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In RAN1 #109-e, the following agreements have been achieved for multi-carrier UL Tx switching schemes.
	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

Agreement
Send LS to RAN4 to ask their feedback on the potential increase of switching period and complexity in the case of UL Tx switching across 3 or 4 bands
· In the LS, observations based on the evaluation results and alternative switching mechanisms discussed in RAN1 are captured for the information to RAN4
· In the LS, RAN1 also asks RAN4 feedback on whether following assumption can be considered as baseline UE assumption/behavior even in case of the UL Tx switching across 3 or 4 bands
· 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
LS is endorsed in R1-2205502.


In this contribution, firstly, potential mechanisms of reducing UE complexity are analyzed. Secondly, the comparison of different mechanisms for UL Tx switching in Rel-18 is discussed and simulation evaluations for different UL Tx switching mechanisms are provided.

Potential mechanisms of reducing UE complexity
In the last meeting, some companies raised the concern on UE complexity for UL Tx switching across 3 or 4 bands and have different proposals to address it, which are captured in RAN1 agreements and observation below. Among the proposals, 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. In this section, our analysis for UE memory is provided and potential mechanisms to address limited UE memory are discussed. 
	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

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
· UE can report the supports of only some of concurrent UL cases (combinations of 2 bands for concurrent UL transmissions)
· 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
· Only switching across 0/1 port is supported across all configured bands when 3 or 4 bands are configured
· Prioritization rules between uplink carriers are specified
· 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
· 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)
· Note: Other solutions are not precluded
· 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



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.

0. UE memory in Rel-17 UL Tx switching
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 1, 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 2, 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 3, 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.
· The use of UE memory does not differentiate band type and has no difference among FDD, TDD and SUL bands.

Figure 1 UE memory to store essential baseband and RF information for UL transmissions in Rel-17.

Figure 2 Exclusive use of UE memory in Rel-17.
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Figure 3 The flushing and 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]
Figure 4 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.

0. Potential mechanisms to reduce UE memory in Rel-18
In this section, assuming that UE memory is an identified big issue to address, it is discussed how to maintain the similar UE memory size as Rel-17 UEs. In other words, 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 5, 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 5. 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 5, 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.
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Figure 5 The case that 2 units of memory are shared among three bands.
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Figure 6 The memory sharing case with transmission gap for Option 2.
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. As shown in Figure 6, 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 7, if the scheduled transmissions are concurrent transmissions on  band A&B, followed by solo transmission on band B, followed by solo transmission on band C, followed by concurrent transmissions on band C&D, 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.
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Figure 7 The memory sharing case with no transmission gap for Option 2.
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 then reload it with the new information for band C after the transmissions on band A&B are completed. 
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 1: 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 2: 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 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. 

Comparison of different mechanisms for UL Tx switching 
Proper performance should be guaranteed when reducing UE complexity. In this section, performance evaluations of different mechanisms for UL Tx switching are discussed.

Performance analysis of Alt 1 and Alt 2
The mechanisms of Alt 2 are two stage switching where the 1st stage switching is between band groups of two bands, and the 2nd stage switching is within the band group of two bands which is same as UL Tx switching between 2 bands in Rel-17. Obviously, Alt 2 has following drawbacks,
· Extra long UL interruption: The 1st stage switching is between band groups of two bands and causes much longer switching interruption than 2nd stage switching. 
· Higher package loss rate: Extra interruption to HARQ retransmission on the switch-from band group by the 1st stage switching, resulting in higher package loss rate.
· Less scheduling flexibility: Due to two stage switching, Alt 2 has less scheduling flexibility.
As shown in Figure 8, the switching interruption of 1st stage switching is much longer than 2nd stage switching because all UE memory are flushed and reloaded at the same time required by the 1st stage switching for the new group of bands and there is only RF switching during 2nd stage switching interruption. Moreover, the HARQ retransmission on band B or band A is prevented after the 1st stage switching in Alt 2. Therefore, there is extra interruption to HARQ retransmission on the switch-from band group by the 1st stage switching, which results in high package loss rate in Alt 2. 
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Figure 8 The UL Tx switching for Alt 1 and Alt 2 in 4-bands scenario
Observation 4: Alt 2 has worse performance than Alt 1 due to longer UL interruption and more scheduling restrictions.

Performance evaluations
Obviously, the performance of UL Tx switching among 3 or 4 bands may decrease as the UE complexity decreases. Moreover, as discussed in our companion contribution of RAN4 [2], for Option 1, the switching period in Rel-18 is the same as Rel-17 because of the same number of bands involved in all UL Tx switching as Rel-17. In this section, the performance evaluations of Alt 1 and Alt 3 are provided considering the UE complexity reduction and potential longer switching periods.
There are performance evaluations of Option 1 in the 4-bands scenario. From the system perspective, four bands are deployed for uplink access, i.e., 4.9G, 2.6G, 2.1G, and 700M. We assume that each cell has multiple 2Tx UEs. As shown in Figure 9, three schemes are considered as follow.
· Baseline: Rel-17 UL 2Tx switching between 2 bands, where each Rel-17 2Tx UE can only be configured with 2 uplink bands. All UEs in the system are randomly and semi-statically divided into two groups. More specifically, some UEs are grouped as group I that have access to 4.9G and 700M, while the rest of UEs are grouped as group II that have access to 2.6G and 2.1G. 
· Alt 1: Rel-18 UL 2Tx switching among 4 bands, where each Rel-18 2Tx UE is configured with 4 uplink bands. Each UE can dynamically select the best carrier(s) from the configured 4 bands. 
· Alt 3: Rel-18 UL 2Tx switching among 4 bands, where each Rel-18 2Tx UE is configured with 4 uplink bands. Each UE has an anchor band, 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. Although all configured bands can be used as an anchor band, TDD band as anchor band has larger loss than FDD/SUL band because the uplink slots on TDD bands are limited. Therefore, to evaluate the upper bound performance of Alt 3, we assume that FDD/SUL band is the anchor band in simulation. Since there are two FDD bands, i.e., 2.1G and 700M, all UEs in the system are randomly divided into two groups. More specifically, some UEs are grouped as group I whose anchor band is 2.1G, while the rest of UEs are group as group II whose anchor band is 700M. 
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Figure 9 Band configuration of UEs for 4-bands scenario
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Figure 10 The example that memory sharing in Alt 3
Especially, the mechanisms of UE memory sharing as discussed in the section 2.2 are applied to the Alt 1. For Alt 3, as discussed in [3], the motivation of defining an anchor band for Option 1 is to reduce UE memory. In another word, the size of UE memory is limited and memory sharing is also needed in Alt 3. For example, as shown in Figure 10, the anchor band is band B, when 2nd UL Tx switching from band B to band C is triggered, 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 2nd UL Tx switching. Therefore, the mechanisms of UE memory sharing are also needed for the Alt 3.
For a fair comparison, in the Baseline, the proportion of UEs in one group to the total UEs equals the proportion of available uplink resources for the group to the total available uplink resources. In the Alt 3, there are half of the total UEs in each group. Single TAG is assumed in the simulation, and more detailed evaluation assumptions are provided in Appendix.
The simulation parameters of UE preparation procedure time, switching period and time interval of two continuous switching are shown in Table 1. Since memory sharing is applied to Alt 1 and Alt 3, the UE preparation procedure time is 1.5ms in Alt 1 and Alt 3 which is longer than 1ms in Baseline and time interval of two successive switching is 1ms in Alt 1 and Alt 3 which is longer than 0.5ms in Baseline. The switching periods of 140us and 210us in Alt 1 and Alt 3 are also provided in order to evaluate the effect of longer switching period. 
[bookmark: _Ref100773885]Table 1 The simulation parameters of three schemes
	
	Baseline
	Alt 1
	Alt 3

	UE preparation procedure time
	1ms
	1.5ms
	1.5ms

	Switching period
	35us
	35us、140us、210us
	35us、140us、210us

	Time interval of two successive switching
	0.5ms
	1ms
	1ms


As shown in Figure 11, the uplink average user-perceived throughput (UPT) at different packet arrival rate is plotted for the considered three schemes. It can be found that Alt 1 obtains up to 44.8% uplink average UPT gain compared with Baseline although Alt 1 has longer UE preparation procedure time and longer time interval of two successive switching. Moreover, Alt 1 also can obtain up to 28.9% uplink average UPT gain compared with Baseline when considering longer switching period. Compared with Alt 3, Alt 1 obtains up to 8.5%, 12% and 14.2% uplink average UPT gain at 35u, 140us and 210us switching period, respectively. The reason is that there are more switching restrictions in Alt 3.
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Figure 11 Simulation results for 4-bands scenario
Observation 5: Even with additional scheduling restriction required by UE memory reduction, i.e. longer UE preparation time and time interval of two successive UL Tx switching, Alt 1 can bring average UPT gain up to ~45% compared with Baseline with different switching periods.
Observation 6: Alt 3 has worse performance than Alt 1 due to scheduling restrictions.

The summary of different mechanisms in Rel-18
From the analysis above, it can be found that UE complexity of Alt 1, Alt 2 and Alt 3 with UE memory sharing is the same and Alt 1 has better performance because of less switching restrictions. The comparison of different mechanisms is summarized in Table 2.
Table 2 The comparison of different mechanisms
	Mechanisms
	Dynamic UL Tx switching across 2 bands in Rel-17
	Alt 1
	Alt 2
	Alt 3

	UE complexity
	Low
	Medium with UE memory sharing
	Medium with UE memory sharing
	Medium with UE memory sharing

	Performance
	Worst
	Best
	Worse
	Medium


Observation 7: Alt 1 is always the best in term of performance irrespective of UE memory sharing. Alt 1 with UE memory sharing is the best in term of both UE complexity and performance.
Proposal 3: For dynamic UL Tx switching across 3 or 4 bands, Alt 1 is adopted, i.e., an UL Tx switching can occur between any supported switching cases and is triggered by a UL grant or RRC-configured UL transmissions.

Conclusion
According to the above discussions, we have 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.
Observation 4: Alt 2 has worse performance than Alt 1 due to longer UL interruption and more scheduling restrictions.
Observation 5: Even with additional scheduling restriction required by UE memory reduction, i.e. longer UE preparation time and time interval of two successive UL Tx switching, Alt 1 can bring average UPT gain up to ~45% compared with Baseline with different switching periods.
Observation 6: Alt 3 has worse performance than Alt 1 due to scheduling restrictions.
Observation 7: Alt 1 is always the best in term of performance irrespective of UE memory sharing. Alt 1 with UE memory sharing is the best in term of both UE complexity and performance.
Proposal 1: 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 2: 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 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 3: For dynamic UL Tx switching across 3 or 4 bands, Alt 1 is adopted, i.e., an UL Tx switching can occur between any supported switching cases and is triggered by a UL grant or RRC-configured UL transmissions.
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Appendix 
	Simulation assumptions for the 4-bands scenario

	Frequency
	4.9G
	2.6G
	2.1G
	700M

	Bandwidth
	100MHz
	160MHz
	50MHz
	30MHz

	DL:UL
	7:3
	8:2
	/
	/

	BS antenna
	64T64R
	64T64R
	32R
	4T4R

	Subcarrier spacing
	30KHz
	30KHz
	15KHz
	15kHz

	Deployment
	3GPP Urban Macro, 21cells

	UE number
	20 UEs per cell

	ISD
	500 m

	UE power
	23 dBm

	Traffic model
	FTP model 3, 1 Mbyte, 4 or 6 packet/s
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