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1. Introduction
Uplink switching between 2 bands has been specified in Rel-16 and Rel-17. For more flexible utilization of spectrum and further uplink performance improvement, RAN#96 meeting has approved the WID on Multi-carrier enhancements, with up to 3 or 4 bands to be supported for UL Tx switching in Rel-18.[1]
	2. Study and if necessary specify following enhancements for multi-carrier UL operation [RAN1, RAN2, RAN4]
· UL Tx switching schemes across up to 3 or 4 bands with restriction of up to 2 Tx simultaneous transmission for FR1 UEs, including mechanisms to enable more configured UL bands than its simultaneous transmission capability and to support dynamic Tx carrier switching across the configured bands for both single TAG and multiple TAGs configurations (RAN1, RAN4)
· UE capability and RRC configuration related signalling (RAN2)
· Note: strive for RAN1/2 design agnostic with the number of bands, i.e., common design between 3 and 4 bands
· Note: no additional TAG is introduced for UL transmission on a carrier without corresponding DL carrier
· Note: this objective does not target to extend the SUL framework to support more than 1 SUL for 1 NUL
· Note: Extension of TX switching for 2 bands to multiple TAG configurations is included in the scope. The work is limited to RAN4.
· Switching time and other RF aspects, and RRM requirements for above UL Tx switching schemes across up to 3 or 4 bands (RAN4)
· Note: Prioritize UL Tx switching across up to 3 bands is to be addressed first and then that for up to 4 bands can also be addressed


In RAN4, the main work is to study the switching period and other RF aspects.
2. Discussion
In this contribution, we would like to discuss the potential RAN4 impact to support the UL Tx switching among 3 bands/4 bands in terms of switching time and uplink interruption with the analysis on UE architecture, and provide proposals based on implementation perspective.
2.1. Discussion on switching gap for 3 bands or 4 band
[image: ][image: ]In Rel-16 and Rel-17, the mechanism and RAN4 requirements were specified for UE Tx switching between two bands. In Rel-18, Tx switching among 3 bands or 4 bands are to be supported. Apart from the Tx switching of 1Tx-2Tx and 2Tx-2Tx, we should discuss switching period in some new scenarios for 3/4 bands, as illustrated in Fig 1. The main difference from Rel-16 and Rel-17 lies in a) 2Tx chains could be switched to other band(s) completely different from where they were, e.g., case 1, 2 for three bands and case 4 for four bands, or b) One Tx chain could be switched, without impact on the number of Tx chain(s) on the band where the other Tx chain are, e.g., case 3 for three bands. 
[bookmark: _Ref110622659]Figure 1 New scenarios for Tx switching among3/4 bands

[bookmark: _GoBack]With the switching periods defined in the specifications, the UE is allowed to switch its uplinks between 2 carriers/bands and schedule 2Tx transmissions on both carriers/bands with candidate switching period {35us, 140us, 210us}. In the previous releases, we identified already that the switching period highly depends on the UE architecture. Thus it is necessary to have a clear understanding about the typical UE architecture when we consider to introduce 3/4 bands Tx switching. In the below figure, we provide examples of UE implementation with 3 and 4 bands architecture separately serving as reference assumptions, which are the case 3 and case 4 in Figure 1. 
Switching period is related to PLL operation, for example, PLL retuning and initializing TX chains with parameters loading when frequency is changed, and PLL branches without frequency changing. PLL retuning and parameter loading cost 140us, and PLL branching without frequency changing costs 35us. In the Figure 2, PLL1 is switched from 1.9G to 2.3G, and PLL 2 remains unchanged. In the Figure 3, PLL1 is switched from 1.9G to 2.6G, and PLL 2 is switched from 2.3G to 4.9G. The switching period includes PLL retuning and parameter loading. In Rel-17, the switching period is defined as per-band pair. However, in the case of Tx switching with two band pairs, the switching period should be defined as that of the band pair with longer switching gap. In both the cases illustrated in Figure 2 and Figure 3, switching period(s) specified in Rel-17 is sufficient. In our opinion, new switching period should not be introduced considering implementation of Tx switching among 3/4 bands. It is noted that the block diagram is just for illustration, and the categorization of PA module frequency ranges may not be exactly mapped to some UE implementation, but it will not have impact to the analysis to the switching period.
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[bookmark: _Ref110623292]Figure 2 Reference UE architecture with 2Tx for UL Tx switching among 3 bands
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[bookmark: _Ref110623516]Figure 3 Reference UE architecture with 2Tx for UL Tx switching among 4 bands
Proposal 1：In the scenarios of UL Tx switching among 3 bands and 4 bands (with & without SUL), the switching period range {35us, 140 us, 210us} in Rel-17 is reused for switched UL or dual UL.
2.2. UL interruption for multi-carrier enhancements
In the LS from RAN1, an assumption was raised that “When one of the two Tx chains is triggered to switch from one band to another band, another Tx chain which is in any of bands is also not expected to be used for transmission during the switching period.” Whether the UL transmission on band A is also interrupted during switching period, can be illustrated by three cases as below. 
[image: ]
Figure 4 Scenarios for one Tx chain switching and the other Tx chain unchanged
Among them, Case 1 is a typical case in Rel-16, which is also included in Tx switching of 3/4 bands. In the case, one of the two Tx chains is triggered to switch from band A to band B, but the other Tx chain which is in band A is also interrupted during the switching period. During the switching period, the phase lock loop on band A branching results in PLL pulling impact, so that the un-switched Tx chain on band A is interrupted. The same situation as the UL interruption in Rel-16 where both Tx on band A are interrupted. The Tx switching from band B to band A causes phase unalignment, and the LO would be affected due to load change. And vice versa for Case 2. In Case 3, one of the two Tx chains is triggered to switch from band B to band C, but the other Tx chain is in band A. The UE would load parameters during the switching period, and the Tx chain in band A is not expected to be used for transmission. 
Proposal 2：In the scenarios of UL Tx switching among 3 bands and 4 bands (with & without SUL), all configured UL carriers are always interrupted during a switching period.
2.3 Potential mechanisms of reducing UE complexity
In the meeting RAN1#109e, RAN1 sent an LS on UL Tx switching across 3 or 4 bands in Rel-18[2]. The concern of UE complexity seems mainly about the UE memory that is not expected to be expanded in size much for this feature of UL Tx switching.  
	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


Note: Similar to the discussion for Rel-17 UL Tx switching, in the following discussion, UL-CA Option 1 refers to UL-CA with switched UL mechanism that one UL transmission on one band only is allowed at one time, and UL-CA Option 2 refers to UL-CA with dual UL mechanism that simultaneous transmissions on two UL bands is also allowed.
In Rel-17, dynamic UL Tx switching between 2 bands is implemented by Alt 1 (in the above agreement) with 2 units of UE memory, in which each memory serves one band exclusively. The UE memory has following characteristics in Rel-17,  
· The UE memory is used to store essential baseband and RF information for UL transmissions.
· As shown in Figure 5, one UE has 2 units of memory where each is exclusively used by the band. For example, when UL transmissions are performed from one band to the other band, as shown in Figure 6, the unit of UE memory corresponding to the band with a UL transmission is active and used by the UE to obtain essential information for the UL transmission.
· The UE memory is rewritable by RRC (re-)configuration. To be specific, when a UE is indicated to operate on a different group of bands by a RRC configuration or reconfiguration, the UE memory can be flushed and reloaded with essential baseband and RF information corresponding to those new bands. For example, as shown in Figure 7, since RRC signalling indicates that 2 new configured bands are band C and band D, UE flushes the memory of band A&B and reload them with the new information of band C&D during RRC reconfiguration.
[image: 内存空间示意]
[bookmark: _Ref110764379]Figure 5 UE memory to store essential baseband and RF information for UL transmissions in Rel-17
[image: 2band]
[bookmark: _Ref110764438]Figure 6 Exclusive use of UE memory in Rel-17
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[bookmark: _Ref111022640]Figure 7 The flushing&reloading process of UE memory during RRC reconfiguration in Rel-17
In Rel-18, the Alt 1 can be directly applied to dynamic UL Tx switching among 3 bands or 4 bands, if units of memory to store essential baseband and RF information for UL transmissions are increased accordingly. For example, for the 3 bands scenario in Figure 4, three units of memory are occupied by 3 bands and each unit of memory is exclusive to one band for UL transmission. Therefore, compared with fast UL Tx switching across 2 bands with 2 units of memory in Rel-17, the UE memory of Alt 1 UE in Rel-18 is increased, while Alt 1 could have the best performance with full scheduling flexibility.
[image: 3band]
[bookmark: _Ref110764851]Figure 8 An example of UE memory for UL Tx switching across 3 bands. 
Observation 1: Similar to Rel-17, fast UL Tx switching via DCI scheduling can be enabled in Rel-18 if a UE has adequate memory to store information for each band.
Observation 2: From UE complexity perspective, as number of bands increases, the required size of memory increases.
The memory and UE complexity issue was also discussed in the RAN1#109e meeting.[3] The UE complexity issue is related to the number of memory units, and it is an implementation issue. Based on the assumption that there are two memory units, the complexity of implementation is not increased, but the preparation time would be increased.  How to enable UL Tx switching for a Rel-18 UE where the number of memory units is less than the number of configured bands and thus essential baseband and RF information for UL transmissions on all configured UL bands cannot be all pre-stored in the UE memory exclusively. To achieve this, a sharing of memory between bands seems straightforward because the number of transmitted bands at one time is less than the number of configured bands for a UE. The memory sharing can be featured as,
· The memory sharing needs additional memory flushing and loading. Thus, more preparation procedure time is needed.
· The memory flushing action to prepare a transmission should not overlap in time with any other previous transmission that share the same UE memory with it.
Before the start of an UL transmission on a switch-to band, all information for the band should be prepared and ready in the UE memory. For example, as illustrated in Figure 9, when the 3rd UL Tx switching from band B to band C is triggered via DCI, since essential baseband and RF information for UL transmissions on band C is not pre-stored in the memory, the UE needs to flush the memory of band A and then reload it with the new information for band C before the UE can use this information to transmit data on band C starting at the 3rd UL Tx switching. Therefore, compared with Rel-17, from the UE perspective, more UE preparation are needed before transmitting data on the switch-to band. In another word, more preparation procedure time is required, e.g., 500us. Furthermore, the specific additional preparation procedure time can be reported by UE depending on the UE capabilities. It can be also found that flushing memory of band A and loading band C do not start immediately at the time of receiving DCI of 3rd UL Tx switching in Figure 9. The reason is that the memory is still occupied for the transmission on band A and any transmission interruption of band A caused by memory sharing should be avoided. Therefore, the memory flushing action to prepare a transmission should not overlap in time with any other previous transmission that share the same UE memory with it.
It is worth noting that, the flushing and reloading action is not always needed for all UL Tx switching occasions. For example, as illustrated in Figure 9, when the 2nd UL Tx switching from band A to band B is triggered, since the information on band B has been pre-stored in the memory, the flushing and reloading action is not needed. Therefore, it does not require additional UE action before transmitting data on the switch-to band, and current preparation procedure time is sufficient.
[image: 动态加载示意eddx]
[bookmark: _Ref110764933]Figure 9 The case that 2 units of memory are shared among three bands
The memory sharing can also be applied to UL-CA Option 2. However, there is transmission gap that cannot be scheduled for UL transmission in one particular case unless more than two units of UE memory are applied. For example, as shown in Figure 10, when a new UL Tx switching from concurrent transmissions on band A&B to those on band C&D is triggered via DCI at time 1, the UE memory has been fully occupied by the concurrent transmissions on band A&B so that the units of memory for band A&B cannot be flushed until the transmissions are completed. As a result, right after the transmissions on band A&B, there is no memory with proper information ready for the transmissions on band C&D and a transmission gap as described in the figure is needed. However, it is worth noting that, the gap can be avoided by gNB scheduling if the sum of number of switch-from bands and number of switch-to bands is no more than two, i.e. the number of memory units. For example, in Figure 9, if the scheduled transmissions are concurrent transmissions on band A&B, followed by solo transmission on band A, followed by concurrent transmissions on band A&C, then there is no such transmission gap that cannot be scheduled. Therefore, an observation is,
Observation 3: The same mechanism of memory sharing is applicable to both UL-CA Option 1 and 2. But with the same limited UE memory size, there is more scheduling restriction to minimize transmission interruption for UL-CA Option 2 than Option 1 simply because more UE memory are occupied at one time for Option 2 than Option 1.
It is interesting to check whether anchor band proposed in Alt 3 can relief any burden of UE memory discussed above. In Alt 3, one anchor band is selected among configured bands and switch restrictions are defined based on anchor band. In this case, there is also transmission gap that cannot be scheduled for UL transmission because of loading another non-anchor band. For example, band B is an anchor band, when UL Tx switching from band A&B to band B&C, the sum of switch-from bands and switch-to bands is more than two and UE should flush the memory of band A and loads the information on band C after the transmission on band A&B is completed.
[image: ]
[bookmark: _Ref110765035]Figure 10 The memory sharing case for Option 2
It should be noted that the previous analysis would apply for dynamic UL Tx switching among any type of UL bands, e.g., FDD, TDD and SUL.
Proposal 3: For dynamic UL Tx switching across 3 or 4 bands, in order to reduce UE complexity, the sharing of UE memory across bands and its required flushing & reloading time should be taken into account.
Proposal 4: For dynamic UL Tx switching across 3 or 4 bands, to support a sharing of UE memory across bands, 
· When memory is flushed and reloaded, more PUSCH preparation procedure time is needed for both Option 1 and Option 2, whose increased time can be reported by UE. FFS: exact time value.
· The memory flushing required by the preparation of a transmission scheduled by a latest UL grant should not impact any ongoing UE transmission on any bands that are scheduled before the UL grant. FFS: the minimum gap between the transmission scheduled by a UL grant and the previous transmission that may share the same UE memory.
Proposal 5: The memory issue is related to preparation time. RAN4 should sent an LS to RAN1 about the UE implementation complexity due to memory, and RAN1 would consider the impact of memory when discussing preparation time. 
3. Conclusions
This contribution presents discussions on potential RAN4 impact to support the UL Tx switching among 3 bands/4 bands in terms of switching time and uplink interruption with the analysis on UE architecture with the following observations and proposals:
Observation 1: Similar to Rel-17, fast UL Tx switching via DCI scheduling can be enabled in Rel-18 if a UE has adequate memory to store information for each band.
Observation 2: From UE complexity perspective, as number of bands increases, the required size of memory increases.
Observation 3: The same mechanism of memory sharing is applicable to both UL-CA Option 1 and 2. But with the same limited UE memory size, there is more scheduling restriction to minimize transmission interruption for UL-CA Option 2 than Option 1 simply because more UE memory are occupied at one time for Option 2 than Option 1.

Proposal 1：In the scenarios of UL Tx switching among 3 bands and 4 bands (with & without SUL), the switching period range {35us, 140 us, 210us} in Rel-17 is reused for switched UL or dual UL.
Proposal 2：In the scenarios of UL Tx switching among 3 bands and 4 bands (with & without SUL), all configured UL carriers are always interrupted during a switching period.
Proposal 3: For dynamic UL Tx switching across 3 or 4 bands, in order to reduce UE complexity, the sharing of UE memory across bands and its required flushing & reloading time should be taken into account.
Proposal 4: For dynamic UL Tx switching across 3 or 4 bands, to support a sharing of UE memory across bands, 
· When memory is flushed and reloaded, more PUSCH preparation procedure time is needed for both Option 1 and Option 2, whose increased time can be reported by UE. FFS: exact time value.
· The memory flushing required by the preparation of a transmission scheduled by a latest UL grant should not impact any ongoing UE transmission on any bands that are scheduled before the UL grant. FFS: the minimum gap between the transmission scheduled by a UL grant and the previous transmission that may share the same UE memory.
Proposal 5: The memory issue is related to preparation time. RAN4 should sent an LS to RAN1 about the UE implementation complexity due to memory, and RAN1 would consider the impact of memory when discussing preparation time. 
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Rel-17: Dynamic UL Tx switching across 2 UL bands
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