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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. “

In this section, the enhancement for intra-UE multiplexing and prioritization is discussed. 
[bookmark: _Ref525738522][bookmark: _Ref471731770][bookmark: _Ref462669569]Different MCS for URLLC UCI MUX on eMBB PUSCH
In Rel-15/16, when UCI is multiplexed on PUSCH, UCI must follow the same modulation order as PUSCH. This could lead to UCI performance loss at high modulation order, due to inappropriate combination of low code rate and high modulation order. We can use one example to illustrate the problem. 
· Example of URLLC HARQ-ACK multiplexing on eMBB PUSCH, where HARQ-ACK follow the same modulation order as PUSCH
· A cell center UE, eMBB PUSCH mod order = 256QAM, code rate ½, which leads to data spectrum efficiency of 4 bits/s/Hz
· gNB signal beta offset = 1/8 for URLLC HARQ-ACK, which leads to UCI spectrum efficiency of 1/2 bits/s/Hz
· UCI use the same mod order as PUSCH, which is 256QAM
· Based on spectrum efficiency of 1/2 bits/s/Hz and 256QAM, UCI code rate is 1/16
· 256QAM + 1/16 code rate for UCI is a very inefficient combination
This problem is more serious for URLLC UCI than eMBB UCI, when UCI is multiplexed on PUSCH. The reason is because typically a relatively large beta value is used to protect URLLC UCI. With larger beta values, the more the code rate gets scaled down, which amplifies the problem of “imbalance” between high mod order and low code rate. 
To solve this issue, a better way to select the modulation order and code rate for UCI is selecting MCS of UCI based on beta scaled spectrum efficiency of UCI. 
· Example of URLLC HARQ-ACK multiplexing on eMBB PUSCH, where MCS is selected based on beta scaled spectrum efficiency of UCI
· A cell center UE, eMBB data mod order = 256QAM, code rate ½ , which leads to data spectrum efficiency of  4 bits/s/Hz
· gNB signal beta offset = 1/8 for URLLC HARQ-ACK, which leads to UCI spectrum efficiency of 1/2 bits/s/Hz
· Pick QPSK and code rate 1/4 for UCI, based on reuse MCS table of data (this is not ideal)
· Notes: ideally, UE should use a dedicated MCS table for UCI, rather than reuse data MCS table
· QPSK + code rate 1/4 is a much more appropriate combination to achieve spectrum efficiency of 1/2 bits/s/Hz
Based on the above discussion, we propose RAN1 study remove the constraint that UCI has to use same modulation order as UL-SCH when multiplexed on PUSCH. RAN1 should study better approach to decide MCS for UCI when multiplexed on PUSCH in Rel-17.
Proposal 1: Study modulation order and code rate selection for UCI multiplexed on PUSCH based on beta scaled spectrum efficiency of UCI. 
PUCCH/PUCCH collision with different priorities
Collision resolution between PUCCH and PUSCH with different priorities in could be very complicated due to there are many different collision scenarios. In principle, simple collision resolution solutions are preferred. One way to follow this principle is to introduce enhancement only for necessary scenarios where there is clear motivation to improve. For other scenarios, Rel-16 solution should be reused. The important scenarios where intra-UE multiplexing among transmissions with different priorities are identified and discussed in Section 3.1 – Section 5. 
[bookmark: _Ref60934814]HARQ-ACK and HARQ-ACK multiplexing with different priorities
In RAN1 #103e, the following agreements were 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 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

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

These cases were studied and solutions to do multiplexing are presented in Section 3.1.1 - Section 3.1.3, respectively. 
[bookmark: _Ref60937395]1-bit HP and 1-bit LP HARQ-ACK on PF0
In Rel-15/16, two bits HARQ-ACK (with same priority) is transmitted on PUCCH format 0 by transmitting a base sequence S with certain amount of cyclic shift (CS) in time domain. The amount of CS depends on the information bits, as shown in follow Table 1 and Fig 1. It is obvious that the mapping yields equal distance between the 4 HARQ-ACK payload values. 
[bookmark: _Ref60936548]Table 1. 2-bits HARQ-ACK payload (same priority)
	HARQ-ACK Value
	{0, 0}
	{0, 1}
	{1, 1}
	{1, 0}

	Sequence cyclic shift
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[bookmark: _Ref60936564]Fig 1: 2-bits HARQ-ACK payload (same priority) to CS mapping in Rel-15 PF 0
Equal distance mapping makes sense in Rel-15 with the 2 bits are of the same priority. However, in Rel-17, when the two bits in PUCCH format 0 are with different priority, reuse Rel-15 equal distance mapping is not a good solution because it cannot provide unequal error protection between the high and low priority bit. On the other hand, unequal distance mapping, as illustrated in Fig 2, can provide better performance for the high priority bit than for the low priority bit. 
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[bookmark: _Ref60937029]Fig 2: 1-bit HP + 1-bit LP HARQ-ACK to CS mapping in Rel-17 PF 0
The performance of Rel-17 proposal of unequal distance mapping is illustrate as shown in Fig 3. In this set of simulations, the timing error is assumed as 6% of an OFDM symbol. One should notice that the operating SNR with PF0 consists of 1-bit HP and 1-bit LP UCI is determined/dominated by the 1-bit HP performance requirement. If we assume the BER requirement for 1-bit HP is 10^-4, which requires SNR at 9.5dB with unequal distance CS and SNR at 11dB with equal distance CS. For the 1-bit LP, the BER requirement is much lower such as 10^-2 which requires SNR at 4~6dB and it is not the bottleneck of the performance. Therefore, with Rel-17 proposal of unequal distance CS, 1.5dB gain is observed, over the Rel-15 baseline of equal distance CS. 
A related but more complicated scenario than the above discussed scenario is 1-bit HP HARQ-ACK, 1-bit LP HARQ-ACK, and 1-bit HP or LP SR multiplexing on a PUCCH format 0. The solution for the more complicated scenario can be considered for further study, after the solution for the above scenario is settled in RAN1.
Based on the above discussion, the following proposal is made. 
Proposal 2: For 1-bit high priority HARQ-ACK and 1-bit low priority HARQ-ACK transmitted in a PUCCH format 0 resource, support HARQ-ACK values to CS indices mapping with unequal distance between mapped CS indices.
· FFS: Solution for 1-bit HP HARQ-ACK and 1-bit LP HARQ-ACK multiplexing with 1-bit HP or LP SR on PUCCH format 0
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[bookmark: _Ref61343954]Fig 3: Performance comparison between equal and unequal CS with PF 0
[bookmark: _Ref60937398]1-bit HP and 1-bit LP HARQ-ACK on PF1
Before study the solution to transmit 1-bit HP and 1-bit LP HARQ-ACK on PF1, we review the PF1 in Rel-15 to transmit 2 bits payload. As shown in Fig 4, PUCCH format 1 is based on an interlaced DMRS and UCI OFDM symbol pattern. DMRS is on even OFDM symbols and UCI is on odd OFDM symbols. The sequences transmitted on DMRS is denoted as sequence S1. The signal transmitted on UCI OFDM symbol is simply S1*b where b is the QPSK modulated 2 bits payload. 
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[bookmark: _Ref60945701]Fig 4: Rel-15 PUCCH format 1
Rel-15 PUCCH format 1 design with 1-bit payload is an optimal design. One can verify that by checking the two transmitted signals on all OFDM symbols (including DMRS and UCI) with b=0 and b=1 are orthogonal, as listed below
· b=0 -> C0=S1*[,…]
· b=1 -> C1=S1*[,…]
where each entry represents the signal on one OFDM symbol. On an even OFDM symbol, the signal is sequence S1. On an odd OFDM symbol, the signal can be S1*1 or S1*(-1) based on BPSK modulation. 
However, with 2-bits payload, the 4 transmitted signals, as listed below, on DMRS plus UCI OFDM symbols are not orthogonal. 
· b={0,0} -> C0=S1*[,…]
· b={0,1} -> C1=S1*[,…] 
· b={1,0} -> C2=S1*[,…] 
· b={1,1} -> C3=S1*[,…] 
where again each entry represents the signal on one OFDM symbol. On an even OFDM symbol, the signal is sequence S1. On an odd OFDM symbol, the signal is S1* QPSK modulated payload.
As a matter of fact, the cross correlation of the 4 signals is quite large. One can easily verify that the cross-correlation matrix of the 4 signals is the following, which indicates the Rel-15 PUCCH format 1 is far from an optimal design for 2 bits payload.  
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Observation 1: Rel-15 PUCCH format 1 which use a sequence S to transmit 1 bit payload with BPSK is the optimal design for 1-bit payload. But Rel-15 PUCCH format 1 which use a sequence S to transmit 2-bits payload with QPSK is not the optimal design for 2-bits payload.
For Rel-17 with 2 bits payload, 1-bit high priority HARQ-ACK and 1-bit low priority HARQ-ACK, there is a motivation to introduce optimal design for PF1 with 2-bits payload, to guarantee the reliability of the high priority HARQ-ACK. The enhanced design is very simple. As shown in Fig 5, instead of using one sequence S1, we use two sequences S1 and S2 to transmit the two bits. The two sequences S1 and S2 are orthogonal to each other so they can be multiplexed in the same RB, i.e., on the same PUCCH format 1 resource. The two sequences can be based on the same base sequence S but with different cyclic shifts, i.e., CS index 1 and CS index 2. Since the two sequences S1 and S2 are orthogonal and the two BPSK modulated signals are orthogonal within each sequence, the four generated signals are mutually orthogonal to each other. The orthogonality guarantees the design is optimal. 
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[bookmark: _Ref60949548]Fig 5: Comparison between Rel-15 and Rel-17 PUCCH format 1 of 2 bits payload
The detailed scheme to transmit 1-bit HP HARQ-ACK and 1-bit LP HARQ-ACK is illustrated by Fig 6 . With this scheme, 1-bit b0 is used to select either S1 or S2 to generate the output signal. The other bit b1 is then transmitted via the selected sequence (either S1 or S2) with BPSK modulation, following the same way as Rel-15 PF1 with 1-bit payload. 
This scheme is very similar to Rel-15 1-bit HARQ-ACK + 1-bit SR multiplexing in PF1. In Rel-15, if 1 bit HARQ-ACK in PF1 overlap with 1-bit SR in PF1, and furthermore HARQ-ACK and SR PF1 resource is on the same RB but with different sequences, i.e., S1 and S2. When SR is negative, UE transmits 1-bit HARQ-ACK use HARQ-ACK resource, which is sequence S1. When SR is positive, UE transmits 1-bit HARQ-ACK in SR resource, which is sequence S2 in this case. Now, with this scheme, we just replace 1-bit SR by 1-bit HARQ-ACK, while everything else is the same and supported in Rel-15. on the receiver side, since Rel-15 receiver already supports 1-bit HARQ-ACK + 1-bit SR multiplexing, Rel-15 receiver implementation can be reused for this scheme. 
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[bookmark: _Ref60950124]Fig 6: Rel-17 proposal to use 2 orthogonal sequences to transmit 1-bit HP and 1-bit LP A/Ns 
Finally, we show the performance of this proposed scheme. In the simulations, we compared the following three schemes, in the scenario with and without frequency hopping.
· The proposed Rel-17 scheme by using 2 orthogonal sequences S1&S2 to transmit 1-bit HP A/N and 1 bit LP A/N
· Rel-15 PF1 baseline by transmitting the 2 bits payload (1-bit HP A/N and 1-bit LP A/N) over all N=14 OFDM symbols. The 2-bits payload are QPSK modulated on odd OFDM symbols in Rel-15 PF1.  
· TDM & Rel-15 PF1 baseline by transmitting the 1-bit HP A/N over N1=8 OFDM symbols, and 1 bit LP A/N over N2=6 OFDM symbols.  Each bit is BPSK modulated on odd OFDM symbols in Rel-15 PF1.
Noncoherent ML detector is used at receiver in the simulations for all three schemes. 
Based on the simulation results as shown in Fig 7, we can see the Rel-17 proposal can offer 2~3 dB gain over Rel-15 baseline, either with the TDM version or non-TDM version. The reason Rel-17 proposal performs better than Rel-15 baseline non-TDM version is because the QPSK modulation breaks the orthogonality between the 4 transmission signals/hypotheses, as explained above by the cross-correlation result. The reason Rel-17 proposal performance better than the Rel-15 baseline TDM version is because TDM resulting transmission of each bit with less OFDM symbols. For example, in this set of simulations, after sequence selection, Rel-17 proposal transmits 1-bit with full 14 OFDM symbols, while the Rel-15 TDM version transmit 1-bit with only 8 or 6 OFDM symbol. It is straightforward to see the gain of Rel-17 proposal over HP 1-bit (with 8 OFDM symbol) is 10*log10(14/8)=2.43dB, and the gain of Rel-17 proposal over LP 1-bit (with 6 OFDM symbol) is 10*log10(14/6)=3.68dB. The simulation results very well confirm this expectation. 
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[bookmark: _Ref61196696]Fig 7: Performance comparison between Rel-17 proposal and Rel-15 PF1 baseline (w/ TDM or w/o TDM) 
A related but more complicated scenario than the above discussed scenario is 1-bit HP HARQ-ACK, 1-bit LP HARQ-ACK, and 1-bit HP or LP SR multiplexing on a PUCCH format 1. The solution for the more complicated scenario can be considered for further study, after the solution for the above scenario is settled in RAN1.
Based on the above discussion, the following proposal is made. 
Proposal 3: For 1-bit high priority HARQ-ACK and 1-bit low priority HARQ-ACK transmitted in a PUCCH format 1 resource, support transmit the 2-bits HARQ-ACK values via two orthogonal sequences S1 and S2. 
· S1 and S2 are generated based on the same base sequence S with different CS indices CS1 and CS2.
· 1-bit is transmitted via sequence selection between S1 and S2, while the other bit is transmitted using the selected sequence following legacy Rel-15 PF1 with 1-bit payload. 
· gNB can signal either HP 1-bit or LP 1-bit is transmitted via sequence selection. 
FFS: Solution for 1-bit HP HARQ-ACK and 1-bit LP HARQ-ACK multiplexing with 1-bit HP or LP SR on PUCCH format 1
[bookmark: _Ref60993124]Multiplexing HP and LP HARQ-ACKs with more than two bits on PUCCH
Next, we discuss how to multiplex HP and LP HARQ-ACK on PUCCH when the total payloads are more than two bits. We summarize the pros and cons of the separate encoding and joint encoding approach in the table below. 
[bookmark: _Ref61425812]Table 2. Pros and Cons of Joint encoding vs Separate encoding
	
	Joint encoding
	Separate encoding

	Pros
	· Simpler for UE and gNB implementation; no changes to the coding and modulation procedures at the UE/gNB from Rel-16. 
· Much less spec change compared to Rel-15 and Rel-16 
	· Achieves unequal error protection for LP and HP HARQ-ACK naturally.

	Cons
	· When the payload size of the LP HARQ-ACK is large, it may affect the reliability of the HP HARQ-ACK. 
	· New procedures need to be defined to signal multiple coding rates for HP and LP HARQ-ACK on PUCCH: for one PUCCH resource, need signal one code rate for LP UCI and multiple code rates for HP UCI with different payload size. 
· New procedures need to be defined to 1) perform separate coding and modulation, 2) PUCCH resource determination, 3) RE mapping, and 4) power control
· Multiple channel encoders are required to prepare one PUCCH at the UE, which increases the implementation complexity and impacts the UE processing timeline 
· Separate CRC bits are used for LP and HP HARQ-ACK, which increases the effective coding rate for a fixed # resources (compared to joint encoding).
· For a same effective coding rate, separate encoding has smaller coding gain than joint encoding



Observation 2:  Specification impact should be considered to decide joint coding vs separate coding for multiplexing with different priorities.
Compression for LP HARQ-ACK before multiplexing on PUCCH
One concern for joint encoding of the HP and LP HARQ-ACK is that, when the payload size of the LP HARQ-ACK is large, it will dominant the performance of the whole multiplex transmission, and hence reducing the reliability of the HP HARQ-ACK. This can indeed happen, in case the LP HARQ-ACK contains a type 1 HARQ-ACK codebook for a large number of CCs.
To solve this issue, schemes that compresses the LP HARQ-ACK codebook may be considered. One promising scheme is to bundle the LP HARQ-ACK into X bit (e.g., X=1).  In such way, part of the LP HARQ-ACK information get though, and the impact of LP HARQ-ACK to URLLC service can be minimized. 
Furthermore, to reduce the impact of HARQ-ACK bundling to the DL PDSCH throughput, one may consider compressing the LP HARQ-ACK by taking into account the probabilities of a corresponding event, and only bundle the events that has small probabilities. By doing this advanced compression, the impact of HARQ-ACK compression to DL throughput is negligible. The details of the compression scheme are provided in our companion contribution [3].
Furthermore, joint encoding the HP HARQ-ACK and compressed LP HARQ-ACK may also offer better coding gain than separate encoding the HP HARQ-ACK and the LP HARQ-ACK. In order to show this, we performed some simulations for a transmission of 1 bit HP HARQ-ACK and 8 bits LP HARQ-ACK on a PUCCH format 3 with 4 OFDM symbols (including 1 DMRS symbol) with 1 RB. 
We compare three schemes:
· Baseline approach 1 (separate encoding): the HP HARQ-ACK is repeated 24 times to occupy 1 OFDM symbol, and the LP HARQ-ACK is encoded to 48 bits to occupy 2 OFDM symbols, thereby the coding rate of the HP HARQ-ACK is 1/4 of that of the LP HARQ-ACK 
· Baseline approach 2 (joint encoding): we jointly encode the HP and LP HARQ-ACK bit into 72 bits to occupy 3 OFDM symbols.
· Joint encoding with compression: we first compress the 8 bits LP HARQ-ACK to 4 bits (i.e., a compression factor of 2), and then jointly encode the 1-bit HP HARQ-ACK and the 4 bit compressed LP HARQ-ACK to occupy 3 OFDM symbols of the PUCCH.  

The transmission parameters for the three schemes are summarized in Table 3. 

[bookmark: _Ref61621206]Table 3. Coding rates for HP and LP UCI
	Coding scheme
	# HP HARQ-ACK bits
	# LP HARQ-ACK bits
	Coding rate for HP HARQ-ACK
	Coding rate for LP HARQ-ACK

	Separate encoding
	1
	8
	0.04
	0.17

	Joint encoding
	1
	8
	0.125

	Joint encoding with LP HARQ-ACK compression 
	1
	4
	0.07



The simulation results are shown in the figure below. Not surprisingly, separate encoding is indeed able to provide better protection to the HP HARQ-ACK. However, we also see that joint encoding with compression factor 2 for the LP HARQ-ACK is able to outperform the separate encoding scheme for both the HP and LP HARQ-ACK. This is mainly due to the coding gain achieved by joint encoding compared to the simple repetition applied on the HP HARQ-ACK in the separate encoding case. 
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Fig 8: Performance comparison between separate encoding and joint encoding for 1 bit HP HARQ-ACK multiplexing with 8 bits LP HARQ-ACK on a PUCCH
Observation 3: Joint encoding with LP HARQ-ACK compression can offer better protection to both the HP and LP HARQ-ACK due to better coding gain compared to the case of separate encoding. 
Based on the discussions and observations above, we make the following proposal for HP and LP HARQ-ACK multiplexing on PUCCH. 
Proposal 4: 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, support joint coding of the HP and LP HARQ-ACK, with LP HARQ-ACK compressed prior to joint encoding.
· [bookmark: _Hlk61426873]FFS how to compress the LP HARQ-ACK prior to joint encoding.
[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 4: 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 5: 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 4 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 4. 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, 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.
Proposal 6: 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. 
PUCCH/PUSCH collision with different priorities
HARQ-ACK/PUSCH multiplexing with different priorities
In NR Rel-15, when a HARQ-ACK is multiplexed on the PUSCH, the gNB may indicate a beta-offset value to the UE, which can be used by the UE to determine the number of resources on the PUSCH that are allocated to UCI. In particular, the beta offset value may be either dynamically indicated via 2 bits in the UL DCI or semi-statically via RRC. 
In NR Rel-17, HARQ-ACK of different priorities can be multiplexed on a PUSCH. In this case, using a same beta offset value or a same set of beta offset values may not be sufficient. Instead, it may be beneficial to allow the gNB to indicate different beta offset values (or different sets of beta offset values) to the UE based on the priorities of the HARQ-ACK and the PUSCH. 
More specifically, if dynamic beta offset indication is configured, the gNB may configure four sets of beta offset values to the UE, which corresponds to the following four cases, respectively. 
· Multiplexing LP HARQ-ACK/UCI on LP PUSCH
· Multiplexing LP HARQ-ACK/UCI on HP PUSCH
· Multiplexing HP HARQ-ACK/UCI on LP PUSCH
· Multiplexing HP HARQ-ACK/UCI on HP PUSCH 

For example, if the UE piggybacks a LP HARQ-ACK on a HP PUSCH, it may select one beta offset value from the set of beta-offset values that correspond to LP HARQ-ACK multiplexing on HP PUSCH. In this case, the beta offset values can be configured to be smaller, compared to the case of multiplexing the LP HARQ-ACK on a LP PUSCH. In a second example, if the UE piggybacks a HP HARQ-ACK on a LP PUSCH, it may use a higher beta offset value in order to have a better protection for the HP HARQ-ACK. With the above discussion, we would propose the following. 
Proposal 7: In NR Rel-17, up to four sets of beta offset values can be configured to the UE to indicate separate beta offset values for the following cases:
· Multiplexing LP HARQ-ACK/UCI on LP PUSCH
· Multiplexing LP HARQ-ACK/UCI on HP PUSCH
· Multiplexing HP HARQ-ACK/UCI on LP PUSCH
· Multiplexing HP HARQ-ACK/UCI on HP PUSCH 

For each set of the beta-offset values discussed above, the base station may dynamically indicate one beta-offset value using the beta-offset field in the DCI in Rel-15. In case UCI of the same type is piggybacked on a PUSCH, the UE may refer to a corresponding beta-offset set discussed above to determine the beta offset value based on the indication in the DCI. 
High-priority HARQ-ACK overlap with Low priority PUSCH
Another important scenario we should seek for improvement is URLLC HARQ-ACK overlapping eMBB PUSCH. Following Rel-16 solution, the whole eMBB PUSCH is dropped. This leads to UL peak rate degradation. The degradation could be avoided by keep the PUSCH transmission and let URLLC HARQ-ACK multiplexed on eMBB PUSCH. There are two approaches to perform multiplexing.  Approach 1 is eMBB PUSCH rate match URLLC HARQ-ACK. Approach 2 is URLLC HARQ-ACK puncturing eMBB PUSCH. Consider that URLLC is for urgent DL PDSCH delivery and the HARQ-ACK for it normally comes pretty late. By that time UE has to multiplex URLLC HARQ-ACK on eMBB PUSCH, UE most likely already completed the rate match/RE mapping procedure for eMBB PUSCH transmission. It is not desired to force UE to redo rate match/RE mapping procedure for eMBB PUSCH due to late URLLC HARQ-ACK. Therefore, approach 2 is preferred. Because with late URLLC HARQ-ACK, they just puncture certain existing PUSCH REs, without requiring UE to performance rate match/ RE mapping again. 
Proposal 8: When high priority HARQ-ACK overlap with low priority PUSCH, high priority HARQ-ACK is multiplexed on low priority PUSCH by puncturing the low priority PUSCH.    
Low priority HARQ-ACK overlap with high priority PUSCH
One scenario that we see necessity to enhance is eMBB HARQ-ACK overlap with URLLC PUCCH/PUSCH. In this scenario, following Rel-16, eMBB HARQ-ACK is dropped. The solution is simple, but it reduced eMBB PDSCH peak data rate. To recover the PDSCH performance loss, one solution, as shown in Fig 9, could be transmitting a compressed version of the eMBB HARQ-ACK codebook. For example, UE can bundle the bits in HARQ-ACK codebook into X (e.g., X=1) bits and multiplex the bundled X bits with URLLC PUSCH. In such way, part of the eMBB HARQ-ACK information get though, and the impact of eMBB HARQ-ACK to URLLC service can be minimized.    
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[bookmark: _Ref61542909]Fig 9: Compress LP A/N before multiplexing LP A/N on high priority PUSCH
Proposal 9: When low priority HARQ-ACK overlap with high priority PUSCH, compress the low priority HARQ-ACK codebook into X bits before multiplexing on the high priority PUSCH. 
· FFS details of compression scheme.
Multiplexing HP and LP HARQ-ACKs on PUSCH
When both HP and LP UCI both can be multiplexed on the PUSCH, there’re two approaches to encode the UCI, as in the PUCCH case.
· Option 1: jointly encode the HP and LP UCI on the PUSCH
· Option 2: separately encode the HP and LP UCI on the PUSCH

The considerations for multiplexing HP and LP UCI on PUCCH may apply to the case of transmitting UCI on PUSCH as well.  In addition, with separate encoding, there may be some further issues that need to be solved for multiplexing on PUSCH. 
For example, for UCI piggyback on PUSCH, the UE may need to select between rate-matching and puncturing the PUSCH with the UCI based on the payload size. In particular, when the UCI size is one or two bits, UE may puncture the PUSCH with UCI. On the other hand, when the UCI size is greater than 2 bits, the PUSCH with rate-match around the PUSCH. When both HP and LP HARQ-ACK are to be multiplexed on the same PUSCH, this procedure gets much more complicated. In particular, there may be four combinations:
· Case 1: HP HARQ-ACK<=2 bits, LP HARQ-ACK <=2 bits  
· Case 2: HP HARQ-ACK<=2 bits, LP HARQ-ACK >2 bits  
· Case 3: HP HARQ-ACK>2 bits, LP HARQ-ACK <=2 bits   
· Case 4: HP HARQ-ACK>2 bits, LP HARQ-ACK >2 bits  

The UE may need to perform different procedures for the four cases, thereby adding up the complexity of UE/gNB implementation. 
Besides, when the PUSCH contains A-CSI (e.g., A-CSI part 1 and/or A-CSI part 2), then all of the contents of HP HARQ-ACK, LP HARQ-ACK, A-CSI part 1 and A-CSI part 2 need to be encoded and mapped separately to the PUSCH, which is quite complicated. 
Compression for LP HARQ-ACK before multiplexing on PUSCH
As we discussed in Section 3.1.3, one concern about joint encoding is that when the payload size of the LP HARQ-ACK is too large, it may affect the reliability of HP HARQ-ACK. To address this concern, one may compress the LP HARQ-ACK into X bits (e.g., X=1) and jointly encode the HP HARQ-ACK with the compressed LP HARQ-ACK before multiplexing on the PUSCH. The simulation results presented in Section 3.1.3.1 show that with a proper compression, one can achieve even higher reliability for the jointly encoded HP and LP HARQ-ACK than each of the separately encoded HP and LP HARQ-ACK. 
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[bookmark: _Ref1122285][bookmark: _Hlk53945873]Fig 10: Compress LP A/N before multiplexing LP A/N and HP A/N on PUSCH 
In view of the above and the discussions in the previous section, we propose the following:
Proposal 10: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, when the total number of LP and HP HARQ-ACK bits are more than 2 bits, compress the LP HARQ-ACK, joint encode the HP and LP HARQ-ACK, then multiplex them on PUSCH.
· FFS how to compress the LP HARQ-ACK prior to joint encoding.

1-bit HP and 1-bit LP HARQ-ACK multiplexing on PUSCH
Another “advantage” of separate encoding is that it may provide unequal error protection (i.e., different BER) for the HP and LP HARQ-ACK, at the cost of significant UE/gNB implementation increase and spec change.  
However, as will be explained shortly, joint encoding can also achieve unequal error protection, and at the same time offers more coding gain. 
To illustrate this point, we consider the simple example to encode 1 bit HP HARQ-ACK and 1 bit LP HARQ-ACK on a PUSCH. In this case, two baseline schemes are described below:
· Baseline approach 1 (separate encoding): the HP HARQ-ACK is repeated 8 times, and the LP HARQ-ACK is repeated 4 times, thereby the coding rate of the HP HARQ-ACK is one half of that of the LP HARQ-ACK 
· Baseline approach 2 (joint encoding with NR simplex code): we first encode the HP and LP HARQ-ACK bit using the NR simplex code, and then repeat four times to obtain 12 coded bits. In this case, the HP HARQ-ACK and LP HARQ-ACK enjoy the same coding rate, and hence same BER performance 

For comparison, we consider a joint encoding scheme that could provide unequal error protection to the HP and LP HARQ-ACK as follows. The encoding strategy is illustrated in Fig 11.
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[bookmark: _Ref61598726]Fig 11: Joint encoding of HP and LP HARQ-ACK with unequal error protection
In particular, denote the HP HARQ-ACK and LP HARQ-ACK as  and , respectively. We first encode them via a (2,6) linear code which results in 
[]
We then repeat it twice to obtain 12 coded bits. As can be readily seen, the coded bits contain more information about the HP HARQ-ACK than the LP HARQ-ACK, and hence we can expect that the BER of HP HARQ-ACK is smaller than that of the LP HARQ-ACK.  Note that, in this design, one can control the imbalance of protections to the HP and LP HARQ-ACK by changing the number of  bits inserted in the codeword. 
The transmission parameters for the three schemes described above are summarized in Table 5. In particular, we list the number of encoded bits in the final transmission that contains the HP and LP HARQ-ACK bit, respective. For example, the HP UCI  is contained in both bit  and . This metric provides a rough estimate for the bit-wise minimum distance each scheme. 
[bookmark: _Ref61621931]Table 5.  Encoding parameters for 1 bit LP + 1 bit HP HARQ-ACK on PUSCH
	Coding scheme
	# encoded bits containing the HP HARQ-ACK bits
	# encoded bits containing the HP HARQ-ACK bits

	Separate encoding
	8
	4

	Joint encoding with NR simplex code
	8
	8

	Joint encoding with unequal error protection 
	10
	4



To see how the joint encoding scheme above compare to the two base line approaches, we simulate the BER performance of these schemes on a real AWGN channel. The results are shown in Fig 12. As can be seen from the simulation results, the separate encoding scheme offers better protection for the HP HARQ-ACK than baseline joint encoding, since the effective coding rate for the HP HARQ-ACK is lower in the separate encoding scheme than in the baseline joint encoding scheme.  However, the joint encoding scheme explained in Fig 11 with unequal error protection clearly outperforms the separate encoding scheme. Indeed, with this code, we achieve the same BER for the LP HARQ-ACK as separate encoding. However, the BER of the HP HARQ-ACK is improved by 0.8 dB.  
The reason for this improvement is the following:  If we write out the encoded codeword with 12 encoded bits, we see that the LP HARQ-ACK bit  appears four times in the final codeword. More importantly, since  is more reliable than , once  is correctly decoded, we can easily infer b from  .  This means that, the effective coding rate for  in the joint encoding scheme is 1/4, which is the same as the separate encoding scheme. However, the HP HARQ-ACK bit a appears 10 times in the final codeword, implying an effective coding rate of 1/10, which is smaller than 1/8 achieved with separate encoding. This is, of course, the coding gain provided by joint encoding. 
Observation 5: Joint encoding can offer unequal error protection by assigning the different number of parity bits to the HP and LP HARQ-ACK bits. Furthermore, joint encoding may offer better coding gain compared to the separate encoding (by jointly encoding the LP and HP HARQ-ACK bits). 
Proposal 11: For multiplexing 1 bit high-priority (HP) HARQ-ACK and 1 bit low-priority (LP) HARQ-ACK into a PUSCH in R17, support joint coding of the HP and LP HARQ-ACK with unequal error protection.
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[bookmark: _Ref61598714]Fig 12: Performance comparison between separate encoding and joint encoding for 1 bit HP HARQ-ACK multiplexing with 1 bit LP HARQ-ACK 
Other collision scenarios 
Besides the above two discussed scenarios, there are some other scenarios of URLLC/eMBB transmission collision. The scenarios and collision resolution solutions are capture in Table 6.
[bookmark: _Ref54364336]Table 6. URLLC/eMBB UL transmission collision resolution
	
	LP SR on PUCCH
	LP ACK on PUCCH
	LP CSI on PUCCH
	LP SR+ACK+CSI on PUCCH
	LP PUSCH
	LP ACK + CSI (+UL-SCH) on LP PUSCH

	HP SR on PUCCH
	Drop LP SR
	See Proposal 5,6
	Drop LP CSI on PUCCH
	Drop LP PUCCH
	Drop LP PUSCH
	Drop LP PUSCH+ACK+CSI

	HP ACK on PUCCH
	See Proposal 5,6
	See Proposal 2, 3, 4
	Drop LP CSI on PUCCH
	Drop CSI, MUX compressed eMBB A/N, and SR on URLLC PUCCH
	See Proposal 8. 
	See Proposal 10


	HP SR+ACK on PUCCH 
	FFS
	Compress LP A/N then MUX on URLLC PUCCH
	Drop LP CSI on PUCCH
	Drop CSI, MUX compressed eMBB A/N, and SR on URLLC PUCCH
	Drop LP PUSCH


	Drop LP PUSCH, i.e., drop UL-SCH+CSI, bundle LP HARQ-ACK and MUX on URLLC PUCCH

	HP PUSCH
	Drop LP SR
	See Proposal 9
	Drop LP CSI on PUCCH
	Drop CSI and SR, MUX compressed LP A/N on HP PUSCH
	Out of the scope of WID expect DG-PUSCH vs CG-PUSCH
	Out of the scope of WID expect DG-PUSCH vs CG-PUSCH

	HP ACK+A-CSI (+ UL-SCH) on PUSCH
	Drop LP SR
	Compress LP A/N then MUX on URLLC PUSCH
	Drop LP CSI on PUCCH
	Drop CSI and SR, MUX compressed LP A/N on HP PUSCH
	Out of the scope of WID expect DG-PUSCH vs CG-PUSCH
	Out of the scope of WID expect DG-PUSCH vs CG-PUSCH



Proposal 12: Adopt the collision resolution in Table 6 for collision between different priority PUCCH/PUSCH transmissions.    
[bookmark: _Ref53944342]PUSCH/PUSCH collision with different priorities
This scenario of collision between CG-PUSCH and DG-PUSCH was extensively discussed in Rel-16 and RAN1 decided to not handle that scenario in Rel-16. The same issue was added back in Rel-17 WID. 
In our view, there are two cases in this scenario to consider
· Case 1: high-priority DG-PUSCH collide with low-priority CG-PUSCH
· Case 2: low-priority DG-PUSCH collide with high-priority CG-PUSCH
For case 1, it is not reasonable to reuse the timeline defined for Rel-16. The reason is because this Rel-17 scenario involves PUSCH vs PUSCH collision, which involves a different set of blocks at the UE as compared with PUCCH vs PUCCH or PUCCH vs PUSCH cancellation discussed in Rel-16. For example, UE need to cancel a LDPC encoder for the low priority PUSCH and start a new LDPC encoder for the high priority PUSCH, which take more time than the PUCCH vs PUCCH or PUCCH vs PUSCH cancellation discussed in Rel-16. The additional time on top of Rel-16 in terms of number of OFDM symbols depends on subcarrier spacing, as listed in Table 7. 
Based on the above reasoning, we make the following proposal.  
Proposal 13: On top of Rel-16 cancellation time (N2+d1) for PUCCH/PUCCH or PUCCH/PUSCH collision, additional time d2 is needed (which results N2+d1+d2 in total cancellation time) for LP CG-PUSCH and HP DG-PUSCH collision resolution. The additional number of OFDM symbols (d2) needed is listed in following table
[bookmark: _Ref61296255]Table 7. d2 for LP CG-PUSCH and HP DG-PUSCH collision resolution 
	

	d2 [symbols]

	0
	1

	1
	2

	2
	4

	3
	8



Besides the additional d2 as discussed above, for the value of d1 as specified in Rel-16 for PUCCH vs PUCCH or PUCCH vs PUSCH cancellation, there is a caveat in the definition of d1. In Rel-16, it is specified that base on UE capability, d1 can be 0, 1, or 2 OFDM symbols. However, how does d1 scales with subcarrier spacing is not specified in Rel-16. Clearly, if a UE needs d1=2 for 30Khz in FR1, it will need d1=8 for 120Khz in FR2. This bug should be fixed in spec. Therefore, we have the following proposal. 
Proposal 14: For d1 defined for PUCCH vs PUCCH or PUCCH vs PUSCH cancellation with different priorities, support subcarrier spacing dependent d1 values. FFS exact d1 values for each subcarrier spacing.  
Timeline for Rel-17 intra-UE MUX
In Rel-15, the timeline requirements for intra-UE multiplexing was already defined. The timeline depends on UE PDSCH processing capability, and/or PUSCH processing capability, DL and UL subcarrier spacing. Because the PDSCH/PUSCH processing capabilities and DL/UL subcarrier spacing are orthogonal to UL transmission priorities, the Rel-15 timeline requirements should be reused for Rel-17 intra-UE multiplexing. 
 Proposal 15: Reuse Rel-15 intra-UE PUCCH/PUSCH multiplexing timeline requirements for Rel-17 intra-UE PUCCH/PUSCH multiplexing with different priorities.   
Conditions to trigger Rel-17 intra-UE mux functionality
In this section, the condition to trigger Rel-17 intra-UE multiplexing functionality, on top of Rel-16 prioritization, among UL transmissions with different priorities is discussed. 
In principle, there are two approach to trigger this Rel-17 functionality. 
· One approach is allowing indication to enable this feature on per UL transmission basis. If the UL transmission is dynamically scheduled, the indicator can be included in the DCI scheduling the UL transmission. If the UL transmission in semi-statically scheduled, the indicator can be included in the RRC configure the UL transmission. 
· Another approach is keeping the trigger semi-statically on per UE basis via RRC signalling. According to UE capability signalling, gNB can use RRC configuration to either enable or disable this feature. 
Among the two approaches, the second approach is preferred, because it is more robust to DCI miss direction and simpler to specify in standard. Furthermore, from UE implementation point of view, the second approach is much simpler. 
Proposal 16: The Rel-17 intra-UE multiplexing feature is enabled/disabled via RRC configuration on per UE basis.     
For a UE, once RRC configuration enables this Rel-17 feature of intra-UE multiplexing among UL transmissions with different priorities, for the scenarios discussed in Section 3.2 – Section 5, multiplexing can be potentially performed among UL channels with different priorities. However, some conditions need to be considered before actually performing the multiplexing operation. One condition can be considered is the start/end of actual transmission time of high priority UL channels before and after multiplexing. If the multiplexing would result that the high priority channel is delayed in terms of transmission start/end time, maybe multiplexing should not be performance and it is more propriate to fallback to Rel-16 behaviour to prioritize high priority UL channel so it can be transmitted earlier. 
Fig 13 illustrate an example of high priority (HP) UL channel transmission time change due to intra-UE multiplexing. In this example, HP HARQ-ACK is multiplexed on low priority (LP) PUSCH. Assuming HP HARQ-ACK is multiplexing on the REs around the earliest DMRS symbol for earlier transmission and higher reliability, UE can check the start and end transmission time for HP HARQ-ACK before and after UCI multiplexing. In this particular example, some extra delay is introduced on both start and end transmission time, if HP HARQ-ACK is indeed multiplexed on LP PUSCH. One simple rule to decide whether multiplexing is triggered or not can be based on checking wither the time delay due to multiplexing is larger than a preconfigured threshold. If the delay is smaller than the threshold, multiplexing can be triggered, otherwise multiplexing cannot be triggered and UE should fallback to Rel-16. 
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[bookmark: _Ref53946386]Fig 13: Example of HP UL channel transmission time change due to intra-UE mux
Proposal 17: If the Rel-17 intra-UE multiplexing feature is enabled via RRC configuration, UCI multiplexing is performed conditioning on the delay of starting time and/or ending time of high priority UL transmissions due to multiplexing is less than a preconfigured delay threshold.  
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In RAN1 102e, it is agreed to support simultaneous PUCCH/PUSCH transmissions for inter-band UL CA. With this new feature, two open issues need to be addressed. The first issue is how to trigger this new functionality. The second issue is the PHR with this new feature. 
Regarding how to trigger this feature of simultaneous PUCCH/PUSCH, there are in general three methods. 
· Method 1 allows the triggering of this feature on per channel basis. 
· Method 2 allows the triggering of this feature on per CC basis. 
· Method 3 allows the triggering of this feature on per UE basis. 

With method 1, for dynamically scheduled PUCCH/PUSCH, the trigger indicator can be a new field in scheduling DCI. For semi-static PUCCH/PUSCH, the trigger indicator can be included in the RRC configuration of the channel. This method has maximum flexibility. However, it is not robust due to missing DCI for dynamically scheduled PUCCH/PUSCH. Even putting the missing DCI issue aside, this method is very complicated to specify in case the trigger indicators conflicts with each other in a group of overlapping channels. For example, between an overlapping PUCCH and PUSCH channel, if the indicator for the PUCCH indicates supporting simultaneous PUCCH/PUSCH, while the indicator for the PUSCH indicates not supporting simultaneous PUCCH/PUSCH, a rule needs to be specified to resolve the conflicting indication. The rule gets even more complicated with more than 2 channels in the group of overlapping channels. Due to missing DCI and large complexity for specification and UE implementation, method 1 is not preferred. 
With method 2 or method 3, dynamic trigger indication of this feature is not allowed. The triggering can only be via RRC configuration. The difference between method 2 and method 3is the RRC configuration granularity. With method 2, gNB can enable/disable simultaneous PUCCH/PUSCH on per CC basis. This can allow gNB to allow PUCCH/PUSCH multiplexing on CCs with same numerology or same processing (timeline) capability, while keep the PUCCH/PUSCH transmit in parallel on CCs with different numerologies and/or different processing capabilities. For example, as shown in Fig 14, gNB can use 1-bit in RRC configuration to enable simultaneous PUCCH/PUSCH on SCC-2, which will actually prohibit PUCCH to multiplex on SCC-2. By this configuration, gNB can allow UCI multiplexing with in FR1 UL CCs, but not cross FR1 and FR2 UL CCs. In other words, the FR2 CC is dedicated for UL data transmission purpose. This is a very reasonable working scenario, because the PUCCH transmission on FR2 is less reliable due to beam blocking and less transmission energy because of shorter slot/OFDM symbol duration. 
Based on the above analysis, we prefer method 2 and make the following proposal. 
Proposal 18: The enabling/disabling of the feature of simultaneous PUCCH/PUSCH transmission for inter-band CA is via RRC configuration on per CC basis. For a CC where RRC enables simultaneous PUCCH/PUSCH transmission, this CC is dedicated to PUSCH transmission and UCI is not multiplexed on this CC. 
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[bookmark: _Ref53952037]Fig 14: Example of method 2 to disable/enable simultaneous PUCCH/PUSCH
For a UE, when both the feature of simultaneous PUCCH/PUSCH on different CCs and the feature of UCI multiplexing are enabled by gNB, the interaction between these two features needs to be addressed. As shown in Fig 15, a reasonable UE behavior is the following:
· Step 1: UE check the RRC configuration of each CC. For a CC where gNB indicate it can support simultaneous PUCCH/PUSCH transmission, UE mark that CC as “data only” CC
· Step 2: UE performance UCI multiplexing feature.  In UCI multiplexing, the PUSCHs on “data-only” CC are excluded in overlapping PUCCH/PUSCH channels. UE then perform UCI multiplexing procedure on the overlapping PUCCH/PUSCH channels, following Rel-15, Rel 16, or Rel-17 UCI multiplexing procedure, depends on UE capability.
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[bookmark: _Ref61248783]Fig 15: Example of interaction between simultaneous Tx and UCI multiplexing
[bookmark: _Hlk53953537]With this new feature of simultaneous PUCCH/PUSCH, PHR needs to support a new scenario, which is PUCCH transmission on PCC in parallel with PUSCH transmission on SCC. UE needs to report a “new” type of PHR for PUCCH on PCC, and a type 1 PHR for PUSCH on SCC. For the “new” type of PHR for PUCCH on PCC, we can either reuse LTE type 2 PHR with a minor modification/clarification or define a new type, i.e., type 4, PHR for this purpose. If reusing LTE type 2 PHR, one should notice that LTE type 2 PHR is for simultaneous PUCCH/PUSCH transmission on the same CC, which does not support in NR yet. One way to walk around this is utilize the virtual PHR for PUSCH in type 2, assuming a virtual/reference transmission of PUSCH on PCC when UE report type 2 PHR for PCC. If RAN1 does not want to define the virtual PHR for this purpose, a new type 4 PHR can be defined for PUCCH transmission on PCC. 
 Proposal 19: Support the PHR for simultaneous PUCCH/PUSCH for inter-band CA with either of the following two options.
· Option 1: reuse LTE type 2 PHR for PUCCH transmission on PCC with a virtual/reference PUSCH 
· Option 2: define a type 4 PHR for PUCCH transmission on PCC 
Conclusions
In summary, we have the following proposals for intra-UE multiplexing and prioritization for Rel-17 IOT and URLLC. 
Proposal 1: Study modulation order and code rate selection for UCI multiplexed on PUSCH based on beta scaled spectrum efficiency of UCI.  
Proposal 2: For 1-bit high priority HARQ-ACK and 1-bit low priority HARQ-ACK transmitted in a PUCCH format 0 resource, support HARQ-ACK values to CS indices mapping with unequal distance between mapped CS indices.
· FFS: Solution for 1-bit HP HARQ-ACK and 1-bit LP HARQ-ACK multiplexing with 1-bit HP or LP SR on PUCCH format 0
 
Proposal 3: For 1-bit high priority HARQ-ACK and 1-bit low priority HARQ-ACK transmitted in a PUCCH format 1 resource, support transmit the 2-bits HARQ-ACK values via two orthogonal sequences S1 and S2. 
· S1 and S2 are generated based on the same base sequence S with different CS indices CS1 and CS2.
· 1-bit is transmitted via sequence selection between S1 and S2, while the other bit is transmitted using the selected sequence following legacy Rel-15 PF1 with 1-bit payload. 
· gNB can signal either HP 1-bit or LP 1-bit is transmitted via sequence selection. 
FFS: Solution for 1-bit HP HARQ-ACK and 1-bit LP HARQ-ACK multiplexing with 1-bit HP or LP SR on PUCCH format 1
Proposal 4: 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, support joint coding of the HP and LP HARQ-ACK, with LP HARQ-ACK compressed prior to joint encoding.
· FFS how to compress the LP HARQ-ACK prior to joint encoding.

Proposal 5: 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 4 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 6: 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 7: In NR Rel-17, up to four sets of beta offset values can be configured to the UE to indicate separate beta offset values for the following cases:
· Multiplexing LP HARQ-ACK/UCI on LP PUSCH
· Multiplexing LP HARQ-ACK/UCI on HP PUSCH
· Multiplexing HP HARQ-ACK/UCI on LP PUSCH
· Multiplexing HP HARQ-ACK/UCI on HP PUSCH 

Proposal 8: When high priority HARQ-ACK overlap with low priority PUSCH, high priority HARQ-ACK is multiplexed on low priority PUSCH by puncturing the low priority PUSCH.    
Proposal 9: When low priority HARQ-ACK overlap with high priority PUSCH, compress the low priority HARQ-ACK codebook into X bits before multiplexing on the high priority PUSCH. 
· FFS details of compression scheme.

Proposal 10: For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUSCH in R17, when the total number of LP and HP HARQ-ACK bits are more than 2 bits, compress the LP HARQ-ACK, joint encode the HP and LP HARQ-ACK, then multiplex them on PUSCH.
· FFS how to compress the LP HARQ-ACK prior to joint encoding.

Proposal 11: For multiplexing 1 bit high-priority (HP) HARQ-ACK and 1 bit low-priority (LP) HARQ-ACK into a PUSCH in R17, support joint coding of the HP and LP HARQ-ACK with unequal error protection.
Proposal 12: Adopt the collision resolution in Table 6 for collision between different priority PUCCH/PUSCH transmissions.
Proposal 13: On top of Rel-16 cancellation time (N2+d1) for PUCCH/PUCCH or PUCCH/PUSCH collision, additional time d2 is needed (which results N2+d1+d2 in total cancellation time) for LP CG-PUSCH and HP DG-PUSCH collision resolution. The additional number of OFDM symbols (d2) needed is listed in following table
Table 8. d2 for LP CG-PUSCH and HP DG-PUSCH collision resolution 
	

	d2 [symbols]

	0
	1

	1
	2

	2
	4

	3
	8



Proposal 14: For d1 defined for PUCCH vs PUCCH or PUCCH vs PUSCH cancellation with different priorities, support subcarrier spacing dependent d1 values. FFS exact d1 values for each subcarrier spacing.  
Proposal 15: Reuse Rel-15 intra-UE PUCCH/PUSCH multiplexing timeline requirements for Rel-17 intra-UE PUCCH/PUSCH multiplexing with different priorities.   
Proposal 16: The Rel-17 intra-UE multiplexing feature is enabled/disabled via RRC configuration on per UE basis.     
Proposal 17: If the Rel-17 intra-UE multiplexing feature is enabled via RRC configuration, UCI multiplexing is performed conditioning on the delay of starting time and/or ending time of high priority UL transmissions due to multiplexing is less than a preconfigured delay threshold.  
Proposal 18: The enabling/disabling of the feature of simultaneous PUCCH/PUSCH transmission for inter-band CA is via RRC configuration on per CC basis. For a CC where RRC enables simultaneous PUCCH/PUSCH transmission, this CC is dedicated to PUSCH transmission and UCI is not multiplexed on this CC. 
Proposal 19: Support the PHR for simultaneous PUCCH/PUSCH for inter-band CA with either of the following two options.
· Option 1: reuse LTE type 2 PHR for PUCCH transmission on PCC with a virtual/reference PUSCH 
· Option 2: define a type 4 PHR for PUCCH transmission on PCC 
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