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In RAN#94-e meeting, a new work item on Multi-carrier enhancements was approved for Rel-18 and revised in RAN#97-e meeting [1]. One of the objectives of this WI is to study and if necessary support UL Tx switching schemes across up to 3 or 4 bands with restriction of up to 2 Tx simultaneous transmission for FR1 UEs. 
In this contribution, our analyses and views on the Rel-18 UL Tx switching are provided, including details of mechanism of Rel-18 UL TX switching and potential complexity reduction. 
Mechanism for Rel-18 UL Tx switching
Switched UL and Dual UL
In RAN1#96 meeting, the following agreements were reached.
	Agreements:
RAN provides following guidance to RAN1/2/4.
· If Rel-18 UL Tx switching is supported, 
· RAN1/2/4 shall focus on defining necessary mechanisms and requirements for UL Tx switching across 3 or 4 different bands in 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
· Further check additional scenarios in 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



According to this guidance from RAN plenary, both switched UL and dual UL need to be considered in RAN1 discussion. Thus, we propose to have the following proposal.
Proposal 1: If Rel-18 UL Tx switching is supported, both inter-band CA Option 1 (switchedUL) and inter-band CA Option 2 (dualUL) are supported.
Determination of switching gap
A switching gap is needed for UE to perform Tx switching. In Rel-16/17, the switching gap  is the same as switching period indicated by UE capability (uplinkTxSwitchingPeriod2T2T if uplinkTxSwitching-2T-Mode is configured, and uplinkTxSwitchingPeriod otherwise). However, for Rel-18 UL Tx switching among 3/4 bands, per the requests from UE vendors, UE may require switching gap that is larger than the switching period indicated by the UE, e.g., double of the switching period. In this section, we discuss how to determine the switching gap and the length of switching gap for R18 UL Tx switching.
Based on the following RAN4 agreement as indicated in RAN4 LS R4-2214464, the length of switching period is applied per band pair for each band combination. 
	Agreement:
On the length of switching period:
· For UL switching period with Tx switching across 3 or 4 bands, RAN4 agreed to reuse the same set of values as in Rel-16/17, i.e., {35 us, 140 us, 210 us} for UL CA and SUL.
· The length of switching period is applied per band pair for each band combination. 
· For each band pair, the switching period can be the same or different for 1Tx-2Tx switching and 2Tx-2Tx switching based on UE reporting, which is similar as in Rel-17.
· Note: For UE reporting different periods for 1Tx-2Tx switching and 2Tx-2Tx switching for a band pair, similar to Rel-17, it is RAN4 understanding that the 2Tx-2Tx switching period is applied when 2Tx-2Tx switching mode is configured.
· For the same band pair, RAN4 has not concluded on whether the same or a different value can be reported for the specific band pair supporting Tx switching across 3 or 4 bands in Rel-18 compared to Tx switching across 2 bands specified in Rel-16/17.


In Rel-18 UL Tx switching, there could be up to 3 or 4 bands involved. In case of 3-band case (e.g., band combination A+B+C), there will be up to 3 band pairs, i.e., A+B, A+C and B+C. In case of 4-band case (e.g., band combination A+B+C+D), there will be up to 6 band pairs, i.e., A+B, A+C, A+D, B+C, B+D and C+D. UE may report different switching periods for different band pairs. It is not clear how to determine the switching gap for different switching cases, e.g., whether the switching gap is the same as switching period. Take the 4-band case as an example. There are 5 different cases as below. 
	Case
	Switching cases

	1
	Band A  Band B
UE is switched from {1-port/2-port transmission on band A} to {1-port/2-port transmission on band B}.

	2
	Band A  Band B + Band C
UE is switched from {1-port/2-port transmission on band A} to {1-port transmission on band B and 1-port transmission on band C}.

	3
	Band A + Band B  Band C
UE is switched from {1-port transmission on band A and 1-port transmission on band B} to {1-port/2-port transmission on band C}.

	4
	Band A + Band B  Band A + Band C
UE is switched from {1-port transmission on band A and 1-port transmission on band B} to {1-port transmission on band A and 1-port transmission on band C}.

	5
	Band A + Band B  Band C + Band D
UE is switched from {1-port transmission on band A and 1-port transmission on band B} to {1-port transmission on band C and 1-port transmission on band D}.


Let’s take Case 5 as an example, if UE is switched from {1-port transmission on band A and 1-port transmission on band B} to {1-port transmission on band C and 1-port transmission on band D}, it is not clear which switching period(s) should be applied if UE reports different switching periods for different band pairs (e.g., 35 us for band pair A+B, 140 us for band pair A+C and 210 us for band pair C+D). 
Proposal 2: RAN1 discusses how to determine the switching gap for each of the following switching cases considering different switching periods may be reported for different band pairs.
	Case
	Switching cases

	1
	Band A  Band B
UE is switched from 1-port/2-port transmission on band A to 1-port/2-port transmission on band B.

	2
	Band A  Band B + Band C
UE is switched from 1-port/2-port transmission on band A to 1-port transmission on band B and 1-port transmission on band C.

	3
	Band A + Band B  Band C
UE is switched from 1-port transmission on band A and 1-port transmission on band B to 1-port/2-port transmission on band C.

	4
	Band A + Band B  Band A + Band C
UE is switched from 1-port transmission on band A and 1-port transmission on band B to 1-port transmission on band A and 1-port transmission on band C.

	5
	Band A + Band B  Band C + Band D
UE is switched from 1-port transmission on band A and 1-port transmission on band B to 1-port transmission on band C and 1-port transmission on band D.


Since the switching period is reported per band pair and the UL Tx switching may involve multiple band pairs, UE has to determine the switching gap for each switching case based on which switching period(s). In other words, UE has to determine the band pair for each switching case first since the switching period is associated with each band pair. Basically, the following method can be applied to determine the band pair and then determine the switching gap.
Method: The band before Tx switching and the band after Tx switching for each Tx is considered as a band pair
For SUL/CA option 1, regardless of 1Tx-2Tx switching or 2Tx-2Tx switching, the band before switching and after switching can be regarded as a band pair and the switching gap is the same as the switching period for this band pair. 
Take Figure 1 with 3 bands involved in the switching as an example to further clarify this issue. UE is switched from {1-port transmission on band A and 1-port transmission on band B} to {2-port transmission on band C}. Because each Tx can be switched independently, 
· Step 1: the switching time of the 1st Tx switched between band A and band C (Tswitch_period_1) can be derived as the switching period of band pair A+C 
· Step 2: the switching time of the 2nd Tx switched between band B and band C (Tswitch_period_2) can be derived as the switching period of band pair B+C. 
· Step 3: then the switching gap for this case (Tgap) be determined as a function of the switching period of band pair A+C and the switching period of band pair B+C. 
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Figure 1: 1P on band A+1P on band B -> 2P on band C

There may be mainly two different options to determine switching gap (Tgap) in the above Step 3:
· If UE is able to switch the 1st Tx and 2nd Tx independently, Tgap = max { Tswitch_period_1, Tswitch_period_2}
· If UE is not able switch the 1st Tx and 2nd Tx independently, Tgap =  Tswitch_period_1 + Tswitch_period_2
Based on our understanding, the 1st Tx and the 2nd Tx can be switched independently. In other words, these two Tx can be switched simultaneously. At least in Rel-16/17, it is reasonable to assume that these two Tx can be switched simultaneously. This should be the baseline for discussion of Rel-18 UL Tx switching.
Proposal 3: In order to derive the switching gap (Tgap) for different switching cases, consider the following method.
· The band before Tx switching and the band after Tx switching for each Tx is considered as a band pair.
· If UE is able to switch the 1st Tx and 2nd Tx independently, Tgap = max { Tswitch_period_1, Tswitch_period_2}
· If UE is not able switch the 1st Tx and 2nd Tx independently, Tgap =  Tswitch_period_1 + Tswitch_period_2
· Tswitch_period_1 and Tswitch_period_2 are the switching period for band pair for the 1st Tx and 2nd Tx, respectively.

Without indicating the band pair explicitly, network and UE may have different understandings on UE’s antenna switching and thus network is not possible to derive the correct switching gap for each switching. Take the following switching as an example.
	Time instance
	Time instance#1
	Time instance#2
	Time instance#3

	UL transmission
	Band A + Band B
	UE switches from Band A + Band B to Band C (1-port transmission)
	UE switches from Band C (1-port transmission) to Band D (1-port transmission)

	Note
	
	UE has the following two possible options:
· Opt.1: UE switches the Tx on Band A to Band C;
· Opt.2: UE switches the Tx on Band B to Band C;
Different UEs may apply different options above for different band pair. Network is NOT able to figure out the exact option above.

Network is not able to figure out the exact switching opt the UE adopted. Without this information, network has to assume the maximum switching period for all the potential opts above.
	Since network is not able to derive the switching options in Time insteance#2, there may be the following potential switching options:
· Opt.A: UE switches the Tx on Band C to Band D;
· Opt.B: UE switches the Tx on Band A to Band D if Opt.2 in time instance#2 is adopted;
· Opt.C: UE switches the Tx on Band B to Band D if Opt.1 in time instance#2 is adopted;

Network is not able to figure out the exact switching opt the UE adopted. Without this information, network has to assume the maximum switching period for all the potential opts above.



As we analysed in the above table, different UEs may apply different Tx switching options for different band pairs. For example, for the same Tx switching from Band A + Band B to Band C (1-port transmission), UE1 may implement it as switching the Tx on Band A to Band C, while UE2 may implement it as switching Tx on Band B to Band C. Different switching corresponds to different switching periods. Network is not able to figure out the exact switching opt the UE adopted. Without this information, network has to assume the maximum switching period for all the potential opts above.
After one or two switching, the number of potential switching options will further increase. Similarly, network is not able to figure out the exact switching opt the UE adopted. Without this information, network has to assume the maximum switching period for all the potential opts. In this case, even UE reports it switching period per band pair, network can’t enjoy the benefits of switching period reported per band pair. Instead, network has to always assume the maximum switching period.
Observation 1: Network is not able to figure out the exact switching opt the UE adopted. Without this information, network has to assume the maximum switching period for all the potential opts, which will negate the potential gain of per-band-pair reported switching period.
· Different UEs may apply different Tx switching options for different band pairs. For example, for the same Tx switching from Band A + Band B to Band C (1-port transmission), UE1 may implement it as switching the Tx on Band A to Band C, while UE2 may implement it as switching Tx on Band B to Band C.

[bookmark: _GoBack]Proposal 4: For Rel-18 UL Tx switching, network indicates the band pair for UE in order to enjoy the gain of per-band-pair reported switching period.
Complexity analysis
For the Rel-18 UL Tx switching, three alternatives agreed in RAN1#109-e meeting and Alt.1 is considered as baseline combined with one or more complexity reduction options for the Rel-18 UL Tx switching across 3 or 4 bands in RAN1#110 meeting [3-4]. 
	RAN1#109-e 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#110 Working Assumption
· If Rel-18 UL Tx switching is supported, following switching mechanism is considered as baseline for the Rel-18 UL Tx switching across 3 or 4 bands
· 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 dynamic grant and/or RRC configuration for UL transmission
· RAN1 will support one or more of following complexity reduction options, considering at least the potential additional preparation time, additional interruption time, and RF complexity for certain switching cases/patterns, if Rel-18 UL Tx switching is supported based on Alt.1, and companies are encouraged to investigate options with striving for down-selection at RAN1#110bis-e.
· Option 1: UE is allowed to support only some of concurrent UL cases (band pairs)
· FFS: at least one band pair should be supported as in Rel-17
· FFS: for both 3 and 4 bands cases or only for 4 bands case
· FFS: potential capability/RRC signaling
· Option 2: UE is allowed to support 2 ports transmission only on some of bands out of configured bands for UL Tx switching
· FFS: at least two bands should support up to 2 Tx as in Rel-17
· FFS: for both 3 and 4 bands cases or only for 4 bands case
· FFS: for both switched UL and dual UL cases or only for dual UL case
· FFS: whether/how to reuse or extend existing capability/RRC signaling
· Option 3: UE is allowed with more preparation procedure time (or interruption time) only for some specific switching cases/patterns
· FFS: specific switching cases/patterns where more preparation procedure time (or interruption time) is necessary, e.g., switching patterns not existed in Rel-17
· FFS: how long preparation procedure time and/or interruption time is necessary, and whether RAN4 involvement is necessary
· FFS: whether/how to report/indicate the specific switching cases/patterns and/or value(s) of preparation procedure time (or interruption time)
· FFS: what is the definition of preparation procedure time or interruption time, including whether interruption happens during the preparation procedure time and whether it includes switching period
· FFS: whether/how long minimum interval between two succeeding UL Tx switching is necessary
· Option 4: UE is allowed to support only some of band pairs for tx switching
· FFS: at least one band pair should be supported as in Rel-17
· FFS: for both 3 and 4 bands cases or only for 4 bands case
· FFS: for switched UL and/or dual UL 
· FFS: potential capability/RRC signaling
· Other options are not precluded




Complexity reduction Option2
First of all, the complexity reduction Option2 is the most fundamental one and should be prioritized. UE is allowed to report the supported port for each band with the existing specification. Allowing reporting the supported port for each band is common to both switched UL and dual UL, and also common to both 3-band case and 4-band case. 
The critical issue here is whether to restrict that UE should at least report 2 ports for 2 bands for Rel-18 UL Tx switching within 3/4 bands. From our perspective, Rel-17 has already supported 2-port transmission on both bands for UL Tx switching. To fully enjoy the gain of UL Tx switching within 3/4 bands, it is reasonable to restrict that at least two bands should support up to 2 Tx. Thus, we have the following proposal.
Proposal 5: Regarding the complexity reduction for Rel-18 UL Tx switching, prioritize Option 2 (UE is allowed to support 2 ports transmission only on some of bands out of configured bands for UL Tx switching).
· At least two bands should support up to 2 Tx
· It is applied to both switched UL and dual UL.
· It is applied to both 3-band case and 4-band case.

Complexity reduction Option 1 vs Complexity reduction Option 4
In Rel-16/17, the UE can only be configured by either switchedUL or dualUL per band combination. In other words, band pairs within the band combination cannot support mixed CA options. However, if complexity reduction Option 1 is adopted, a band combination with mixed switched UL and dual UL will be introduced. Complexity reduction Option 4 can avoid mixing switchedUL and dualUL for the same band combination.
Let’s take the following example to explain the difference between complexity reduction Option1 and complexity reduction Option 4. Assuming that UE is supported to transmit concurrent UL transmissions on band pair A+B and on band pair A+C, but doesn’t support concurrent UL transmissions on band pair B+C. For complexity reduction Option1, the switchedUL/dualUL indication has to be reported per band pair, which is not aligned with the legacy Rel-16/17 design. While for complexity reduction Option4, UE can achieve the same reporting flexibility as complexity reduction Option 1 by indicating different band pairs for switchedUL and dualUL. Meanwhile, the switchedUL/dualUL indication remains as per BC (band combination) report.
Note that, complexity reduction Option 4 can already be supported by current report information ‘supportedBandPairListNR’ within ‘BandCombination-UplinkTxSwitch’ in Rel-16/17.
	Complexity reduction Option1
	Report band combination: A+B+C
Report supported band pairs and switched/dual UL: 
A+B (switched UL, dual UL), 
A+C (switched UL, dual UL), 
B+C (switched UL)

	Complexity reduction Option4
	Report band combination: A+B+C
Switched/dual UL: Switched UL
Report supported band pairs: A+B, A+C, B+C

Report band combination: A+B+C
Switched/dual UL: Dual UL
Report supported band pairs: A+B, A+C


During the discussion in RAN#97-e plenary, companies commented that “the UE can report switchedUL for band combination {A, B} and dualUL for band combination {C, D}. For Rel-18 Tx switching, the UE should be able report TX switching between the 4 bands (A, B, C & D) with the switchedUL option for {A, B} band combination and dualUL for {C, D} band combination.” It should be clarified that the understanding is incorrect because the band combination {A, B, C & D} shall be used as a band combination for Rel-18 Tx switching (i.e., as a single BandCombination-UplinkTxSwitch-r18 included in the BandCombinationList-UplinkTxSwitch-r18) and only one CA option can be configured for the band combination, wherein switching period will be independently reported for each band pair i.e. band pair A+B, band pair C+D and etc. 
Also considering the spec impact, mixing switchedUL and dualUL is a new Tx switching scenario and would require additional spec efforts. For example, if switchedUL and dualUL are configured for band pair A+B and C+D, respectively, spec efforts are needed for whether/how to allow this kind of Tx switching together option switching, e.g., whether it is allowed for UE to switch the 2 Tx simultaneously in this case. Since there was no mixed mode in Rel-16/17 Tx switching, it is expected additional spec impacts will appear if such new scenario is allowed. Considering the limited TU, we suggest to focus on the supported Tx switching scenarios only.
Observation 2: For complexity reduction Option 4, UE can achieve the same reporting flexibility as complexity reduction Option 1 by indicating different band pairs for switchedUL and dualUL. Meanwhile, the switchedUL/dual UL indication remains as per BC (band combination) report.
Proposal 6: If one of complexity reduction Option 1 and complexity reduction Option 4 is to be adopted, then Option 4 is supported.

Complexity reduction Option3
During RAN1#110 meeting, UE memory sharing was discussed. Some companies argued that the UE memory depends on the number of bands or the number of band pairs. However, from our perspective, UE memory is not directly related to the number of band or number of band pairs.
There is a large number of bands in current NR system, and frequency range of each band varies a lot, i.e. 50MHz to 500MHz for typical FDD/TDD bands shown in Table 1. Meanwhile, UE may support different bandwidth for each band, thus UE memory is directly related to the supported bandwidth of each band. As a result, it seems not accurate that UE memory depends on the number of bands.
Table 1: NR operating bands in FR1
	NR operating band
	Uplink (UL) operating band
BS receive / UE transmit
FUL_low   –  FUL_high
	Downlink (DL) operating band
BS transmit / UE receive
FDL_low   –  FDL_high
	Duplex Mode
	Frequency range

	n1
	1920 MHz – 1980 MHz
	2110 MHz – 2170 MHz
	FDD
	2*60MHz

	n3
	1710 MHz – 1785 MHz
	1805 MHz – 1880 MHz
	FDD
	2*75MHz

	n5
	824 MHz – 849 MHz
	869 MHz – 894 MHz
	FDD
	2*25MHz

	n7
	2500 MHz – 2570 MHz
	2620 MHz – 2690 MHz
	FDD
	2*70MHz

	n41
	2496 MHz – 2690 MHz
	2496 MHz – 2690 MHz
	TDD
	194MHz

	n78
	3300 MHz – 3800 MHz
	3300 MHz – 3800 MHz
	TDD
	500MHz


Further considering the following two scenarios, UE memory for 3-band cases in Rel-18 is similar for the 2-band cases in Rel-17. More preparation procedure time or more interruption time is not needed for the 3-band cases even if the memory is not increased. As a result, UE memory depends on a threshold of supported bandwidth regardless of the number of bands. With this understanding, more preparation procedure time or more interruption time may be needed if the memory of a band combination including 3 or 4 bands is larger than a bandwidth threshold. Since Tx switching is done dynamically, frequent memory sharing operation e.g. flushing is needed to catch up with Tx switching, which is not realistic in most of the cases.  It is not reasonable to assume long preparation/interruption time. Otherwise, it would seriously impact the performance.  The proponents should show that there is still performance gain (compared to 2 bands cases in Rel-16/17 Tx switching) if such extra delay is introduced.  Meanwhile, it should be allowed to support the implementation without extra preparation procedure or interruption time.      Considering the memory threshold of different UE vendors may be different, a simple way is to allow UE to report whether more preparation procedure time or more interruption time is needed per BC. 
	Scenario 1: similar memory requirement for the following two cases 
Case 1: three carriers in Rel-17 band A (carrier 1) + band B (carrier 2 + carrier 3), i.e. n78A+n7B.
Case 2: three carriers in Rel-18 band A (carrier 1) + band B (carrier 2) + band C (carrier 3), i.e. n1A+n3A+n41A.
	Scenario 2: similar memory requirement for the following two cases
Case 1: two carriers in Rel-17 band A (carrier 1) + band B (carrier 2), i.e. n1A+n78A.
Case 2: three carriers in Rel-18 band A (carrier 1) + band B (carrier 2) + band C (carrier 3), i.e. n1A+n3A+n41A.
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The potential performance impact about the longer preparation procedure time or interruption time also needs to be identified, especially for the interruption time. From our time, the additional interruption time should be avoided as much as possible.
Proposal 7: Study potential performance impact if more preparation procedure time or more interruption time is introduced. If it is introduced, UE supports per BC report on whether/how much more preparation procedure time or more interruption time is needed.

Detailed mechanism of Rel-18 UL Tx switching
Switching configurations
· UL Tx Switching for 3 bands
Similar as Rel-16/17, under Alt.1, we should first identify the possible switching configurations that should be supported in Rel-18 for UL Tx switching among 3 or 4 bands. Take 3 bands as an example, the following cases listed in Table 2 should be considered.
Table 2 Cases for UL Tx switching with 3 bands
	
	Number of Tx Chains
(Band A + Band B + Band C)

	Case 1-1
	1T+1T+0T

	Case 1-2
	0T+1T+1T

	Case 1-3
	1T+0T+1T

	Case 2-1
	2T+0T+0T

	Case 2-2
	0T+2T+0T

	Case 2-3
	0T+0T+2T



Following the design principle of Rel-17, many switching configurations should be considered under different combinations of (number of Tx per band, number of carriers per band). Figure 2 illustrates the possible switching configurations when taking different combinations into account. 
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Figure 2 Possible switching configurations for UL Tx Switching with 3 bands

· UL Tx Switching for 4 bands
Similar to the analysis for 3 bands, the switching configurations for 4 bands will be more complex. First of all, the following cases listed in Table 3 should be considered.
Table 3: Cases for UL Tx switching with 4 bands
	
	Number of Tx Chains
(Band A + Band B + Band C+Band D)

	Case 1-1
	1T+1T+0T+0T

	Case 1-2
	0T+1T+1T+0T

	Case 1-3
	0T+0T+1T+1T

	Case 1-4
	1T+0T+0T+1T

	Case 1-5
	1T+0T+1T+0T

	Case 1-6
	0T+1T+0T+1T

	Case 2-1
	2T+0T+0T+0T

	Case 2-2
	0T+2T+0T+0T

	Case 2-3
	0T+0T+2T+0T

	Case 2-4
	0T+0T+0T+2T


 
And possible switching configurations as shown in Figure 3 may need to be considered for UL Tx switching for 4 bands. Note that not all possible switching configurations are listed in Figure 3.
Since potential complexity reduction Option 2 can be achieved by existing specification, 2Tx can be supported on one or more of the 3 or 4 bands by UE implementation. Meanwhile, intra-band two contiguous aggregated carriers within one non-SUL band out of 3 or 4 bands had been agreed in RAN#96, the number of carriers per band can be up to 2 for NUL band and up to 1 for SUL band. Then whether one or more non-SUL bands can be configured with intra-band two contiguous aggregated carriers should be also determined.
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Figure 3 Possible switching configurations for UL Tx Switching with 4 bands
Mapping of Tx chains and antenna ports
For different switching configurations, the mapping of Tx chains and antenna ports may be different. We may need to define the mapping case by case. 
Take CA with Option 2 (dualUL) under 3 bands with 2Tx-2Tx-2Tx chain configuration with one carrier per band as an example, the mapping of Tx chains and antenna ports may be defined as Table 4.
Table 4 Mapping of Tx chains and antenna ports for UL Tx Switching with 3 bands for dualUL
	
	Number of Tx Chains
(Band A + Band B + Band C)
	Number of antenna ports for UL transmission
Band A(Carrier 1)+Band B(Carrier 2)+Band C(Carrier 3)

	Case 1-1
	1T+1T+0T
	1P+0P+0P, 1P+1P+0P, 0P+1P+0P

	Case 1-2
	0T+1T+1T
	0P+1P+0P, 0P+1P+1P, 0P+0P+1P

	Case 1-3
	1T+0T+1T
	1P+0P+0P, 1P+0P+1P, 0P+0P+1P

	Case 2-1
	2T+0T+0T
	2P+0P+0P, 1P+0P+0P

	Case 2-2
	0T+2T+0T
	0P+2P+0P, 0P+1P+0P

	Case 2-3
	0T+0T+2T
	0P+0P+2P, 0P+0P+1P



Although the mapping of Tx chains and antenna ports should be defined case by case, the UE behavior defined in Rel-16/17 can be reused for most of the switching cases, except the switching among Case 1-x (x=1,2,3). For example, as listed in Table 4, when the UE is to transmit a 1-port transmission on Carrier 3 on band C, and if the preceding transmission was a 1-port transmission on Carrier 1 and/or a 1-port transmission on Carrier 2 and the UE was under the operation state of Case 1-1, then a switching gap is required. The new switching cases can be listed as following.
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 2-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band A or B + 1-port transmission on carrier/band C
Take CA with Option 2 (dualUL) under 4 bands with 2Tx-2Tx-2Tx-2Tx chain configuration with one carrier per band as an example, the mapping of Tx chains and antenna ports may be defined as Table 5.
Table 5 Mapping of Tx chains and antenna ports for UL Tx Switching with 4 bands for dualUL
	
	Number of Tx Chains
(Band A + Band B + Band C+Band D)
	Number of antenna ports for UL transmission
Band A(Carrier 1)+Band B(Carrier 2)+Band C(Carrier 3) +Band D (Carrier 4)

	Case 1-1
	1T+1T+0T+0T
	1P+0P+0P+0P, 1P+1P+0P+0P, 0P+1P+0P+0P

	Case 1-2
	0T+1T+1T+0T
	0P+1P+0P+0P, 0P+1P+1P+0P, 0P+0P+1P+0P

	Case 1-3
	0T+0T+1T+1T
	0P+0P+1P+0P, 0P+0P+1P+1P, 0P+0P+0P+1P

	Case 1-4
	1T+0T+0T+1T
	1P+0P+0P+0P, 1P+0P+0P+1P, 0P+0P+0P+1P

	Case 1-5
	1T+0T+1T+0T
	1P+0P+0P+0P, 1P+0P+1P+0P, 0P+0P+1P+0P

	Case 1-6
	0T+1T+0T+1T
	0P+1P+0P+0P, 0P+1P+0P+1P, 0P+0P+0P+1P

	Case 2-1
	2T+0T+0T+0T
	2P+0P+0P+0P, 1P+0P+0P+0P

	Case 2-2
	0T+2T+0T+0T
	0P+2P+0P+0P, 0P+1P+0P+0P

	Case 2-3
	0T+0T+2T+0T
	0P+0P+2P+0P, 0P+0P+1P+0P

	Case 2-4
	0T+0T+0T+2T
	0P+0P+0P+2P, 0P+0P+0P+1P


Similar to 3 bands, new switching case should also be introduced for 4 bands when 1-port transmission is triggered on a carrier on a band and the preceding transmission was 1-port transmission on at least one of the other two carriers on the corresponding other two bands and the UE was under the operation state in which 2-port transmission cannot be supported on the same uplink carrier, i.e., the switching among Case 1-x, where x = 1,2,3,4,5,6. Besides the new switching cases listed for 3 bands, additional new example is when the UE is triggered for 1-port transmission on Carrier 3 and 1-port transmission on Carrier 4 and the UE was under the operation state of Case 1-1. The new switching cases can be listed as following.
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band C + 1-port transmission on carrier/band D
Proposal 8: Adopt the following two tables for Rel-18 UL Tx switching as baseline.
	
	Number of Tx Chains
(Band A + Band B + Band C)
	Number of antenna ports for UL transmission
Band A(Carrier 1)+Band B(Carrier 2)+Band C(Carrier 3)

	Case 1-1
	1T+1T+0T
	1P+0P+0P, 1P+1P+0P, 0P+1P+0P

	Case 1-2
	0T+1T+1T
	0P+1P+0P, 0P+1P+1P, 0P+0P+1P

	Case 1-3
	1T+0T+1T
	1P+0P+0P, 1P+0P+1P, 0P+0P+1P

	Case 2-1
	2T+0T+0T
	2P+0P+0P, 1P+0P+0P

	Case 2-2
	0T+2T+0T
	0P+2P+0P, 0P+1P+0P

	Case 2-3
	0T+0T+2T
	0P+0P+2P, 0P+0P+1P



	
	Number of Tx Chains
(Band A + Band B + Band C+Band D)
	Number of antenna ports for UL transmission
Band A(Carrier 1)+Band B(Carrier 2)+Band C(Carrier 3) +Band D (Carrier 4)

	Case 1-1
	1T+1T+0T+0T
	1P+0P+0P+0P, 1P+1P+0P+0P, 0P+1P+0P+0P

	Case 1-2
	0T+1T+1T+0T
	0P+1P+0P+0P, 0P+1P+1P+0P, 0P+0P+1P+0P

	Case 1-3
	0T+0T+1T+1T
	0P+0P+1P+0P, 0P+0P+1P+1P, 0P+0P+0P+1P

	Case 1-4
	1T+0T+0T+1T
	1P+0P+0P+0P, 1P+0P+0P+1P, 0P+0P+0P+1P

	Case 1-5
	1T+0T+1T+0T
	1P+0P+0P+0P, 1P+0P+1P+0P, 0P+0P+1P+0P

	Case 1-6
	0T+1T+0T+1T
	0P+1P+0P+0P, 0P+1P+0P+1P, 0P+0P+0P+1P

	Case 2-1
	2T+0T+0T+0T
	2P+0P+0P+0P, 1P+0P+0P+0P

	Case 2-2
	0T+2T+0T+0T
	0P+2P+0P+0P, 0P+1P+0P+0P

	Case 2-3
	0T+0T+2T+0T
	0P+0P+2P+0P, 0P+0P+1P+0P

	Case 2-4
	0T+0T+0T+2T
	0P+0P+0P+2P, 0P+0P+0P+1P



Proposal 9: At least introduce the following new switching cases for Rel-18 UL Tx switching.
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 2-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band A or B + 1-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band C + 1-port transmission on carrier/band D

Ambiguity issue
Compared to Rel-17, the ambiguity issue in Rel-18 is more complex. As highlighted in Table 4, if UL Tx switching is triggered for 1-port transmission on Carrier 1 on Band A, (i.e. 1P+0P+0P in Table 2), the state of Tx chain to support such transmission can be in Case 1-1, Case 1-3 or Case 2-1. And the preceding transmission for such switching also includes several cases. Figure 4 shows the possible transitions for different preceding transmission. The situation may be more complex for 4 bands. As highlighted in Table 5, if UL Tx switching is triggered for 1-port transmission on Carrier 1 on Band A, (i.e. 1P+0P+0P+0P in Table 4), the state of Tx chain to support such transmission can be in Case 1-1, Case 1-4, Case 1-5 or Case 2-1. And the preceding transmission for such switching also includes several cases, such as from Case 1-2, Case 1-3, Case 1-6 or Case 2-2, Case 2-3, Case 2-4. 
[image: ]
Figure 4 Possible UL Tx switching for 1-port transmission on Carrier 1 on Band A.
In Rel-17, in case the state of Tx chains after the UL Tx switching is not unique, one of two possible state of Tx chains is configured by uplinkTxSwitching-DualUL-TxState. But as analyzed above, more candidate states of Tx chains will lead the ambiguity issue more complex. Companies commented that it can be still resolved by RRC configuration. But the new RRC parameter would comprise more candidates value for different cases. Since there is up to 6 possible state of Tx chains for the 3 bands and 10 possible state of Tx chains for the 4 bands, there could be up to 3 possible states of Tx chains for the 1-port transmission on one band for 3-band case and up to 4 possible states of Tx chains for the 1-port transmission on one band for 4-band case. As a result, 7 different RRC parameters are needed to resolve the possible ambiguity issue. To make the issue simpler, a unified method of RRC configuration is preferred for Rel-18 UL Tx switching.
Considering one of the multiple possible states of Tx chains is twoT wehere 2Tx is assumed to be supported on that carrier, other possible states of Tx chains are oneT where the other 1Tx is on other bands within 3 or 4 bands. A simple method is to reuse the two candidate values of {oneT, twoT} to indicate two different states above.
Furthermore, in case the band pair is indicated after the switching, then Value oneT indicates 1Tx is assumed to be supported on the carriers on each band of the indicated band pair, value twoT indicates 2Tx is assumed to be supported on the carrier with UL scheduling. In case the band pair is not indicated after the switching, then Value oneT indicates 1Tx is assumed to be supported on the carriers on one band with the UL transmission and another specified band, where the specified band can be the band with a lowest/highest carrier frequency among the bands other than the band with UL scheduling. Value twoT indicates 2Tx is assumed to be supported on the carrier with UL scheduling. 
Proposal 10: The legacy RRC configuration {oneT, twoT} via uplinkTxSwitching-DualUL-TxState is reused to address the ambiguity issue.
· If the band pair is indicated after the Tx switching, 
· oneT indicates 1Tx is assumed on each band of the indicated band pair;
· twoT indicates 2Tx is assumed on the carrier with UL scheduling.
· If the band pair is not indicated after the Tx switching,
· oneT indicates 1Tx is assumed on the band with UL scheduling and the band with a lowest/highest carrier frequency among the bands other than the band with UL scheduling;
· twoT indicates 2Tx is assumed on the carrier with UL scheduling.

Additional switching gaps
Another ambiguity issue is related to SUL/CA option 1. Without indicating clear band pair for the UE, Alt.1 requires unnecessary switching periods even for SUL/CA Option1.
Take Figure 5 as an example, Band C supports up to 2T while Band A/B only supports up to 1T. For SUL/CA Option1, UE needs to switch from 2-port transmission on Band C to 1-port transmission on band B and then to 1-port transmission on Band A.

Figure 5 SUL/CA Option 1 with two switching gaps
Without indicating the band pair, UE has to perform two UL Tx switching and thus need two switching gaps. In case the band pair A&B is indicated to UE as shown in Figure 6, then UE will switch its Tx to 1T on band A and 1T on band B at one time. Thus, only one switching gap is needed.

Figure 6 SUL/CA Option 1 with one switching gap
In the above case, the 1st Tx is switched from band C to band B and then to band A. Without indicating the band pair, UE is not clear whether/how to switch the 2nd Tx. If the 2nd Tx is kept unswitched, then additional one switching gap is needed. If the 2nd Tx is switched based on the band pair indication, then only one switching gap is needed. Thus, it is beneficial to have band pair indication even for Alt.1.
Proposal 11: Introduce band pair indication for Alt.1.

Conclusion
According to the discussion above, we have the following observations and proposals.
Proposal 1: If Rel-18 UL Tx switching is supported, both inter-band CA Option 1 (switchedUL) and inter-band CA Option 2 (dualUL) are supported.
Proposal 2: RAN1 discusses how to determine the switching gap for each of the following switching cases considering different switching periods may be reported for different band pairs.
	Case
	Switching cases

	1
	Band A  Band B
UE is switched from 1-port/2-port transmission on band A to 1-port/2-port transmission on band B.

	2
	Band A  Band B + Band C
UE is switched from 1-port/2-port transmission on band A to 1-port transmission on band B and 1-port transmission on band C.

	3
	Band A + Band B  Band C
UE is switched from 1-port transmission on band A and 1-port transmission on band B to 1-port/2-port transmission on band C.

	4
	Band A + Band B  Band A + Band C
UE is switched from 1-port transmission on band A and 1-port transmission on band B to 1-port transmission on band A and 1-port transmission on band C.

	5
	Band A + Band B  Band C + Band D
UE is switched from 1-port transmission on band A and 1-port transmission on band B to 1-port transmission on band C and 1-port transmission on band D.



Proposal 3: In order to derive the switching gap (Tgap) for different switching cases, consider the following method.
· The band before Tx switching and the band after Tx switching for each Tx is considered as a band pair.
· If UE is able to switch the 1st Tx and 2nd Tx independently, Tgap = max { Tswitch_period_1, Tswitch_period_2}
· If UE is not able switch the 1st Tx and 2nd Tx independently, Tgap =  Tswitch_period_1 + Tswitch_period_2
· Tswitch_period_1 and Tswitch_period_2 are the switching period for band pair for the 1st Tx and 2nd Tx, respectively.

Observation 1: Network is not able to figure out the exact switching opt the UE adopted. Without this information, network has to assume the maximum switching period for all the potential opts, which will negate the potential gain of per-band-pair reported switching period.
· Different UEs may apply different Tx switching options for different band pairs. For example, for the same Tx switching from Band A + Band B to Band C (1-port transmission), UE1 may implement it as switching the Tx on Band A to Band C, while UE2 may implement it as switching Tx on Band B to Band C.
Proposal 4: For Rel-18 UL Tx switching, network indicates the band pair for UE in order to enjoy the gain of per-band-pair reported switching period.
Proposal 5: Regarding the complexity reduction for Rel-18 UL Tx switching, prioritize Option 2 (UE is allowed to support 2 ports transmission only on some of bands out of configured bands for UL Tx switching).
· At least two bands should support up to 2 Tx
· It is applied to both switched UL and dual UL.
· It is applied to both 3-band case and 4-band case.
Observation 2: For complexity reduction Option 4, UE can achieve the same reporting flexibility as complexity reduction Option 1 by indicating different band pairs for switchedUL and dualUL. Meanwhile, the switchedUL/dual UL indication remains as per BC (band combination) report.
Proposal 6: If one of complexity reduction Option 1 and complexity reduction Option 4 is to be adopted, then Option 4 is supported.
Proposal 7: Study potential performance impact if more preparation procedure time or more interruption time is introduced. If it is introduced, UE supports per BC report on whether/how much more preparation procedure time or more interruption time is needed.
Proposal 8: Adopt the following two tables for Rel-18 UL Tx switching as baseline.
	
	Number of Tx Chains
(Band A + Band B + Band C)
	Number of antenna ports for UL transmission
Band A(Carrier 1)+Band B(Carrier 2)+Band C(Carrier 3)

	Case 1-1
	1T+1T+0T
	1P+0P+0P, 1P+1P+0P, 0P+1P+0P

	Case 1-2
	0T+1T+1T
	0P+1P+0P, 0P+1P+1P, 0P+0P+1P

	Case 1-3
	1T+0T+1T
	1P+0P+0P, 1P+0P+1P, 0P+0P+1P

	Case 2-1
	2T+0T+0T
	2P+0P+0P, 1P+0P+0P

	Case 2-2
	0T+2T+0T
	0P+2P+0P, 0P+1P+0P

	Case 2-3
	0T+0T+2T
	0P+0P+2P, 0P+0P+1P



	
	Number of Tx Chains
(Band A + Band B + Band C+Band D)
	Number of antenna ports for UL transmission
Band A(Carrier 1)+Band B(Carrier 2)+Band C(Carrier 3) +Band D (Carrier 4)

	Case 1-1
	1T+1T+0T+0T
	1P+0P+0P+0P, 1P+1P+0P+0P, 0P+1P+0P+0P

	Case 1-2
	0T+1T+1T+0T
	0P+1P+0P+0P, 0P+1P+1P+0P, 0P+0P+1P+0P

	Case 1-3
	0T+0T+1T+1T
	0P+0P+1P+0P, 0P+0P+1P+1P, 0P+0P+0P+1P

	Case 1-4
	1T+0T+0T+1T
	1P+0P+0P+0P, 1P+0P+0P+1P, 0P+0P+0P+1P

	Case 1-5
	1T+0T+1T+0T
	1P+0P+0P+0P, 1P+0P+1P+0P, 0P+0P+1P+0P

	Case 1-6
	0T+1T+0T+1T
	0P+1P+0P+0P, 0P+1P+0P+1P, 0P+0P+0P+1P

	Case 2-1
	2T+0T+0T+0T
	2P+0P+0P+0P, 1P+0P+0P+0P

	Case 2-2
	0T+2T+0T+0T
	0P+2P+0P+0P, 0P+1P+0P+0P

	Case 2-3
	0T+0T+2T+0T
	0P+0P+2P+0P, 0P+0P+1P+0P

	Case 2-4
	0T+0T+0T+2T
	0P+0P+0P+2P, 0P+0P+0P+1P



Proposal 9: At least introduce the following new switching cases for Rel-18 UL Tx switching.
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 2-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band A or B + 1-port transmission on carrier/band C
· 1-port transmission on carrier/band A + 1-port transmission on carrier/band B <-> 1-port transmission on carrier/band C + 1-port transmission on carrier/band D

Proposal 10: The legacy RRC configuration {oneT, twoT} via uplinkTxSwitching-DualUL-TxState is reused to address the ambiguity issue.
· If the band pair is indicated after the Tx switching, 
· oneT indicates 1Tx is assumed on each band of the indicated band pair;
· twoT indicates 2Tx is assumed on the carrier with UL scheduling.
· If the band pair is not indicated after the Tx switching,
· oneT indicates 1Tx is assumed on the band with UL scheduling and the band with a lowest/highest carrier frequency among the bands other than the band with UL scheduling;
· twoT indicates 2Tx is assumed on the carrier with UL scheduling.

Proposal 11: Introduce band pair indication for Alt.1.

Reference
RP-222251, 3GPP RAN#97-e, Revised WID on Multi-carrier enhancements.
RP-222672, Moderator’s summary for discussion [97e-19-R18-Multicarrier], NTT DOCOMO, INC.
Chairman notes, 3GPP RAN1#109-e.
Chairman notes, 3GPP RAN1#110.
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