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1 Introduction

In RAN#83, a WI of physical layer enhancements for NR URLLC was approved [1], one objective is as below:
· Specification of UCI enhancements [RAN1]

· More than one PUCCH for HARQ-ACK transmission within a slot
· At least two HARQ-ACK codebooks simultaneously constructed, intended for supporting different service types for a UE
In addition, a new WI for NR IIOT was also approved in RAN#83 [2], the objectives for NR intra-UE prioritization/multiplexing include:

· Specify enhancements to address resource conflicts between dynamic grant (DG) and configured grant (CG) PUSCH and conflicts involving multiple CGs [RAN2, RAN1].

· Specify PUSCH grant prioritization based on LCH priorities and LCP restrictions for the cases where MAC prioritizes the grant [RAN2].

· Address UL data/control and control/control resource collision by:

· Specifying a method to address resource collision between SR associating to high-priority traffic and uplink data of lower-priority traffic for the cases where MAC determines the prioritization [RAN2].

· Specifying prioritization and/or multiplexing behavior among HARQ-ACK/SR/CSI and PUSCH for traffic with different priorities, including the cases with UCI on PUCCH and UCI on PUSCH [RAN1, RAN2].

At the RAN1 #96 meeting [3], the following agreements were reached on URLLC UCI enhancement:
Agreements:

· Rules for the two HARQ-ACK codebooks for supporting different service types should be specified in R16 if the two HARQ-ACK codebooks are due to transmit in resources overlapping in time

· FFS details, e.g., multiplexing and/or prioritizing or parallel tx – revisit later this week
Agreements:

When at least two HARQ-ACK codebooks are simultaneously constructed for supporting different service types for a UE, a HARQ-ACK codebook can be identified based on some PHY indications/properties. 

· FFS in potential WI the details of the PHY identification
In this contribution, we discuss the detail solution for UL control enhancements for URLLC including supporting at least two HARQ-ACK codebooks simultaneously, multiple PUCCHs for HARQ-ACK within a slot and provide some analysis for UL data/control and control/control resource collision.
2 Discussion
2.1 Multiple PUCCHs for HARQ-ACK within a slot
2.1.1 Separate HARQ-ACK codebooks for different service types
According to the RAN1#96 agreements, separate HARQ-ACK codebooks can be constructed for at least two different service types and PHY indications/properties can be used for identifying a HARQ-ACK codebook with details of the PHY identification FFS. 
PHY identification includes explicit indication in DCI or implicit indication by DCI format, RNTI or search space where the PDCCH was received. In order not to increase the DCI overhead, we consider implicit indication can be used. Furthermore, since different DCI formats may have same DCI size, differentiation of traffic types based on different RNTIs or different USS sets can be considered.
For the service-type-dependent HARQ-ACK codebooks, it can be separately transmitted on different PUCCH resources if not overlapping, while UE behaviour for overlapping case is discussed in Sec. 2.3. In this case, separate PUCCH resource sets can be configured for different service types respectively.
Proposal 1: If a UE is configured to receive both URLLC and non-URLLC traffics, a UE may determine the traffic type for a PDSCH transmission based on different RNTIs or different UE-specific search space sets where the corresponding PDCCH is detected.

2.1.2 Multiple PUCCHs for HARQ-ACK within one slot for URLLC
For URLLC traffic, whether supporting more than one PUCCH for HARQ-ACK within a slot should be further considered. Considering that for type-B PDSCH, at most seven PDSCHs can be transmitted in one slot and the earlier PDSCH may have the earlier HARQ-ACK feedback, more than one PUCCH with HARQ-ACK should be supported for URLLC in a slot, so as to reduce the feedback latency. To support multiple PUCCHs for HARQ-ACK within one slot for URLLC, several options were discussed in previous meetings:
Option 1 Sub-slot-based HARQ-ACK feedback
In this option, a finer granularity for the K1 timing is defined to partition the PUCCH slot into different regions. The PUCCH resource set(s) may be independently configured per subslot. Alternatively, the PUCCH resource set(s) may be configured on a slot basis but the start and length of each PUCCH resource may be configured such that they are distributed into each subslot. 
There are two sub-options that can be considered:
· Opt.1a: Subslot-based indication, K1 indicates the subslot offset from the DL subslot to the UL subslot
· Opt.1b: In addition to slot-based K1 indication, subslot in the slot is indicated
For option 1a, K1 indication is subslot based, where for a PDSCH transmission ending in subslot n the UE transmits HARQ-ACK in subslot n + K1. Rel-15 semi-static codebook principle is reused for each subslot, candidate PDSCH occasions in a subslot is determined based on the ending position of PDSCH and the subslot boundary definition. For dynamic HARQ-ACK codebook, the Rel-15 codebook determination mechanism can be reused, PDCCH monitoring occasion set can be determined based on the configured subslot based K1 and K0 values.

For option 1b, there are two fields in DCI to indicate HARQ-ACK timing while the first field is slot based and the second field is subslot based. The first field indicates the slot offset between PDSCH transmission and the PUCCH used for HARQ-ACK, while the second field indicates the subslot used for PUCCH in the slot indicated by the first field. The Rel-15 semi-static codebook procedure can be reused in this option. For dynamic HARQ-ACK codebook, the Rel-15 codebook determination mechanism can be fully reused for each PUCCH sub-slot.
The comparisons of the two options are summarized in the following table:

Table 1 Comparison of option 1a and option 1b

	
	Option 1a
	Option 1b
	summary

	K1 indication
	Sub-slot offset between the PDSCH ending sub-slot and PUCCH subslot
	a combination of slot- and sub-slot based offsets
	Both options need to define sub-slot, option 1a needs to define sub-slot for PDSCH

	DCI overhead
	At most 3 bits
	Same as or more than option 1a to cover same feedback range
	Option 1b may have larger overhead in some cases

	Semi-static codebook
	Define sub-slot for DL, codebook is determined per sub-slot for DL
	Reuse Rel-15 codebook determination method
	Option 1b may have larger codebook size in some cases

	Dynamic codebook
	Reuse Rel-15 codebook determination principle, codebook construction based on per sub-slot
	Same

	PUCCH occasion in a slot
	One PUCCH per sub-slot
	Same

	Spec impact
	Define new K1, define sub-slot boundary, impact on semi-static codebook
	Define sub-slot boundary, introduce sub-slot indication in DCI
	Option 1b have less spec impact


According to the comparisons, it seems that the main differences between the two sub-options are primarily the specification impact and DCI overhead. It can be seen that option 1a has impact on HARQ-ACK timing while option 1b introduces a sub-slot indication in DCI. Both options need to define sub-slot boundary, so the impacts are similar. Moreover, the semi-static codebook method can be reused for option 1b while we need to modify the candidate PDSCH occasion determination for semi-static codebook for option 1a. 
On the other hand, if semi-static codebook is configured, option 1b may have larger codebook size than option 1a in some special cases. For example, for option 1a and half-slot granularity for K1, if a single value of K1 = 3 is configured, the semi-static codebook size for PUCCH in subslot 2n+3 is 1 if there is only one PDSCH occasion in DL subslot 2n as shown in Figure 1a. However, for option 1b, if we want to support same feedback position as option 1a, slot based K1=1 and K1=2 should be configured to the UE. Then the semi-static codebook size for PUCCH in subslot 2n+3 is at least 2 as shown in Figure 1b since there are two PDSCH occasions in slot n. If there are possible PDSCH occasions in slot n-1, the codebook size can be even larger. According to the same example, we can see that the DCI overhead of option 1a is smaller, since 0 bit is needed in DCI of option 1a to indicate HARQ-timing and in option 1b, 1 bit is needed for HARQ-timing indication and 1 bit is needed for sub-slot indication.
In summary, option 1b has less specification impact on semi-static codebook, while option 1a has less DCI overhead and can produce smaller semi-static codebook size in some cases. 
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Figure 1a: Example of HARQ feedback for Option 1a
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Figure 1b: Example of HARQ feedback for Option 1b
Opt.2: PDSCH grouping based HARQ-ACK feedback
In this option, we do not need to introduce the notion of a sub-slot, slot based K1 indication is used. PDSCHs can be grouped by different methods. Several sub-options were considered at the last meeting: 
· Opt.2a: PDSCH grouping with explicit indicator (e.g. in DCI or RRC signaling)

· Opt.2b: Implicit PDSCH grouping based on PRI (for Type II codebook)

· Opt.2c: Implicit PDSCH grouping based on RRC parameters (K1 set, SLIV, CC set, etc.)

· Opt.2d: Implicit PDSCH grouping based on processing timeline (for Type I and Type II codebook)

· Opt.2e: Implicit PDSCH grouping based on DCI format or RNTI (e.g. separate groups for eMBB and URLLC)

For option 2a, it is similar to option 1b and the only difference is that PUCCH occasion is not limited to a subslot but can be in any position of a slot. Hence it is more flexible and multiple non-overlapping PUCCHs with HARQ-ACK can be transmitted in any position of a slot.

For option 2b, there is a drawback for semi-static codebook. Here the PDSCH group is determined by the PUCCH resource but the UE cannot determine the PUCCH resource before it determines which PUCCH resource set the resource belongs to, and to determine the used PUCCH resource set the UE should first determine the codebook size. Further, UE cannot determine the codebook size before it determines the corresponding PDSCH group. Several options can be considered to resolve the issue, e.g. only one resource set is configured for the UE or PUCCH fallback is not supported for semi-static codebook then we do not need to select the PUCCH resource set, but anyway it will introduce more spec impact.

For option 2c, it introduces some RRC signaling overhead to define multiple PDSCH groups. Note that it also limits the possibility of UCI multiplexing between different PDSCH groups. One merit however is that it may reduce the codebook size for semi-static codebook compared with the other options.

For option 2d, since PDSCH grouping is based on the processing timeline, actually K1 is not needed in the DCI indication. This option is quite restrictive in terms of scheduling as it doesn’t allow the gNB to flexibly schedule HARQ-ACK feedback for e.g. PUCCH load balancing when the latency bound is not very tight. 
For option 2e, it is more suitable to differentiate different service types but not suitable for differentiating PDSCH groups for the same traffic type.
For all the above sub-options of option 2, option 2a is preferred since it does not restrict scheduling and the only limitation is that the DCI overhead is increased compared with the other options. 
We can further compare option 1a, option 1b and option 2a. It is clear that option 2a is better than option 1b since 1) we do not need to define sub-slot and 2) the position of multiple non-overlapping PUCCHs is more flexible. For option 1a and option 2a, the comparisons are further summarized in the following table:
Table 2 Comparison of option 1a and option 2a

	
	Option 1a
	Option 2a
	Summary

	K1 indication
	Sub-slot offset between the PDSCH ending sub-slot and PUCCH subslot
	Slot based
	Option 2a does not need to define sub-slot

	Semi-static codebook
	Define sub-slot for DL, codebook is determined per sub-slot for DL
	Reuse Rel-15 slot-based codebook determination method for each PUCCH resource
	Option 1a may have smaller codebook size in some cases

	Dynamic codebook
	Reuse Rel-15 codebook determination principle, codebook construction based on per sub-slot
	Reuse Rel-15 codebook determination principle, codebook construction based on per group
	Similar

	PUCCH occasion in a slot
	One PUCCH per sub-slot
	Multiple PUCCHs per slot

	Option 2a is more flexible

	DCI overhead
	At most 3 bits
	Same as or larger than option 1a
	Option 1a may have smaller DCI overhead in some cases

	Spec impact
	Define sub-slot, define new K1, impact on semi-static codebook
	Define PDSCH grouping in DCI
	Option 2a have less spec impact


According to the comparisons, it seems that the main differences are on specification impact and UCI/DCI overhead. Option 2a has less specification impact than option 1a while option 1a has smaller UCI/DCI overhead. It should be noted that whether option 1a has less UCI/DCI overhead is based on the configured K1 timing, if only one K1 value is configured, it is observed that option 1a always has less UCI/DCI overhead. Considering only one K1 value configured for a UE is a typical scenario for FDD, we slightly prefer option 1a.
Proposal 2: Support subslot-based HARQ-ACK feedback if multiple PUCCHs for HARQ-ACK in a slot is supported for URLLC, K1 indicates the subslot offset from the DL subslot to the UL subslot.
2.2 Enhancements to UCI multiplexing for URLLC-only traffic
2.2.1 Resource Conflict between Control Channel and Control Channel
For UCI multiplexing on PUCCH for Rel-16 URLLC, there are some cases which do not exist in Rel-15. Such as multiple HARQ-ACKs overlap with another PUCCH carrying CSI or SR. Assuming two HARQ-ACKs, considering the different PUCCH formats carrying UCI, there are multiple combinations which should be considered as shown in Table 3. By following the current UCI multiplexing procedure, some cases will lead to multiple HARQ-ACKs overlapping. Since there is no multiplexing rule for multiple HARQ-ACKs multiplexing on one PUCCH, the details should be further studied for different combinations.
Table 3 Combinations of two HARQ-ACKs overlap with CSI or SR
	
	SR
	CSI
	HARQ-ACK-1
	HARQ-ACK-2

	Case 1
	PF0
	
	PF0
	PF0

	Case 2
	PF0
	
	PF1
	PF1

	Case 3
	PF0
	
	PF2/3/4
	PF2/3/4

	Case 4
	PF0
	
	PF0
	PF1

	Case 5
	PF0
	
	PF0
	PF2/3/4

	Case 6
	PF0
	
	PF1
	PF2/3/4

	Case 7
	PF1
	
	PF0
	PF0

	Case 8
	PF1
	
	PF1
	PF1

	Case 9
	PF1
	
	PF2/3/4
	PF2/3/4

	Case 10
	PF1
	
	PF0
	PF1

	Case 11
	PF1
	
	PF0
	PF2/3/4

	Case 12
	PF1
	
	PF1
	PF2/3/4

	Case 13
	
	PF2/3/4
	PF0
	PF0

	Case 14
	
	PF2/3/4
	PF1
	PF1

	Case 15
	
	PF2/3/4
	PF2/3/4
	PF2/3/4

	Case 16
	
	PF2/3/4
	PF0
	PF1

	Case 17
	
	PF2/3/4
	PF0
	PF2/3/4

	Case 18
	
	PF2/3/4
	PF1
	PF2/3/4


2.2.2 Resource Conflict between Control Channel and Data Channel
A special case for UCI multiplexing on PUSCH for URLLC is that two PUCCHs with HARQ-ACK overlapping with a PUSCH. To avoid the impact on specification, it can be handled by network to avoid scheduling PUSCH overlapping with two PUCCHs with HARQ-ACK. Otherwise if both HARQ-ACKs can be multiplexed on the same PUSCH, whether joint coding or separate coding of the two HARQ-ACKs, the detail of the mapping principle and how to indicate the DAI and beta-offsets for these two codebooks should be further considered.
Regarding UCI multiplexing on PUSCH, it may be possible to indicate whether or not UCI should be multiplexed on PUSCH. For example, when PUSCH collides with PUCCH carrying P-CSI and the PUSCH resource allocation is limited, the gNB may indicate that the P-CSI is dropped. Compared with semi-static configuration, dynamically indicating whether UCI is transmitted on PUSCH is preferable as it can then depend on how the scheduler provisions PUSCH resources. For example, one value in the set of configured beta-offsets can be set to 0 to indicate there is no UCI on PUSCH. Alternatively, 1 bit can be added in DCI to indicate whether UCI is transmitted on PUSCH. For type2 configured grant PUSCH, such dynamic indication can be considered in the activation DCI. For type1 configured grant PUSCH, only semi-static configuration or predefined rule can be used.
Furthermore, we can limit the resources allocated to UCI for a PUSCH transmission by an appropriate upper bound. For instance, the range of the higher layer parameter scaling, can be increased by adding smaller values.
Proposal 3: Dynamically indicating whether UCI is transmitted on PUSCH carrying URLLC traffic can be enabled explicitly by DCI for dynamic PUSCH.

Proposal 4: Adding smaller values to the higher layer parameter scaling should be considered for URLLC PUSCH configuration.
2.3 Enhancements to UCI multiplexing for mixed URLLC and non-URLLC traffic
For a UE scheduled with both URLLC and non-URLLC traffic, there are scenarios that the resources of UCI/data transmission overlap in time with other UCI/data transmission relating to another, higher priority traffic. Since CSI is not associated with any given LCH, prioritization involving CSI collision is expected to be RAN2-agnostic, and from physical layer, we did not see the need to define traffic type based CSI, hence this section only consider the prioritization and/or multiplexing behavior among HARQ-ACK/SR and PUSCH for traffic with different priorities.

2.3.1 Resource Conflict between Control Channel and Control Channel
There are different combinations that can be studied here.

· SR and SR: Since SR is triggered by MAC, it is best that prioritization should be handled by the MAC If MAC can decide the priority of the two overlapping SR before one of the SR is triggered, MAC can decide to only trigger one SR with higher priority to PHY, and there is only one transmission in PHY. Otherwise, MAC triggers the later SR if it has higher priority than the earlier SR, and PHY will drop the earlier SR and transmit the later SR. MAC will not trigger the later SR if it has lower priority than the earlier SR and there is no overlapping.
· HARQ-ACK and SR：Similar as SR overlapping case, it is best that prioritization should be handled by the MAC. For instance, MAC can determine HARQ-ACK and SR multiplexed on one PUCCH as long as the reliability and latency can be maintained, otherwise MAC needs to select one of the HARQ-ACK and SR based on the priority and indicates the prioritization result to PHY.
· HARQ-ACK and HARQ-ACK:  although HARQ-ACK multiplexing is supported in Rel-15, there is no differentiation of HARQ-ACK corresponding to PDSCHs of different traffic types. Indeed, there is no dropping of HARQ-ACK in Rel-15 even when the target code rate is exceeded. In contrast, a higher reliability can be configured for URLLC HARQ-ACK on PUCCH by configuring a lower target code rate for the PUCCH resource. Hence, if HARQ-ACK corresponding to high priority (e.g. URLLC) PDSCH and non-URLLC PDSCH are multiplexed on the same PUCCH, the lower priority HARQ-ACK may be dropped if the target code rate is exceeded. Consider the example scenario shown in Figure 2. If there was no URLLC PDSCH in slot n, two non-overlapping PUCCHs may be transmitted in slot n+1 carrying HARQ-ACK for eMBB PDSCH on PUCCH #1 and HARQ-ACK for URLLC PDSCH on PUCCH #3. However, if there is a URLLC PDSCH in slot n indicating a PUCCH resource in slot n+1 (PUCCH #2) that overlaps with the PUCCH carrying eMBB HARQ-ACK (PUCCH #1), eMBB and URLLC HARQ-ACKs can be multiplexed in a single URLLC PUCCH resource similar as the UCI multiplexing rule for PUCCHs overlapping in R15. One issue is that the determined PUCCH resource may end later than the initial PUCCH resource for URLLC HARQ-ACK, which increases the latency of URLLC. Secondly, the code rate corresponding to the total HARQ-ACK payload may exceed the target code rate for URLLC HARQ-ACK. Dropping the non-URLLC HARQ-ACK can be considered if multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK. X can be configured by RRC or fixed by specification.

[image: image3.emf]URLLC 

PDSCH

URLLC

PUCCH

slot n slot n+1 slot n-1

eMBB 

PDSCH

eMBB

PUCCH

PUCCH1

PUCCH2 PUCCH3


Figure 2 HARQ multiplexing for URLLC and non-URLLC data

Proposal 5: In case of overlapping between PUCCHs carrying non-URLLC HARQ-ACK and URLLC HARQ-ACK, the non-URLLC HARQ-ACK could be dropped under the following conditions:

· If multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate of URLLC PUCCH and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK.
2.3.2 Resource Conflict between Control Channel and Data Channel
Here we consider four cases as below:
· PUSCH overlapping with SR: 
· For resource collision between SR and PUSCH, MAC can determine the priority and PHY only needs to prioritize the later trigger SR or later assembled MAC PDU for the PUSCH, the lower priority one is dropped. For example, if MAC can decide the priority of PUSCH and SR before the MAC PDU assembles, MAC can decide to either trigger SR to PHY or to deliver the MAC PDU to PHY, and there is only one transmission in PHY. If the new data arrives after the MAC PDU for a PUSCH was assembled, MAC determines whether the new data has higher priority, if so, the MAC layer will trigger the SR for new data which is overlapping with the PUSCH, and PHY will drop the PUSCH transmission and transmit SR since it considers the later trigger SR has higher priority. Otherwise, MAC will not trigger the SR for new data and there is no overlapping.
· PUSCH overlapping with HARQ-ACK: 

· If PHY can know the priority of PUSCH and HARQ-ACK, this case can be handled in PHY as follows:
· HARQ-ACK corresponding to high priority PDSCH overlapping with a PUSCH of lower priority: for this scenario, it can be handled by network configuration. For dynamic PDSCH the network can schedule the HARQ-ACK such that there is no conflict or that HARQ-ACK can be multiplexed on the PUSCH with sufficient reliability (based on e.g. the beta factor selection). Similar network configuration can be considered for a configured grant. 

· HARQ-ACK corresponding to lower priority PDSCH overlapping with a PUSCH of high priority: for this scenario, dynamically indicating whether HARQ-ACK is transmitted on PUSCH carrying URLLC traffic should be considered. For a configured grant, semi-static configuration by introducing new higher layer parameter or increase the range of scaling can be used.
· If PHY cannot know the priority of PUSCH and HARQ-ACK, this case can be handled in MAC, which is similar as the case of overlapping between HARQ-ACK and SR.
· PUSCH overlapping with mixed UCI type:
· For instance URLLC-UCI may be multiplexed on URLLC-PUSCH while eMBB-UCI is directly dropped or eMBB-UCI is dropped when the target coding rate exceeds. Dynamic signaling of beta offsets provides flexibility in supporting different effective coding rates for UCI on PUSCH. Furthermore, UCI dropping rule should be defined in this case. Alternatively if semi-static configuration of beta offsets is applied, independent configuration of beta offsets for URLLC and non-URLLC PUSCH can be used to restrict the UCI multiplexed on PUSCH. Similarly, the higher layer parameter scaling in the UCI-OnPUSCH IE can be independently configured for URLLC and non-URLLC PUSCH.
Proposal 6: UCI dropping rule should be defined for mixed UCI type multiplexing on URLLC PUSCH.
Proposal 7: For a UE supporting URLLC and non-URLLC traffics, consider enhancements to UCI multiplexed on PUSCH based on

· Independent beta offsets for URLLC and non-URLLC PUSCH
· Independently configured higher layer parameter scaling for URLLC and non-URLLC PUSCH

3 Conclusion
This contribution discussed possible PHY enhancements to adequately support Rel-16 URLLC use cases. For enhanced HARQ-ACK feedback and UCI multiplexing we have the following proposals:
Proposal 1: If a UE is configured to receive both URLLC and non-URLLC traffics, a UE may determine the traffic type for a PDSCH transmission based on different RNTIs or different UE-specific search space sets where the corresponding PDCCH is detected.

Proposal 2: Support subslot-based HARQ-ACK feedback if multiple PUCCHs for HARQ-ACK in a slot is supported for URLLC, K1 indicates the subslot offset from the DL subslot to the UL subslot.
Proposal 3: Dynamically indicating whether UCI is transmitted on PUSCH carrying URLLC traffic can be enabled explicitly by DCI or by adding smaller values to the higher layer parameter scaling.
Proposal 4: Adding smaller values to the higher layer parameter scaling should be considered for URLLC PUSCH configuration.
Proposal 5: In case of overlapping between PUCCHs carrying non-URLLC HARQ-ACK and URLLC HARQ-ACK, the non-URLLC HARQ-ACK could be dropped under the following conditions:

· If multiplexing of URLLC and non-URLLC HARQ-ACKs would exceed the target code rate of URLLC PUCCH and/or if the last symbol of the determined PUCCH resource for HARQ-ACK multiplexing is later than X symbols after the last symbol of the initial PUCCH resource for the URLLC HARQ-ACK.
Proposal 6: UCI dropping rule should be defined for mixed UCI type multiplexing on URLLC PUSCH.
Proposal 7: For a UE supporting URLLC and non-URLLC traffics, consider enhancements to UCI multiplexed on PUSCH based on

· Independent beta offsets for URLLC and non-URLLC PUSCH

· Independently configured higher layer parameter scaling for URLLC and non-URLLC PUSCH
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