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1. [bookmark: _Ref5850594]Introduction
At the RAN1#109-meeting, the multi-carrier UL Tx switching scheme was discussed according to the WID on Rel-18 Multi-carrier enhancements for NR [1], and number of agreements, observations and conclusions were made [2]. 
At the RAN#96-e meeting, target scenarios for Rel-18 UL Tx switching in NR Multi-carrier enhancements WI were discussed and the following RAN guidance is provided to RAN1/2/4 [3].
	RAN provides following guidance to RAN1/2/4.
· If Rel-18 UL Tx switching is supported, 
· RAN1/2/4 shall work focus on defining necessary mechanisms and requirements for UL Tx switching across 3 or 4 different bands at least for following scenarios during Rel-18 timeframein Q3 2022
· Inter-band UL-CA Option 1 (i.e., switched UL) and Option 2 (i.e., dual UL) without SUL band
· Inter-band UL CA Option 1 (i.e., switched UL) for {SUL band + corresponding NUL band} + 1 or 2 other NUL band(s)
· UL CA framework where UL CA is performed between NULs according to current RAN4 specifications should not be changed
· Note: switching across any band in this scenario is not precluded
· Intra-band two contiguous aggregated carriers within one non-SUL band out of 3 or 4 bands
· Other Further check additional scenarios as below can be discussed in RAN4#104e and RAN#97e, e.g.,
· {SUL band + corresponding NUL band} + {SUL band + corresponding NUL band}
· Simultaneous transmission across 2 bands in {SUL band + corresponding NUL band} + 1 or 2 other NUL band(s) (excluding simultaneous transmission between SUL and corresponding NUL)
· Mechanisms/requirements should not introduce restrictions on what were already supported in current specifications for UL Tx switching



In this contribution, we discuss UL Tx switching schemes across up to 3 or 4 bands with restriction of up to 2 Tx simultaneous transmission for FR1 UEs based on above RAN1 agreements and RAN guidance. 


2. Discussion on possible mechanisms for dynamic Tx carrier switching across the configured bands
[bookmark: _Hlk111240235]At the last RAN1 meeting, RAN1 made the following agreement on possible mechanisms for dynamic Tx carrier switching so that companies are encouraged to investigate pros/cons of each proposed mechanism for down-selection. Thus, in this secssion, we investigate possible mechanisms in the agreement, i.e., Alt.1/2/3 in terms of complexity and flexibility.
	Agreement
Companies are encouraged to investigate pros and cons of following possible mechanisms for dynamic Tx carrier switching across the configured bands, and RAN1 strives for the down-selection at RAN1#110
· Alt.1: Dynamic Tx carrier switching can be across all the supported switching cases by the UE and based on the UL scheduling, i.e., via UL grant and/or RRC configuration for UL transmission
· Alt.2: NW indicates 2 bands out of the configured bands (3 or 4 bands) via DCI or MAC-CE, and dynamic Tx carrier switching between indicated bands is same as Rel-17
· Alt.3: One anchor band is selected among configured bands (3 or 4 bands), and dynamic Tx carrier switching can be performed only from the anchor band to a non-anchor band and from a non-anchor band to the anchor band
· Note: Other mechanisms are not precluded



Based on the RAN guidance on target scenarios for Rel-18 UL Tx switching, following scenarios and corresponding switching cases can be considered as starting point for “supported switching cases”. It is possible that some case(s) is not supported by a UE supporting Rel-18 UL Tx switching if such flexibility is allowed.
· Inter-band UL-CA Option 1 (i.e., switched UL) for 3 bands: the number of switching cases is 3 as shown in Figure 1.
· Inter-band UL-CA Option 1 (i.e., switched UL) for 4 bands: the number of switching cases is 4 as shown in Figure 1.
· Inter-band UL-CA Option 2 (i.e., dual UL) for 3 bands: the number of switching cases is 6 as shown in Figure 2.
· Inter-band UL-CA Option 2 (i.e., dual UL) for 4 bands: the number of switching cases is 10 as shown in Figure 2.
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Figure 1: Supported switching cases in Inter-band UL-CA Option 1 (switched UL) for 2/3/4 bands
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Figure 2: Supported switching cases in Inter-band UL-CA Option 1 (switched UL) for 2/3/4 bands

Then, we summarize characteristics of Alt.1/2/3 respectively based on our understanding as below.
· Alt.1: Dynamic Tx carrier switching can be across all the supported switching cases by the UE and based on the UL scheduling, i.e., via UL grant and/or RRC configuration for UL transmission
· Since Alt.1 allows dynamic switching across all the supported switching cases, the number of candidate bands for dynamic switching at each Tx chain is increased from Rel-17 as below. It may mean that the complexity of UL Tx switching is increased if the complexity is based on number of candidate bands for dynamic switching at each Tx chain.
· [Reference] In Rel-17, the number of candidate bands for dynamic switching at each Tx chain is 2, i.e., band A and B.
· In Alt.1, the number of candidate bands for dynamic switching at each Tx chain is 3 or 4, i.e., band A, B and C (and D).
· On the other hand, the performance gain of Alt.1 has been shown based on simurestion results at the RAN1#109-e meeting. Since there is no restriction on target switching band/case in Alt.1, Alt.1 should have better performance than Alt.2/3 in terms of both single user throughput and system performance such as flexible offloading across bands.

· Alt.2: NW indicates 2 bands out of the configured bands (3 or 4 bands) via DCI or MAC-CE, and dynamic Tx carrier switching between indicated bands is same as Rel-17
· [bookmark: _Hlk111235895]NW configures 3 or 4 bands for UL Tx switching via RRC signaling, and DCI or MAC-CE needs to be used to indicate 2 bands out of the configured bands prior to scheduling UL transmission on any of the 2 bands. This DCI or MAC-CE based indication of candidate bands for dynamic Tx switching is the additional procedure/feature compared with Rel-17.
· Even in Alt.2, supported switching cases are same as Alt.1 in some sense, i.e., UE can realize any of the cases in Figure 1/2 via 2-step procedure, such as DCI or MAC-CE indication of 2 bands followed by UL scheduling. However, the number of candidate bands for dynamic switching (i.e., based on UL scheduling) at each Tx chain can be same as Rel-17. It would mean that in Alt.2 a UE can reconfigure candidate bands at each Tx chain dynamically based on DCI or MAC-CE indication, and such reconfiguration procedure would require a certain time duration (which cannot be within switching period).
· Since Alt.2 requires DCI or MAC-CE indication of 2 bands prior to scheduling UL transmission on any of the 2 bands, Alt.2 has scheduling restriction or delay for band(s) currently not indicated by DCI or MAC-CE. Whether Alt.2 can provide sufficient gain over Rel-17 UL Tx switching across 2 bands should be investigated with considering the scheduling restriction or delay as well as overhead increase due to DCI or MAC-CE.

· Alt.3: One anchor band is selected among configured bands (3 or 4 bands), and dynamic Tx carrier switching can be performed only from the anchor band to a non-anchor band and from a non-anchor band to the anchor band
· NW configures 3 or 4 bands for UL Tx switching and one anchor band out of the configured bands via RRC signaling. In Alt.3, dynamic switching between non-anchor bands is not available. Assuming that such restriction is applied to each Tx chain individually, supported switching cases are same as Alt.1/2 in some sense, i.e., UE can realize any of the cases in Figure 1/2. For example, when both of two Tx chains are currently associated with anchor band (e.g., band A+A), each Tx chain can be switched to any non-anchor band and hence any of cases in Figure 1/2 can be realized (e.g., band B+B, C+C, B+C). However, the number of candidate bands for dynamic switching at each Tx chain is different depending on the current switching case as below.
· When a Tx chain is currently associated with non-anchor band, the number of candidate bands for dynamic switching at the Tx chain is 2, i.e., current non-anchor band and anchor band.
· When a Tx chain is currently associated with anchor band, the number of candidate bands for dynamic switching at the Tx chain is 3 or 4, i.e., anchor band and any of non-anchor band.
· In Alt.3, since the switching pattern is restricted to only between anchor and non-anchor bands, the number of switching patterns for dynamic switching at each Tx chain can be smaller than that for Alt.1/2 as below.
· In Alt.1, the number of switching patterns for dynamic switching is 6 in case of 3 bands (A to B, A to C, B to C and reversed patterns) and 12 in case of 4 bands (A to B, A to C, A to D, B to C, B to D, C to D and reversed patterns).
· In Alt.2, the number of switching patterns for dynamic switching (based on UL scheduling) is 2, while the number of switching patterns for semi-dynamic switching (based on DCI or MAC-CE + UL scheduling) is same as Alt.1.
· In Alt.3, the number of switching patterns for dynamic switching is 4 in case of 3 bands (A to B, A to C and reversed patterns when A is anchor) and 6 in case of 4 bands (A to B, A to C, A to D and reversed patterns when A is anchor).
· Since Alt.3 has restrictions on the switching patterns, Alt.3 has scheduling restriction or delay for non-anchor band(s). Whether Alt.3 can provide sufficient gain over Rel-17 UL Tx switching across 2 bands should be investigated with considering the scheduling restriction or delay.

Based on above, we also summarize pros and cons of Alt.1/2/3 as below.
	
	Pros
	Cons

	Alt.1
	· Higher scheduling flexibility and higher performance compared with Alt.2/3
	· The larger number of candidate bands for dynamic switching at each Tx chain compared with Alt.2/3 in some sense

	Alt.2
	· The same number of candidate bands for dynamic switching (based on UL scheduling) at each Tx chain as in Rel-17
	· Scheduling restriction (delay) for some band(s), i.e., lower performance compared with Alt.1
· Overhead/complexity increase due to new DCI or MAC-CE indication

	Alt.3
	· The smaller number of switching patterns for dynamic switching at each Tx chain compared with Alt.1
	· Scheduling restriction (delay) for non-anchor band(s), i.e., lower performance compared with Alt.1



Following observations and proposal can be made based on the above investigation.
Observation 1: The complexity of the switching mechanism may depend on the number of candidate bands for dynamic switching at each Tx chain and/or the number of switching patterns for dynamic switching at each Tx chain.
· All the switching cases would be supported in Alt.1/2/3, but Alt.2 requires an additional procedure (i.e., reconfiguration of 2 candidate bands for dynamic switching based on DCI or MAC-CE indication) for direct switching between specific cases, and Alt.3 has a restriction for direct switching between specific cases.
Observation 2: There may be no significant difference among Alt.1, 2 and 3 in terms of the number of the candidare bands for dynamic switching at each Tx chain.
· Alt.2 allows a relaxed timeline for “dynamic switching” by requiring DCI or MAC-CE indication compared with Alt.1/3, but the number of the candidate bands for (semi-)dynamic switching at each Tx chain is same as Alt.1.
· Alt.3 has smaller number of candidate bands for dynamic switching at Tx chain when the Tx chain is currently associated with non-anchor band, but Alt.3 has the same number of candidate bands for dynamic switching at Tx chain when the Tx chain is currently associated with anchor band as in Alt.1.
Observation 3: Alt.2 and Alt.3 have scheduling restriction (delay) for some band(s) and hence the performance should be lower than that of Alt.1.
Proposal 1:
· Alt 1 should be considered as the baseline mechanism for Rel-18 UL Tx switching, while some mechanisms to reduce the complexity (e.g., to reduce the number of supported switching patterns/cases or transmission configurations, to relax the timeline for dynamic switching, etc.) should be considered.


3. Discussion on potential mechanisms to reduce the complexity increase
In this section, we discuss on potential mechanisms to reduce the complexity based on Proposal 1 in section 2.
At the last RAN1 meeting, RAN1 made the following observation on proposals to address the concern on UE/gNB complexity increase of scheduling restriction due to UL Tx switching.
	RAN1 Observation
Following proposals to address the concern on UE/gNB complexity increase or scheduling restriction due to UL Tx switching across larger number of bands compared with Rel-16/17 are identified in contributions submitted at RAN1#109-e, and companies are encouraged to investigate pros and cons of the proposals so that one or some of them may be down-selected after the down-selection of the mechanism for dynamic Tx carrier switching across the configured bands
1. UE can report the supports of only some of concurrent UL cases (combinations of 2 bands for concurrent UL transmissions)
1. Switching across 0/1/2 ports is supported only for 2 configured bands out of 3 or 4 configured bands and other bands support switching across 0/1 port only
1. Only switching across 0/1 port is supported across all configured bands when 3 or 4 bands are configured
1. Prioritization rules between uplink carriers are specified
1. No restriction on the UEs choice of MIMO capability on any of the bands/CCs involved in the UL Tx switching band combination is introduced
1. After one RF state switch, the next RF state switch must occur after 14 symbols or later (FFS: which SCS is assumed for the symbol duration)
1. Note: Other solutions are not precluded
1. Note: each proposal assumes certain mechanism for dynamic Tx carrier switching across the configured bands, and hence some or all of the proposals may not be necessary depending on the down selection of the mechanism for dynamic Tx carrier switching across the configured bands




3.1	Reduction of the number of supported switching cases and/or supported transmission configurations
As shown in the Figure 2 in section 2, the number of supported switching cases is increased especially for Inter-band UL-CA Option 2. However, the Figure 2 is made based on the assumption that any concurrent UL cases (combinations of 2 bands for concurrent UL transmissions) is supported. As captured in the RAN1 observation above, there is a proposal that UE is allowed to report the supports of only some of concurrent UL cases. If this proposal is applied, the number of supported switching cases in Inter-band UL-CA Option 2 is reduced as below.
· If the UE supports only X concurrent UL case(s) (X can be from 1 to 3 in case of 3 bands and from 1 to 6 in case of 4 bands), the number of supported switching cases is reduced to 3+X in case of 3 bands and 4+X in case of 4 bands.
This proposal can be realized by introducing a UE capability reporting the supported concurrent UL cases for the UL Tx switching band combination. The details of the capability design should be up to RAN2.

In addition, as captured in the RAN1 observation above, there are some proposals for flexible support of the MIMO capability (i.e., maximum number of ports) for each band/CC in UL Tx switching band combination. If such proposal is applied, the number of supported transmission configurations based on number of antenna ports in each band for actual transmission can be reduced as below.
· If the UE supports up to 2 ports transmission on any band in case of Inter-band UL-CA Option 1 for 3 or 4 bands, the number of supported transmission configurations is 6 or 8 for 3 or 4 bands, respectively (1 port on band A, 2 ports on band A, 1 port on band B, 2 ports on band B, and so on).
· If the UE supports up to 2 ports transmission only on X band(s) in case of Inter-band UL-CA Option 1 for 3 or 4 bands (X can be from 0 to 3 in case of 3 bands and from 0 to 4 in case of 4 bands), the number of supported transmission configurations is 3+X for 3 bands and 4+X for 4 bands, respectively.
This proposal can also be handled by UE capability reporting the MIMO capability on each band/CC for the UL Tx switching band combination. The details of the capability design should be up to RAN2 as well.

By the way, at the last RAN1 meeting, following RAN1 observation was made. In our understanding, above proposals can be considered as flexible support of switching configuration(s). In other words, allowing flexible support of concurrent UL case(s) and/or MIMO capability for each band/CC would mean that UE can support Rel-18 UL Tx switching even if the switching configuration of the UE is different from 3-1/4-1, and the switching configurations 3-2/3-3 (4-2/4-3/4-4) would have lower complexity than 3-1 (4-1). 
	RAN1 Observation
Following possible switching configurations can be considered, and RAN1 may discuss if any of the following switching configurations need to be supported after making some progress on the discussion on the switching mechanism
1. For 3 bands case
8. Switching configuration.3-1: all the 3 bands support up to 2Tx
8. Switching configuration.3-2: only 1 band out of 3 bands support up to 2Tx
8. Switching configuration.3-3: only 2 bands out of 3 bands support up to 2Tx
1. For 4 bands case
9. Switching configuration.4-1: all the 4 bands support up to 2Tx
9. Switching configuration.4-2: only 1 band out of 4 bands support up to 2Tx 
9. Switching configuration.4-3: only 2 bands out of 4 bands support up to 2Tx 
9. Switching configuration.4-4: only 3 bands out of 4 bands support up to 2Tx 
1. Note: The Spec should not restrict which Tx chain is fixed or switched across certain bands. 



Based on the above discussion, following proposal is made.
Proposal 2:
For Rel-18 UL Tx switching, allowing flexible support of concurrent UL case(s) for Inter-band CA Option 2 and/or MIMO capability for each band/CC can be considered to reduce the number of supported switching cases and/or supported transmission configurations for complexity reduction.
· Introduction of UE capability(es) for such flexible support can be discussed in RAN2.


3.2	Relaxation of the timeline for dynamic switching
As discussed in section 2, Alt.2 is one way to relax the timeline for “dynamic switching” by requiring DCI or MAC-CE indication compared with Alt.1/3 where the dynamic switching is based only on the UL scheduling. For example, in Alt.2, a certain timeline for the reconfiguration of the candidate bands for dynamic switching based on UL scheduling would need to be defined so that UE can process and complete the reconfiguration before performing UL Tx switching to the band currently not configured for Tx chains as shown in Figure 3.
[image: ]
Figure 3: Potential timeline for the reconfiguration of the candidate bands for dynamic switching in Alt.2

However, such relaxation of the timeline for dynamic switching would be possible in Alt.1 as well, i.e., even without using DCI or MAC-CE indication. For example, as shown in Figure 4, when UL is scheduled for the band (which is different from the recently used bands) with sufficient scheduling offset, the UE can perform same/similar reconfiguration of candidate bands for dynamic switching as in Alt.2. Compared with Alt.2 where new DCI or MAC-CE indication needs to be processed, Alt.1 with scheduling offset based on a certain timeline would be better in terms of specification impacts and overhead due to new DCI or MAC-CE indication.
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Figure 4 Potential timeline for the reconfiguration of the candidate bands for dynamic switching in Alt.1 with sufficient scheduling offset

Based on the above discussion, following proposal is made.
Proposal 3:
For Rel-18 UL Tx switching, defining a certain timeline for dynamic switching to specific case(s) can be considered to relax the timeline for dynamic switching in some specific case(s) for complexity reduction.


3.3	Other potential UE/gNB complexity reduction methods
As following proposals are also captured in the RAN1 observations made at the last meeting, we provide our views on these proposals.
· Prioritization rules between uplink carriers are specified
· After one RF state switch, the next RF state switch must occur after 14 symbols or later (FFS: which SCS is assumed for the symbol duration)

For the first proposal regarding prioritization rules, although it may be able to reduce the gNB complexity for performing appropriate scheduling considering 3 or 4 bands with UE’s capabilities on UL Tx switching, it would increase UE complexity since UE needs to check and follow the prioritization rules in some cases where UE cannot just follow gNB scheduling. Considering that the major concern for Rel-18 UL Tx switching would be the complexity increase at UE side, it would not be preferable solution. 
For the second proposal regarding minimum switching gap, although it may be beneficial for avoiding complexity increase to support frequent switching, we think some discussion is necessary on the value of minimum switching gap, i.e., whether the gap of 14 symbols duration is appropriate or not and which SCS should be assumed. In the current specification, the UE does not expect to perform more than one uplink switching in a slot with µUL = max(µUL, 1, µUL, 2), where the µUL, 1 corresponds to the subcarrier spacing of the active UL BWP of one uplink carrier before the switching gap and the µUL, 2 corresponds to the subcarrier spacing of the active UL BWP of the other uplink carrier after the switching gap. So, there is already such restriction to ensure the minimum switching gap, and if the minimum gap requirement of 14 symbols duration is applied to the gap between the end of the last switching period and the beginning of the upcoming switching period, available resource for UL transmission after the switching period within a slot may be reduced.

By the way, as shown in Figure 1 and 2 in section 2, the number of switching cases is large especially in Inter-band UL-CA Option 2 (i.e., dual UL) for 4 bands. Therefore, it may be possible to apply one or multiple of complexity reduction solution(s) only for dual UL case and/or for 4 bands case. With such consideration, we can just apply Alt.1 for 3 bands case and/or switched UL case as straight forward extension from Rel-17 UL Tx switching for 2 bands case, and the performance gain from the extension can be expected. Meanwhile, for dual UL case and/or 4 band case where complexity increase is concerned, we can apply some complexity reduction solution(s) so that complexity increase can be reduced at the cost of slight reduction for performance gain. Anyway, to specify new mechanism, it should be justified by sufficient gain with reasonable/acceptable complexity, otherwise it will not be deployed/implemented in practice. Therefore, we should consider both performance gain and complexity for the good balance.
Proposal 4:
For Rel-18 UL Tx switching, applying some complexity reduction solution(s) only for dual UL case and/or 4 bands case can be considered to achieve the good balance between performance gain and complexity.


4. Conclusion
In this contribution, we discussed on the UL Tx switching schemes across up to 3 or 4 bands with restriction of up to 2 Tx simultaneous transmission for FR1 UEs.
Based on the discussion, following observations and proposals were made.

Observation 1: The complexity of the switching mechanism may depend on the number of candidate bands for dynamic switching at each Tx chain and/or the number of switching patterns for dynamic switching at each Tx chain.
· All the switching cases would be supported in Alt.1/2/3, but Alt.2 requires an additional procedure (i.e., reconfiguration of 2 candidate bands for dynamic switching based on DCI or MAC-CE indication) for direct switching between specific cases, and Alt.3 has a restriction for direct switching between specific cases.
Observation 2: There may be no significant difference among Alt.1, 2 and 3 in terms of the number of the candidare bands for dynamic switching at each Tx chain.
· Alt.2 allows a relaxed timeline for “dynamic switching” by requiring DCI or MAC-CE indication compared with Alt.1/3, but the number of the candidate bands for (semi-)dynamic switching at each Tx chain is same as Alt.1.
· Alt.3 has smaller number of candidate bands for dynamic switching at Tx chain when the Tx chain is currently associated with non-anchor band, but Alt.3 has the same number of candidate bands for dynamic switching at Tx chain when the Tx chain is currently associated with anchor band as in Alt.1.
Observation 3: Alt.2 and Alt.3 have scheduling restriction (delay) for some band(s) and hence the performance should be lower than that of Alt.1.
Proposal 1:
· Alt 1 should be considered as the baseline mechanism for Rel-18 UL Tx switching, while some mechanisms to reduce the complexity (e.g., to reduce the number of supported switching patterns/cases or transmission configurations, to relax the timeline for dynamic switching, etc.) should be considered.
Proposal 2:
For Rel-18 UL Tx switching, allowing flexible support of concurrent UL case(s) for Inter-band CA Option 2 and/or MIMO capability for each band/CC can be considered to reduce the number of supported switching cases and/or supported transmission configurations for complexity reduction.
· Introduction of UE capability(es) for such flexible support can be discussed in RAN2.
Proposal 3:
For Rel-18 UL Tx switching, defining a certain timeline for dynamic switching to specific case(s) can be considered to relax the timeline for dynamic switching in some specific case(s) for complexity reduction.
Proposal 4:
For Rel-18 UL Tx switching, applying some complexity reduction solution(s) only for dual UL case and/or 4 bands case can be considered to achieve the good balance between performance gain and complexity.
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