transmission and intra-UE multiplexing
If a UE is capable of both simultaneous PUCCH/PUSCH transmission and R-17 intra-UE multiplexing, the interaction between these two features needs to be addressed. In this section, we discuss a general framework to solve uplink collisions for UEs that are capable of both intra-UE multiplexing and simultaneous PUCCH and PUSCH transmission. 
To start, we notice that the following working assumption was agreed in the previous meeting.
Working Assumption
For handling overlapping PUCCHs/PUSCHs with different priorities in R17 
· Step 1: Resolve overlapping PUCCHs and/or PUSCHs with the same priority
· Step 2: Resolve overlapping PUCCHs and/or PUSCHs with different priorities 
Note: Avoid recursive pseudo-code to implement this procedure
Note: It is expected that Rel-15 intra-UE UCI multiplexing timeline will be applicable

And the step 2 above is further clarified to contain two substeps in RAN1 #107e. 
Agreement
For handling overlapping PUCCHs/PUSCHs with different priorities, Step 2 consists of the following sub-steps:
· Step 2.1: Resolve collision of LP PUCCHs and HP PUCCHs. 
· Step 2.2: Resolve collision of PUCCHs and PUSCHs of different priorities. 

Therefore, the design shall be compatible with the two-step principle. 
For simultaneous PUCCH/PUSCH transmission, the following conclusions were made.
Conclusion
There is no consensus in RAN1 to support simultaneous PUCCH/PUSCH transmission of same priority over different cells in Rel-17.
Conclusion
There is no consensus in RAN1 to support simultaneous PUCCH/PUSCH transmissions on different cells for intra-band CA in Rel-17.
Based on the above agreements/conclusions, we can see that simultaneous transmission is only allowed in Step 2.2, when resolving collision of PUCCH/PUSCHs of different priorities. This suggests the following simple flow diagram. 

[image: ]
Fig 3: Flow diagram of interaction between simultaneous PUCCH/PUSCH transmission and UCI multiplexing
We describe the above procedure in the following proposal. 
Proposal 3: when a UE is configured with simultaneous PUCCH/PUSCH transmission and Rel-17 intra-UE multiplexing, take the following steps to resolve collision between overlapping of two or more uplink channels: 
· Step 1: Resolve overlapping PUCCH(s) and/or PUSCH(s) with the same priority
· Step 2: Resolve overlapping PUCCH(s) and/or PUSCH(s) with different priorities 
· Step 2.1: resolving overlapping between HP PUCCH and LP PUCCH  
· Step 2.2: resolving overlapping between PUCCH and PUSCH(s) of different priorities 
· If the remaining PUCCH and PUSCH(s) can be transmitted simultaneously
· Step 2.2.1: transmit PUCCH and PUSCH(s) simultaneously
· Otherwise
· Step 2.2.2: multiplex the UCI on a PUSCH with different priority 
UCI multiplexing on PUCCH
Intra-UE multiplexing with PUCCH format 2
PUCCH format 2 is an important use case for URLLC, because it only needs 1 or 2 OFDM symbols hence can fit into both S-slot and U-slot to reduce the PUCCH latency. Because of the benefit of PUCCH format 2, it is important to support intra-UE multiplexing of UCI with PUCCH format 2 as well. 
Proposal 4: In Rel-17, support HP UCI and LP UCI multiplexing on PUCCH format 2.
For PUCCH format 2, in Rel-15, because CSI part 2 can not be transmitted on PUCCH format 2, only a single encoder is used to jointly encode HARQ-ACK and CSI part 1. The encoded bits are then mapped to REs in PUCCH format 2. 
Within Rel-17, due to separate encoding of HP and LP HARQ-ACK, the two separately encoded bit streams need to be mapped to REs separately. To guarantee the desired coding rate of HP HARQ-ACK, it should be mapped first. The REs for HP HARQ-ACK should be distributed in frequency domain to span cross all available RBs in the PUCCH resource, in order to explore the frequency diversity to guarantee the high reliability of HP HARQ-ACK. 
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Fig 4: RE mapping for HP UCI and LP UCI on PUCCH format 2
[bookmark: _Hlk92274187]Proposal 5: For HP UCI and LP UCI multiplexing on PUCCH format 2, support mapping encoded HP UCI bits first with a distributed RE mapping in frequency domain, followed by mapping encoded LP UCI bits onto remaining REs.
The remaining open issue is how to determine the distance d to map the HP UCI bits in distributed fashion. Following the principle to distribute the HP UCI as much as possible in frequency (and time) domain to explore the frequency and time diversity, the distance d can be calculated based on the following equation 

where 
·  is the payload size for HP UCI,  is the coding rate for HP UCI. 
· S is number of OFDM symbols in the PUCCH resource. 
· L is the total number of RBs determined for multiplexed HP UCI and LP UCI transmission
· 2 in the above equation corresponding to 2 bits per QPSK modulated symbol. 8 in the above equation corresponding to 8 UCI tones per RB for PUCCH format 2. 

Based on the above analysis, we have the following proposal.
[bookmark: _Hlk84002899]Proposal 6: the distance d for HP UCI distributed RE mapping is determined as , where 
·  is the payload size for HP UCI,  is the coding rate for HP UCI. 
· S is number of OFDM symbols in the PUCCH resource. 
· L is the total number of RBs determined for multiplexed HP UCI and LP UCI transmission
Drop UCI to avoid exceeding 2 UCI encoders
In RAN1 104bis-e, the following agreement was made.  
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 is more than 2, support separate coding for the two HARQ-ACKs.
· FFS for HP HARQ-ACK or LP HARQ-ACK of 1-2 bit(s).
· (working assumption) Drop CSI (including part 1 and part2, if exist) if CSI would multiplex on a PUCCH which has HP A/N.
· FFS Strive to let HP A/N reuse the encoder, rate matching equation, and RE mapping rules in Rel-15 for A/N+CSI-1.
· FFS Strive to let LP A/N reuse the encoder, rate matching equation, and mapping rules in Rel-15 for CSI-2.
The spirit of the above agreement is to make sure separate encoding of HP and LP HARQ-ACK does not require UE to increase number of encoders used in Rel-15 UCI multiplying on PUCCH. Because CSI on PUCCH is only LP CSI (there is no HP CSI on PUCCH), it is then very naturally to drop CSI if CSI would multiplex with HP HARQ-ACK. 
In RAN1 #106e, part of the WA above was agreed at least for PUCCH format 3 and PUCCH format 4, as shown in the following agreement. 
Agreement
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, 
· HP A/N reuses rate matching equation, and RE mapping rules in Rel-15 for A/N+CSI-1.
· LP A/N reuses rate matching equation, and RE mapping rules in Rel-15 for CSI-2.
Above applies at least for PUCCH format 3 and 4.
There’re two main remaining issues to be addressed. 
The first issue how to treat CSI in case they collide with the LP and HP HARQ-ACK. We propose to confirm the working assumption in RAN1 #104bis-e. 
Proposal 7: Confirm the working assumption made in RAN1 #104bis-e 
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, 
· Drop CSI (including part 1 and part2, if exist) if CSI would multiplex on a PUCCH which has HP A/N.

The second issue is how to encode the LP and HP HARQ-ACK on a PUCCH, when the LP or HP HARQ-ACK has less than or equal to 2 bits. 
There can be two design Option 1:
· Option 1: follow the encoding approach of UCI on PUSCH in Rel-15, i.e., use repetition encoding (for 1 bit) or simplex encoding (for 2 bits)
· Option 2: follow the same encoding approach as CSI part 2 on PUCCH as in Rel-15, i.e., zero-pad the HP or LP HARQ-ACK into 3 bits, and use Reed-Muller code to encode the HARQ-ACK. 

For the 1 bit case, the two options yield the same performance. Indeed, the design in Option 2 reduces to a repetition code when there is only 1 bit payload.
However, for the 2 bit case, Option 1 provides a better performance than Option 2. To see how much performance difference between the two options for the 2 bit case, we present in the figure below the minimum distance of the coding schemes in Option 1 and Option 2 for varying number of coded bits.
[image: ]
[bookmark: _Ref83996205]Fig 5: Minimum distance comparison between simplex code and zero-padded Reed Muller code for encoding HARQ-ACK with 2 bits information 
As we can see from Fig 5, the simplex code (Option 1) has much better minimum distance compared to the zero-padded Reed Muller code (Option 2). Since the encoding complexity between the two Options are exactly the same, we propose the following. 
Proposal 8: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into PUCCH format 3 or format 4, when the total number of LP and HP HARQ-ACK bits is more than 2, and when the number of HP or LP HARQ-ACK has less than or equal to 2 bits
· The HP or LP HARQ-ACK uses repetition encoding if the payload size is 1 bit, and uses the simplex encoding if the payload size is 2 bits
Impact of missing LP DCI to PUCCH resource determination
For transmission of LP and HP HARQ-ACK on a PUCCH format 3, the UE may need to select a number of RBs based on the payload sizes and coding rates, as agreed in the following agreement in RAN #106e.
Agreement
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17,
· PUCCH resource set determination is based on: UCI payload size = the number of HP UCI bits + the number of LP UCI bits.
· FFS PRB number determination for HP A/N and LP A/N, e.g. based on their coding rates.
· FFS the impact to the number of LP UCI bits due to missed DCI and potential solutions
· Note: the number of LP UCI bits in the above agreement does may not necessarily mean the actual number of LP UCI bits until the second FFS is resolved

Given PUCCH coding rate  and  for HP HARQ-ACK and LP HARQ-ACK respectively, the number of RBs used to transmit HP+LP HARQ-ACK can be calculated based on the following equation, 

where  and  is the payload size for HP and LP HARQ-ACK respectively. S is number of OFDM symbols in the PUCCH resource. D is the number of available tones for UCI in one RB. 

One should notice that the total number of RBs L depends on the LP HARQ-ACK payload size . If LP HARQ-ACK is with type 2 codebook, in case of missing LP DCI occurs, the size misalignment of LP HARQ-ACK could create RB misalignment at gNB, which will even impact HP HARQ-ACK decoding. As shown in Fig 6, due to LP size misalignment, several junk RBs will be included in HP A/N decoding. More severely, a few valid REs could be missed in HP A/N decoding. Because of the HP A/N has 10^-5 reliability requirement, the 10^-2 LP DCI miss detection rate is a serious issue which could lead to HP A/N fail to meet reliability requirement. Therefore, a solution is needed to solve this issue.  
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[bookmark: _Ref71275245]Fig 6: LP A/N size misalignment impact HP A/N decoding
To solve this issue, we could define (a few) reference LP HARQ-ACK size. The actual LP HARQ-ACK size is rounded up to the nearest reference size. The reference size is then used to calculate number of RBs. This could mitigate the occurrence of size misalignment for LP HARQ-ACK between UE and gNB. 
The reason that using quantized reference LP HARQ-ACK size can mitigate occurrence of size misalignment for LP HARQ-ACK is as illustrated in Fig 7. Given a few quantization points (marked in green in Fig 7) for LP A/N size (where the quantization granularity can be configured by gNB or hardcoded to 4, following DAI granularity), the LP A/N is rounded up to nearest quantization point. Suppose gNB schedules UE to transmit M bits LP A/N. While due to missing LP DCI, UE only have N bits LP A/N to transmit, where N<M. As long as N and M do not fall into two different quantization sectors, by rounding up N and M to the same value N’, the LP HARQ-ACK size is aligned between gNB and UE to determine the number of RBs. 
[image: ]
[bookmark: _Ref71275270]Fig 7: Round up LP HARQ-ACK size to avoid size misalignment between UE and gNB
The same issue of missing LP DCI also applies to the problem of PUCCH resource set selection. Namely, due to missing LP DCIs, UE and gNB may end up selecting different PUCCH resource sets, therefore causing communication errors. The same solution as discussed above for RB selection could be applied to solve this problem. 
Based on the discussion above, we propose the following. 
Proposal 9: For HP UCI and LP HARQ-ACK (in type 2 codebook) multiplexing on a PUCCH, round up LP HARQ-ACK size to a nearest reference size, in the calculation of total number of RBs for HP and LP UCI and in the PUCCH resource set determination.  
[bookmark: _Ref53944194]HARQ-ACK and SR multiplexing with different priorities
For the case in which 1 or 2 bits HARQ-ACK collide with a 1-bit SR, there’re 8 possible cases depending on the priority levels and PUCCH formats of the HARQ-ACK and SR. Before discussing the detailed solutions for resolving collisions in each of the 8 cases, we’d like to discuss the general principles for multiplexing HARQ-ACK and SR of different priorities. On the one hand, we should try not to drop the low priority transmissions if possible; on the other hand, we should protect the high priority transmissions from both reliability and latency perspective as much as possible. More specifically, the following enhancement from the Rel-15 design can be considered. When the HARQ-ACK and SR are multiplexed, they shall be multiplexed on the high priority channel since the power control associated with the high priority channel may lead to higher reliability. In some cases, it may not be feasible to always multiplex HARQ-ACK and SR on the high priority channel, e.g., in case of RB selection. However, in such cases, it may be desirable to use the power associated with the high priority channel to transmit the UCI payload. 
We summarize principles discussed above in the following observation. 
Observation 1: Multiplexing HARQ-ACK and SR with different priorities shall take into account the following design principles:
· Reuse the Rel-15 rule to multiplex the HARQ-ACK and SR when appropriate
· High priority channels should be better protected to guarantee its reliability and latency via i) putting the multiplexed payload on the high priority PUCCH resources if possible ii) use the power control parameters related to the high priority channel to transmit the multiplexed payload. 

Next, we share our view on the collision resolutions rules for each of the overlapping cases below. 
· Case 1: low priority (LP) HARQ-ACK on PF 0 collide with high priority (HP) SR on PF 0: in this case, we may reuse the Rel-15 solution to multiplex the HARQ-ACK and SR. However, different from Rel-15, in Rel-16 and beyond, the high priority SR and low priority HARQ-ACK may be scheduled with different power control parameters (including both open-loop and closed-loop power).  To ensure reliable delivery of the high priority transmission, one possible enhancement in Rel-17 is to use the SR PUCCH resource to transmit the multiplexed LP HARQ-ACK and the HP SR. In addition, since the power control for PUCCH format 0 is independent on the payload size of the UCI multiplexed on the SR, one may apply an additional power boost to the multiplexed UCI transmission.  
· Case 2: low priority (LP) HARQ-ACK on PF 0 collide with high priority (HP) SR on PF 1: in Rel-15, a HARQ-ACK on PF0 that collides with SR on PF 1 will be multiplexed on the HARQ-ACK resource. However, this may affects the reliability of the SR. Therefore, we would like to enhance the design in Rel-17 by performing an RB selection. More specifically, if the SR is negative, then HARQ-ACK is transmitted on the HARQ-ACK resource. However, if the SR is positive, the HARQ-ACK is transmitted on the SR resource to indicate the positive SR. This way, we protect the reliability of SR whenever SR is positive. 
·  Case 3: low priority (LP) HARQ-ACK on PF 1 collide with high priority (HP) SR on PF 0: in NR Rel-15, if a HARQ-ACK on PF1 collides with an SR on PF0, UE will drop the SR and transmit HARQ-ACK. However, when SR is of higher priority than the HARQ-ACK, dropping SR may not be appropriate. In NR Rel-17, we may enhance the design by using RB selection. More specifically, if the SR is negative, then HARQ-ACK is transmitted on the HARQ-ACK resource. However, if the SR is positive, the HARQ-ACK is transmitted on the SR resource to indicate the positive SR. This way, we will not drop the SR or the HARQ-ACK, but we also guarantee that SR is transmitted with low latency whenever it is positive. 
· Case 4: low priority (LP) HARQ-ACK on PF 1 collide with high priority (HP) SR on PF 1: Same rule as in Rel-15 (i.e., RB selection) can be applied. 
· Case 5: HP HARQ-ACK on PF 0 with LP SR on PF 0: As explained earlier, in NR Rel-15, an HARQ-ACK on PF0 that collide with SR on PF0 may be multiplexed on the HARQ-ACK resource. The same rule may be applied in NR Rel-17 to handle colliding HARQ-ACK and SR of different priorities. In addition, to guarantee the reliability of the HP HARQ-ACK, an additional power boost may be applied to the multiplexed payload.
· Case 6: HP HARQ-ACK on PF 0 with LP SR on PF 1: Similar to the Case 5 above, we may reuse the Rel-15 rule to multiplex the HARQ-ACK and SR on the HARQ-ACK resource. In addition, to guarantee the reliability of the HP HARQ-ACK, an additional power boost may be applied to the multiplexed payload.
· Case 7: HP HARQ-ACK on PF 1 with LP SR on PF 0: In this case, we shall use the same rule as in NR Rel-15 and Rel-16 and drop SR. 
· Case 8: HP HARQ-ACK on PF 1 with LP SR on PF 1: In this case, we may reuse the Rel-15 rule to indicate the value of SR using RB selection. Furthermore, since the SR and HARQ-ACK are of different priorities, which implies that the power determined on the SR resource may be different from the power derived from the HARQ-ACK resource. To guarantee the reliability of the HP HARQ-ACK, the UE may always use the power determined form the HARQ-ACK resource to transmit the HARQ-ACK (regardless of whether the HARQ-ACK is transmitted on the HARQ-ACK resource or the SR resource).

The design options above are summarized in the following proposal. 
Proposal 10: In NR Rel-17, if a HARQ-ACK (with single priority) transmission on PUCCH format 0 or PUCCH format 1 collide with one SR, the UE performs the actions in Table 1 to resolve the collision. 
· FFS: collision resolution for 1-bit HP HARQ-ACK and 1-bit LP HARQ-ACK overlapping with 1-bit HP or LP SR
[bookmark: _Ref54042045]Table 1. Collision resolution for overlapping HARQ-ACK and SR in NR Rel-17
	
	Ack: PF0, LP
	Ack: PF1, LP 
	Ack: PF0, HP
	Ack: PF1, HP

	SR: PF 0, LP
	Same as Rel-15 (i.e., multiplex on HARQ-ACK resource). 
	 Same as Rel-15 (i.e., drop SR)
	Multiplex the HARQ-ACK and SR on the HARQ-ACK resource (as in Rel-15), with a power boost to the multiplexed transmission.
	Same as Rel-15 (drop SR).

	SR: PF1, LP
 
	Same as rel-15 (i.e., multiplex on HARQ-ACK resource)
	Same as Rel-15 (RB selection)
	Multiplex the HARQ-ACK and SR on the HARQ-ACK resource (as in Rel-15), with a power boost to the multiplexed transmission.
	RB selection (as in Rel-15) but with the enhancement that, if SR is positive, the power of the PUCCH transmission follows the power of the HARQ-ACK resource.

	SR: PF0, HP
	Use the SR resource to transmit multiplexed SR and HARQ-ACK, with a power boost to the multiplexed transmission.
	Perform RB selection (i.e., if SR is negative, then transmit HARQ-ACK on the HARQ-ACK resource. Otherwise, transmit HARQ-ACK on the SR resource.) 
	Same as Rel-15
	Same as Rel-15

	SR: PF1, HP 
	Perform RB selection (i.e., if SR is negative, then transmit HARQ-ACK on the HARQ-ACK resource. If SR is positive, transmit HARQ-ACK on the SR resource.)
	Same as Rel-15 (i.e., RB selection). 
	Same as Rel-15
	Same as Rel-15



Next, for the case of when a PUCCH carrying HP SR with PF0 overlaps with a PUCCH carrying LP HARQ-ACK with PF0, the more important open issue is that how to transmit the multiplexed payload, i.e., choosing which 4 or 8 CS indices out of the 12 available CS indices to transmit the 2 or 3 multiplexed bits?
In Rel-15, to transmit 1-bit SR with 1 or 2 bits HARQ-ACK, the following 4 or 8 CS indices are used, as shown in Fig 8. With same priority between HARQ-ACK and SR, the following design is reasonable, because the distance between different hypothesis is maximized, i.e., distance =3 for 1 bit SR and 1 bit A/N case, and distance =1 for 1 bit SR and 2 bits A/N case. However, with different priorities for SR and HARQ-ACK, the following design is problematic, because it can not provide different reliability between HP and LP bit. For example, in case the 1 bit SR is HP and 2 bits A/N is LP, the distance between the negative and positive SR is only 1 CS index, while the distance between different HARQ-ACK hypothesis is 3 CS indices, which will make the HP SR performance much worse than LP HARQ-ACK.   
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[bookmark: _Ref68531754]Fig 8: Rel-15 1 bit SR and up to 2 bits HARQ-ACK multiplexing in PUCCH format 0
To improve from Rel-15 design, for the case of 1 bit SR and up to 2 bits HARQ-ACK with different priorities in PUCCH format 0, we should seek for new CS indices mapping to protect high priority bit with larger distance and sacrifice the low priority bit with smaller distance. The new mapping rule should keep larger distance between hypotheses for HP payload, while keep smaller distance between hypothesis of LP payload. For example, for 1 bit SR and 1 bit HARQ-ACK with different priorities, the following CS mapping can be used, as shown in Fig 9. With the following mapping, in the case of 1 bit HP SR and 1 bit LP A/N, the distance between the negative SR and positive SR is 5 (while in Rel-15 mapping, the distance is 3), which will boost the high priority SR performance. Similarly, in the case of 1 bit LP SR and 1 bit HP A/N, the distance between the ACK and NACK is 5 (while in Rel-15 mapping, the distance is 3), which will boost the high priority HARQ-ACK performance. For the case of 1 bit HP SR and 2 bits LP HARQ-ACK, with the mapping as shown in Fig 10, the distance between positive SR and negative SR is 3 (while in Rel-15 mapping, the distance is only 1). For the case of 1 bit LP SR and 2 bits HP HARQ-ACK, the release 17 new mapping happens to be the same as Rel-15 mapping. 
The main design principle of the new CS mapping in Rel-17 for 1 bit SR and up to 2 bits HARQ-ACK with different priorities can be summarized as following:
· Use a plurality of subsets of CS indices, which are separated with larger gap/distance among adjacent subsets, to transmit the high priority bit(s). 
· Use different CS in a subset, which are separated with smaller gap/distance (e.g., set the distance equals to 1), to transmit the low priority bit(s). 

The impact of Rel-17 new mapping to both UE and gNB implementation is very small. On UE side, for a multiplexed payload, the only difference is mapping the payload to a different CS index, before applying the CS to the sequence and transmit the sequence in PUCCH format 0. At the receiver side, with Rel-15 mapping, the gNB correlate the received signal with base sequence S with CS set of {0,1,3,4,6,7,9,10} for 3 bits payload for example, which are 8 sequence correlations. Now, with Rel-17 new mapping, gNB still correlate the received signal with base sequence S with 8 CS indices, which are still 8 sequence correlations. The only difference is that the CS set now is {0,1,2,3,6,7,8,9}, just to list as an example. The change to gNB implementation to support this looks minor. 
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[bookmark: _Ref68533815]Fig 9: Rel-17 proposal of 1 bit SR and 1 bit HARQ-ACK multiplexing in PUCCH format 0
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[bookmark: _Ref68533953]Fig 10: Rel-17 proposal of 1 bit SR and 2 bits HARQ-ACK multiplexing in PUCCH format 0
Finally, the performance of Rel-17 mapping and Rel-15 mapping is compared. The simulated case is 1 bit HP SR multiplexing with 2 bits LP HARQ-ACK in PUCCH format 0.  As shown in Fig 11, with Rel-17 new CS mapping, 3dB gain can be observed over Rel-15 baseline mapping, with zero frequency error and timing offset/error of 3% of an OFDM symbol. 
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[bookmark: _Ref68535547]Fig 11: Performance comparison between Rel-15 and Rel-17 for the case of 1 bit HP SR and 2 bits LP HARQ-ACK multiplexing in PUCCH format 0
With the above study, we have the following proposal. 
Proposal 11: In NR Rel-17, for the case of multiplexing 1 bit SR and up to 2 bits HARQ-ACK with different priorities in a PUCCH format 0, adopt the multiplexed payload to CS indices mapping as shown in Fig 9 and Fig 10.
Next, we consider the scenario in which the HARQ-ACK are transmitted using PUCCH format 2, 3, or 4. In this case, if the HARQ-ACK transmission collide with K SRs, including  HP SRs and  LP SRs, the UE may multiplex the HARQ-ACK with the K= SR using the Rel-15 rule. Furthermore, HP SR should be prioritized when both HP SR and LP SR are positive (similar to LRR and SR prioritization rule in NR Rel-16). That is, if any of the HP SR is positive, then the  bit used to convey the HP and LP SR shall indicate the positive HP SR among the HP and LP SRs (regardless of whether LP SR is positive or not). And a positive LP SR can only be indicated when all other HP SRs colliding with it are negative. 
Proposal 12: In NR Rel-17, if a HARQ-ACK transmission on PUCCH format 2/3/4 collide with K SR transmissions including  HP SRs and  LP SRs, the UE append bits to the HARQ-ACK payload.  Furthermore, if any of the  HP SR is positive, thebits shall indicate a positive HP SR. 
Power control 
In RAN1 107e, the following agreement was made for power control for multiplexed HP and UL UCI transmit in PF 3/4. 
Agreement
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, 
· At least for PUCCH format 3/4, use the HP UCI bit number and HP RE number for ∆TF,b,f,c(i) formula selection and calculation
· For PUCCH format 1, use the total UCI bit number for ∆TF,b,f,c(i) calculation.
· FFS for PUCCH format 2.

The above agreement should be extended to PUCCH format 2, as there is no specific reason to adopt different power control solution for PF2. 
Proposal 13: For multiplexing a high-priority (HP) UCI and a low-priority (LP) UCI into PUCCH format 2, use the HP UCI bit number and HP RE number for ∆TF,b,f,c(i) formula selection and calculation.  
UCI multiplexing on PUSCH
[bookmark: _Hlk71196423]UCI encoding, rate matching, and RE mapping
In RAN1 104bis-e, the following agreement was made. 
Agreement:
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, support separate coding for the two HARQ-ACKs.
· It is understood that it is intended that the number of encoding chains for all UCI multiplexing combinations in Rel-17 should not exceed that in Rel-15/16.

The spirit of above agreement is to support separate encoding of HP and LP HARQ-ACK without requiring more UCI encoders than Rel-15, which utilizes 3 UCI encoders for HARQ-ACK, CSI part 1, and CSI part 2. 
With respect to coding, rate matching and RE mapping for UCI multiplexed on PUSCH, the following agreement was made in RAN1 #106bis-e. 
Agreement
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, if HP HARQ-ACK and LP HARQ-ACK would be transmitted on HP/LP PUSCH without CSI, 
· HP HARQ-ACK and LP HARQ-ACK are separately encoded according to R15 TS 38.212 Clause 5.3.1 and Clause 5.3.3. 
· Reuse R15 HARQ-ACK rate matching/puncturing and RE mapping for HP HARQ-ACK in principle. FFS details.
· For LP HARQ-ACK, reuse R15 Part 1 CSI rate matching and RE mapping.

In RAN1 107e, the following agreement is made.
Agreement
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, if HP HARQ-ACK, LP HARQ-ACK, and LP CSI consisting of two parts would be transmitted on LP PUSCH conveying UL-SCH, 
· The CSI part 2 is dropped. 
· Reuse R15 HARQ-ACK rate matching/puncturing and RE mapping for HP HARQ-ACK in principle. FFS details.
· [bookmark: _Hlk92274469]Reuse R15 CSI part 1 rate matching and RE mapping for LP HARQ-ACK.
· Reuse R15 CSI part 2 rate matching and RE mapping for LP CSI part 1.
· FFS for LP CSI consisting of single part.
Note: Apple raised concern on CSI being dropped unnecessarily which could cause performance and degrade usefulness of URLLC enhancement.
In Rel-15 CSI part 1 is always encoded with Reed-Miller (RM) code. In corner case if CSI part 1 payload size is less than 3 bits, it is padded to 3 bits. In the above agreement, it is agreed that “For LP HARQ-ACK, reuse R15 Part 1 CSI rate matching and RE mapping” or “Reuse R15 CSI part 1 rate matching and RE mapping for LP HARQ-ACK”. It should be the common understanding that if LP HARQ-ACK is less than 3 bits, it should be padded to 3 bits and use RM encoding. However, it is good to clarify this point to make it crystal clear to avoid any future confusion. Therefore, we have the following proposal. 
Proposal 14: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, if HP HARQ-ACK and LP HARQ-ACK would be transmitted on HP/LP PUSCH without CSI, less than 3 bits LP HARQ-ACK is padded to 3 bits, reuse Rel-15 RM encoding, followed by R15 Part 1 CSI rate matching and RE mapping. 
The above agreement completes the design for the case without CSI multiplexing on PUSCH. For the case with CSI, the principle in the above agreement can be followed, while dropping certain low priority UCI to keep the total number of UCI encoding chains not exceeding three, following the agreement made in RAN1 104bis-e. 
Following this spirit, as illustrated by Fig 12 and Fig 13, when HP A/N, LP A/N, and LP CSI are multiplexed on PUSCH, the LP CSI part 2 should be dropped to be confined with 3 UCI encoders. when HP A/N, LP A/N, and HP CSI multiplexing on PUSCH, the LP A/N should be dropped to be confined with 3 UCI encoders. 
[image: ]
[bookmark: _Ref71390387]Fig 12: HP A/N + LP A/N + LP CSI part 1/2 multiplexing on PUSCH
[image: ]
[bookmark: _Ref71390389]Fig 13: HP A/N + LP A/N + HP CSI part 1/2 multiplexing on PUSCH
Proposal 15: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH (either HP or LP) in R17, if CSI would multiplex on the same PUSCH,
· Drop CSI part 2, if CSI is a low priority CSI. 
· HP A/N reuse encoder, rate matching/puncturing, and RE mapping for Rel-15 A/N
· LP A/N reuse encoder and rate matching, and RE mapping for Rel-15 CSI part 1
· LP CSI part 1 reuse encoder, rate matching, and RE mapping for Rel-15 CSI part 2
· Drop LP HARQ-ACK, if CSI is a high priority CSI. 
· HP A/N reuse encoder, rate matching/puncturing, and RE mapping for Rel-15 A/N
· HP CSI part 1 reuse encoder and rate matching, and RE mapping for Rel-15 CSI part 1
· HP CSI part 2 reuse encoder, rate matching, and RE mapping for Rel-15 CSI part 2
Power control 
In the sections above, we have discussed approaches to multiplex HP and LP HARQ-ACKs on a PUSCH, in which the HP and LP are separately encoded. One remaining question is how to determine the transmit power of the PUSCH including the HP and LP HARQ-ACK. To this end, we observe that, NR Rel-16 introduces an enhanced open-loop power control mechanism to dynamically control the open loop power parameters of a PUSCH transmission. Although the original purpose of this scheme is for inter-UE multiplexing, this mechanism can be reused without any change to support HP and LP HARQ-ACK multiplexing on PUSCH. In particular, the gNB could indicate different P0 values already based on the priority of the HARQ-ACK as well as the priority of the PUSCH. This method works for both PUSCH with UL-SCH data and PUSCH without UL-SCH data. Based on this discussion, we make the following proposal. 
Proposal 16: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, reuse the same power control formula as in Rel-15. 
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In summary, we have the following observations for intra-UE multiplexing and prioritization for Rel-17 IOT and URLLC. 
Observation 1: Multiplexing HARQ-ACK and SR with different priorities shall take into account the following design principles:
· Reuse the Rel-15 rule to multiplex the HARQ-ACK and SR when appropriate
· High priority channels should be better protected to guarantee its reliability and latency via i) putting the multiplexed payload on the high priority PUCCH resources if possible ii) use the power control parameters related to the high priority channel to transmit the multiplexed payload. 

Furthermore, we have the following proposals for intra-UE multiplexing and prioritization for Rel-17 IOT and URLLC. 
Proposal 1: For PUCCH cell switch in NR Rel-17, use type 2 actual PHR to report PHR for an actual PUCCH transmission on Pcell or a Scell in a PUCH group, following the PHR calculation as below.
  [dB]
Proposal 2: For PUCCH cell switch in NR Rel-17, support type 2 virtual PHR to report PUCCH PHR on Pcell or a Scell without actual PUCCH transmission in a PUCCH group.
Proposal 3: when a UE is configured with simultaneous PUCCH/PUSCH transmission and Rel-17 intra-UE multiplexing, take the following steps to resolve collision between overlapping of two or more uplink channels: 
· Step 1: Resolve overlapping PUCCH(s) and/or PUSCH(s) with the same priority
· Step 2: Resolve overlapping PUCCH(s) and/or PUSCH(s) with different priorities 
· Step 2.1: resolving overlapping between HP PUCCH and LP PUCCH  
· Step 2.2: resolving overlapping between PUCCH and PUSCH(s) of different priorities 
· If the remaining PUCCH and PUSCH(s) can be transmitted simultaneously
· Step 2.2.1: transmit PUCCH and PUSCH(s) simultaneously
· Otherwise
· Step 2.2.2: multiplex the UCI on a PUSCH with different priority 

Proposal 4: In Rel-17, support HP UCI and LP UCI multiplexing on PUCCH format 2.
Proposal 5: For HP UCI and LP UCI multiplexing on PUCCH format 2, support mapping encoded HP UCI bits first with a distributed RE mapping in frequency domain, followed by mapping encoded LP UCI bits onto remaining REs.
Proposal 6: the distance d for HP UCI distributed RE mapping is determined as , where 
·  is the payload size for HP UCI,  is the coding rate for HP UCI. 
· S is number of OFDM symbols in the PUCCH resource. 
· L is the total number of RBs determined for multiplexed HP UCI and LP UCI transmission

Proposal 7: Confirm the working assumption made in RAN1 #104bis-e 
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, 
· Drop CSI (including part 1 and part2, if exist) if CSI would multiplex on a PUCCH which has HP A/N.

Proposal 8: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into PUCCH format 3 or format 4, when the total number of LP and HP HARQ-ACK bits is more than 2, and when the number of HP or LP HARQ-ACK has less than or equal to 2 bits
· The HP or LP HARQ-ACK uses repetition encoding if the payload size is 1 bit, and uses the simplex encoding if the payload size is 2 bits
Proposal 9: For HP UCI and LP HARQ-ACK (in type 2 codebook) multiplexing on a PUCCH, round up LP HARQ-ACK size to a nearest reference size, in the calculation of total number of RBs for HP and LP UCI and in the PUCCH resource set determination.  
Proposal 10: In NR Rel-17, if a HARQ-ACK (with single priority) transmission on PUCCH format 0 or PUCCH format 1 collide with one SR, the UE performs the actions in Table 1 to resolve the collision. 
· FFS: collision resolution for 1-bit HP HARQ-ACK and 1-bit LP HARQ-ACK overlapping with 1-bit HP or LP SR

Proposal 11: In NR Rel-17, for the case of multiplexing 1 bit SR and up to 2 bits HARQ-ACK with different priorities in a PUCCH format 0, adopt the multiplexed payload to CS indices mapping as shown in Fig 9 and Fig 10.
Proposal 12: In NR Rel-17, if a HARQ-ACK transmission on PUCCH format 2/3/4 collide with K SR transmissions including  HP SRs and  LP SRs, the UE append bits to the HARQ-ACK payload.  Furthermore, if any of the  HP SR is positive, thebits shall indicate a positive HP SR. 
Proposal 13: For multiplexing a high-priority (HP) UCI and a low-priority (LP) UCI into PUCCH format 2, use the HP UCI bit number and HP RE number for ∆TF,b,f,c(i) formula selection and calculation.  
Proposal 14: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, if HP HARQ-ACK and LP HARQ-ACK would be transmitted on HP/LP PUSCH without CSI, less than 3 bits LP HARQ-ACK is padded to 3 bits, reuse Rel-15 RM encoding, followed by R15 Part 1 CSI rate matching and RE mapping. 
Proposal 15: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH (either HP or LP) in R17, if CSI would multiplex on the same PUSCH,
· Drop CSI part 2, if CSI is a low priority CSI. 
· HP A/N reuse encoder, rate matching/puncturing, and RE mapping for Rel-15 A/N
· LP A/N reuse encoder and rate matching, and RE mapping for Rel-15 CSI part 1
· LP CSI part 1 reuse encoder, rate matching, and RE mapping for Rel-15 CSI part 2
· Drop LP HARQ-ACK, if CSI is a high priority CSI. 
· HP A/N reuse encoder, rate matching/puncturing, and RE mapping for Rel-15 A/N
· HP CSI part 1 reuse encoder and rate matching, and RE mapping for Rel-15 CSI part 1
· HP CSI part 2 reuse encoder, rate matching, and RE mapping for Rel-15 CSI part 2

Proposal 16: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, reuse the same power control formula as in Rel-15. 
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