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Discussion
1. Introduction
Regarding the intra-UE multiplexing and prioritization of traffic with different priority objective of the Rel-17 enhanced IIoT and URLLC WI [1], the remaining open issues listed in the status report for the last RAN plenary include [2]:
· Rel-17 Intra-UE multiplexing framework and UE categories (impact to several sections of 38.213, potentially RRC & UE capabilities)

· Confirmation of the RAN1 working assumption on support of Capability #3 type of UE
· Details for Capability #1 type of UE operation (i.e. step 2 details incl. timeline requirement and handling of more than two overlapping channels in step 2)
· Details for Capability #3 type of UE operation incl. at least

· Dynamic enabling/disabling restrictions 

· Handling of PUCCH / PUSCH without dynamic enabling indication

· Handling of more than two overlapping channels in step 2

· Interaction with simultaneous PUSCH / PUCCH operation for step 2 for both Capabilities #1 and #3
· Multiplexing details of UCI of different priorities on PUCCH (impact to several sections of 38.212 & 38.213, potentially RRC & UE capabilities)
· Multiplexing on PUCCH format 2 

· 1-bit encoding & RE mapping for in total more than 2 bits on PUCCH 

· 2-bit encoding & RE mapping for in total more than 2 bits on PUCCH 
· Reliability of LP HARQ CB size determination 

· SR and HARQ-ACK multiplexing 

· How to dynamically indicate the multiplexing enabling for PUCCH (for UE category #3)

· Multiplexing details of UCI of different priorities on PUSCH (impact to several sections of 38.212 & 38.213, potentially RRC & UE capabilities)
· Multiplexing operation for HP HARQ-ACK, LP HARQ-ACK and HP A-CSI on PUSCH 

· Enhanced UCI multiplexing parameters (beta value range, alpha)

· Handling of limited resources for UCI on PUSCH (i.e. full or partial dropping, compression) 

· How to dynamically indicate the multiplexing enabling for PUSCH (for UE category #3)

From the discussion in the last RAN plenary #94, it was endorsed that [3]:
· RAN to guide RAN1 to focus on the discussion on Capability#1 only in Q1 2022 for Rel-17 intra-UE multiplexing framework
In this contribution, we provide our views on reliability of LP HARQ CB size determination and SR HARQ-ACK multiplexing issues.
2. Discussion
Reliability of LP HARQ CB size determination
For multiplexing LP HARQ-ACK with HP HARQ-ACK or HP PUSCH, to deal with the problem of ambiguity on LP HARQ-ACK type-1 codebook existence or LP HARQ-ACK type-2 codebook size due to DCI mis-detection, there was a proposal in the last RAN1 #107 meeting [4]:
	For the problem of ambiguity on LP HARQ-ACK type-1 codebook existence or LP HARQ-ACK type-2 codebook size due to DCI mis-detection, focus on the Rel-17 study on the following approach:

· For multiplexing HP HARQ-ACK and LP HARQ-ACK in a PUCCH format 3/4,
· A T-DAI field in a DL DCI format associated with HP HARQ-ACK to indicate the T-DAI of LP HARQ-ACK.

· At most 2 bits are added to the DL DCI format associated with HP HARQ-ACK for the T-DAI of LP HARQ-ACK, compared to Rel-16.

· FFS details.
· For multiplexing a LP Type-2/Type-1 HARQ-ACK codebook in a HP PUSCH,

· A T-DAI field in a UL DCI format scheduling the HP PUSCH to indicate the T-DAI of LP HARQ-ACK.

· At most 2 bits are added to the UL DCI format scheduling the HP PUSCH for the T-DAI of LP HARQ-ACK, compared to Rel-16.

· FFS details.


The main concern of this proposal is the permanent overhead for the additional T-DAI field in HP DCI which should be as compact as possible for reliability. Meanwhile, in the sense of alignment regarding HP DCI and LP DCI payload sizes in order not to increase UE blind detection complexity, the field should be present or padding bits have to be appended for DCI scheduling LP channels. However, the extra overhead in LP DCI resulting from size alignment is of little actual use for information indication. In addition, the extra overhead also needs to consider whether two additional T-DAI fields are included in HP DCI for both TB and CBG HARQ-ACK sub-codebook. 

Although a way to double-interpret the current T-DAI field in HP DCI to indicate the T-DAI of LP HARQ-ACK was proposed in the last meeting, it is not convinced the method could solve the ambiguity issue thoroughly and may cause unnecessary bits for LP codebook [4]. For example, if gNB schedules c-DAI = 1/2 for LP codebook and c-DAI = 1 for HP codebook, UE misses last LP DCI corresponding to c-DAI = 2. gNB indicates T-DAI = 1 expecting 5 LP bits + 1 HP bit feedback, but the UE would feedback 1 LP bit + 1 HP bit. 
The proposal itself can’t be applied for the HP scheduling without dynamic DCI indicating the LP T-DAI, and other mechanism should also be taken for this case.
Based on the above discussion, careful evaluation about the problematic scenarios are necessary to determine whether the additional overhead in HP DCI is worthwhile. For LP HARQ-ACK type-1 codebook, the ambiguity happens when gNB schedules only one LP DCI and the UE misses it. For LP HARQ-ACK type-2 codebook, the ambiguity happens when the UE misses only the last DL grant for the LP HARQ-ACK. The following scenarios are taken into account:
· Total LP HARQ-ACK and HP HARQ-ACK bit number is 2, and are multiplexed on PUCCH format 0

When 1-bit LP HARQ-ACK and 1-bit HP HARQ-ACK are to be multiplexed in PF0, gNB detection uses CS 0, 3, 6, 9 which are interpreted as (HP HARQ-ACK, LP HARQ-ACK) = (NACK, NACK), (NACK, ACK), (ACK, ACK), (ACK, NACK), respectively. If the LP DCI is missed by the UE, the UE transmission of 1 bit HP HARQ-ACK uses CS0 for HP HARQ-ACK = NACK or CS6 for HP HARQ-ACK = ACK. As the reliability of HP transmission is high, most of the case the UE transmits with CS6 for HP HARQ-ACK=ACK. But the gNB detects CS6 as (HP HARQ-ACK, LP HARQ-ACK)=(ACK, ACK). DTX-to-ACK error occurs for LP HARQ-ACK and the missed LP PDSCH will not be retransmitted, which is even worse than in Rel-16 as in Rel-16 the missed LP PDSCH can be retransmitted without UCI multiplexing.
Changing the HARQ-ACK bits to CS mapping for UCI multiplexing on HP PUCCH resource can solve the problem without additional DCI overhead. Based on Rel-15 CS values for 2bits HARQ-ACK, CS=0, 3, 6, 9 could be mapped to (HP HARQ-ACK, LP HARQ-ACK)=(NACK, NACK), (NACK, ACK), (ACK, NACK), (ACK,ACK), so that the not transmitted LP HARQ-ACK would be regarded as NACK by gNB.
· Total LP HARQ-ACK and HP HARQ-ACK bit number is 2, and are multiplexed on PUCCH format 1
When 1-bit LP HARQ-ACK and 1-bit HP HARQ-ACK are to be multiplexed in PF1, gNB detection interprets the QPSK modulated symbols to HARQ-ACK bits according to the left of the below Figure 1. If the LP DCI is missed by the UE, the UE transmission of 1 bit HP HARQ-ACK uses BPSK modulation according to the right of the below Figure 1. Most of the case the HP HARQ-ACK is ACK, the BPSK modulated symbol is 
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. However, the gNB will interpret the symbol as (HP HARQ-ACK, LP HARQ-ACK)=(ACK, ACK). DTX-to-ACK error occurs for LP HARQ-ACK similar as the case on PUCCH format 0 and the missed LP PDSCH will not be retransmitted.
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Figure 1 DTX-to-ACK error occurs when LP DCI is missing using Rel-15 bit to modulated symbol mapping

The way to solve the problem without additional DCI overhead is adjusting the bits to modulated symbol mapping for UCI multiplexing on HP PUCCH resource. (HP HARQ-ACK, LP HARQ-ACK)=(NACK, NACK), (ACK, NACK) can be QPSK modulated to the same symbols as the 1 bit HP HARQ-ACK only BPSK modulated symbols. Thus the not transmitted LP HARQ-ACK would be detected as NACK by gNB. An example is shown in Figure 2.


[image: image3.emf]I

Q

b(1)b(0)

00

01

10 11

    

12(

1

()12(2)12(21 21) )

2

dib b ijbi i

    




Figure 2 Bits to modulated symbol mapping for HP+LP 2bit UCI transmission with PUCCH format 1 to avoid the LP DCI missing problem
Observation 1: Ambiguity on LP HARQ-ACK existence due to DCI mis-detection when the total LP HARQ-ACK and HP HARQ-ACK bit number is 2 would cause DTX-to-ACK error for LP HARQ-ACK and LP PDSCH missing, which case is even not enhancement comparing Rel-16 LP HARQ-ACK dropping. Additional overhead in HP DCI is not the mandatory way to solve this problem.
· LP HARQ-ACK and HP HARQ-ACK are multiplexed on PUCCH with total bit number larger than 2
When the LP HARQ-ACK and HP HARQ-ACK are larger than 2bits to be transmitted on PUCCH format 2/3/4, missing LP DCI leads to the following cases: 
Case 1: ambiguity on the existence of the LP HARQ-ACK

Case 2: ambiguity on the payload of the LP HARQ-ACK

· Case 2-1: the ambiguous LP payload does not impact the total RB number
· Case 2-2: the ambiguous LP payload results in ambiguous total RB number
Case 1 may result in incorrect decoding for HP HARQ-ACK at gNB, as gNB assuming HP +LP HARQ-ACK are transmitted uses rate matching formula for HP HARQ-ACK occupying only parts of the REs, but the UE assuming wrongly only HP HARQ-ACKs are transmitted occupying all REs uses the HP only rate matching formula. Case 1 ambiguity is one scenario to be dealt with.

For case 2-1, since the HP HARQ-ACK REs are mapped in higher priority and independent with LP HARQ-ACK REs, the accuracy of decoding the HP HARQ-ACK would not be impacted.
For case 2-2, when ambiguity happens, the gNB can perform PUCCH DMRS blind detection to identify the bandwidth of the PUCCH, so the accuracy of decoding the HP HARQ-ACK is guaranteed by gNB implementation.
Observation 2: For UCI multiplexing on PUCCH, the case that needs additional LP T-DAI HARQ-ACK overhead in HP DCI happens when all of the following are met: gNB schedules only one LP DCI triggering LP HARQ-ACK type-1 or type-2 codebook, the UE misses it, LP HARQ-ACK overlaps with HP HARQ-ACK, and the total LP HARQ-ACK and HP HARQ-ACK bit number is larger than 2.

The above case is not that often worth permanent additional T-DAI overhead for every UE in HP DCI, gNB could handle the issue by implementation such as avoiding scheduling LP HARQ-ACK resulting the above case if reliability is not adequate. Adjusting the bits to CS or modulated symbol mapping for UCI multiplexing on HP PUCCH resource could reduce DTX-to-ACK error for LP HARQ-ACK and LP PDSCH missing without HP DCI overhead increasing, which is proposed for specification. Even the group finally agrees the presence of the field for LP T-DAI in HP DCI is RRC configured, gNB could also choose not to configure for DCI overhead saving and the following proposal applies.
Proposal 1: For the problem of ambiguity on LP HARQ-ACK existence,

· for 1-bit LP HARQ-ACK and 1-bit HP HARQ-ACK multiplexed in PF0, CS=0, 3, 6, 9 is mapped to (HP HARQ-ACK, LP HARQ-ACK)=(NACK, NACK), (NACK, ACK), (ACK, NACK), (ACK,ACK);

· for 1-bit LP HARQ-ACK and 1-bit HP HARQ-ACK multiplexed in PF1, (HP HARQ-ACK, LP HARQ-ACK) is QPSK modulated using 
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· LP HARQ-ACK is multiplexed in a HP PUSCH
When a HARQ-ACK is multiplexed on the PUSCH, beta-offset value is an offset between coding rate of PUSCH and HARQ-ACK, determines the resource size for UCI transmitted on the PUSCH. In Rel-17, new set of beta offset values can be configured to the UE for multiplexing LP HARQ-ACK on HP PUSCH and 0< beta-offset <1 is supported. As there is already beta_offset indicator field in the HP UL grant DCI, supporting beta-offset = 0 is also useful for solving ambiguity on LP HARQ-ACK existence without additional DCI overhead. That is, when beta-offset is configured not as 0, gNB detects PUSCH with LP HARQ-ACK multiplexed. 
Then the remaining ambiguous case impacting PUSCH detection is when gNB schedules multiple LP DCI triggering LP HARQ-ACK type-2 codebook, the UE misses the last DL grant, LP HARQ-ACK overlaps with HP PUSCH, and the ambiguous LP payload size results in ambiguous PUSCH RE number. The case is rarer than the reason the legacy system would use T-DAI in the UL grant.
Proposal 2: For LP HARQ-ACK multiplexed on HP PUSCH, beta-offset =0 can be configured in the value set. 

Multiplexing a LP HARQ-ACK and a HP SR
In the RAN1 #104 meeting, considerable options were listed as below for 3 cases of HP SR and LP HARQ-ACK multiplexing with different PUCCH formats for further study towards Rel-16 prioritization.
	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?




We discuss the 3 cases respectively.
1) A PUCCH carrying HP SR with PF0 overlaps with a PUCCH carrying LP HARQ-ACK with PF0
The Rel-15 mechanism to multiplex SR PF0 and HARQ-ACK PF0 with the same priority is to transmit PUCCH in the HARQ-ACK resource with different Mcs values selected from no SR multiplexed case. If the same mechanism is reused for the multiplexing of HP SR and LP HARQ-ACK, the reliability of HP SR may not be ensured due to transmission on the resource configured for LP. The enhancement for this case is to use the SR PUCCH resource to transmit the positive SR and HARQ-ACK with PF0. The same Mcs values as Rel-15 mechanism to multiplex SR and HARQ-ACK with PF0 could be reused on the SR PUCCH resource. To avoid using more cyclic shift values to differentiate negative SR on the SR resource, resource selection can be used. That is, for negative SR, the UE transmits only HARQ-ACK on the HARQ-ACK resource.
2) A PUCCH carrying HP SR with PF0 overlaps with a PUCCH carrying LP HARQ-ACK with PF1
When SR with PF0 collides with HARQ-ACK with PF1, the UE only transmits a PUCCH with the HARQ-ACK in the resource using PUCCH format 1 and SR is dropped in Rel-15. When SR is of high priority, dropping SR is not appropriate. To guarantee the reliability and latency for HP SR, SR resource is needed for the detection of the positive SR. Some companies proposed to drop HARQ-ACK for positive SR, this will cause PDSCH retransmission which is associated with the LP HARQ-ACK. A better approach could be the positive SR and HARQ-ACK are multiplexed and transmitted on the SR resource. If the SR is negative, then HARQ-ACK is transmitted on the HARQ-ACK resource.
3) A PUCCH carrying HP SR with PF1 overlaps with a PUCCH carrying LP HARQ-ACK with PF0
It is similar for this case in Rel-15 to multiplex SR PF1 and HARQ-ACK PF0 with the same priority as to multiplex SR PF0 and HARQ-ACK PF0 with the same priority, i.e. PUCCH is transmitted in the HARQ-ACK resource. In rel-17, considering the reliability and latency for the HP SR, the HARQ-ACK can be transmitted on the SR resource to indicate the positive SR. For negative SR, HARQ-ACK is transmitted on its HARQ-ACK resource.
In summary, we propose a unified solution for different PUCCH format combinations.
Proposal 3: Resource selection is adopted in Rel-17 when a PUCCH carrying HP SR with PF0/1 overlaps with a PUCCH carrying LP HARQ-ACK with PF0/1:
· When HP SR is positive, SR resource is used for the transmission.

· If SR resource corresponds to PF0, positive HP SR and LP HARQ-ACK are multiplexed using the cyclic shift values the same as in Rel-15.
· If SR resource corresponds to PF1, HARQ-ACK is transmitted on the SR resource to indicate the positive SR.
· When HP SR is negative, the UE transmits only LP HARQ-ACK on the HARQ-ACK resource.
3. Conclusion
In this contribution, we have following proposals on intra-UE multiplexing and prioritization:
Proposal 1: For the problem of ambiguity on LP HARQ-ACK existence,

· for 1-bit LP HARQ-ACK and 1-bit HP HARQ-ACK multiplexed in PF0, CS=0, 3, 6, 9 is mapped to (HP HARQ-ACK, LP HARQ-ACK)=(NACK, NACK), (NACK, ACK), (ACK, NACK), (ACK,ACK);

· for 1-bit LP HARQ-ACK and 1-bit HP HARQ-ACK multiplexed in PF1, (HP HARQ-ACK, LP HARQ-ACK) is QPSK modulated using 
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Proposal 2: For LP HARQ-ACK multiplexed on HP PUSCH, beta-offset =0 can be configured in the value set. 

Proposal 3: Resource selection is adopted in Rel-17 when a PUCCH carrying HP SR with PF0/1 overlaps with a PUCCH carrying LP HARQ-ACK with PF0/1:

· When HP SR is positive, SR resource is used for the transmission.

· If SR resource corresponds to PF0, positive HP SR and LP HARQ-ACK are multiplexed using the cyclic shift values the same as in Rel-15.

· If SR resource corresponds to PF1, HARQ-ACK is transmitted on the SR resource to indicate the positive SR.
· When HP SR is negative, the UE transmits only LP HARQ-ACK on the HARQ-ACK resource.
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