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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#95-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. The details of the objective are shown below.
	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
· 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 this contribution, our analyses and views on the Rel-18 UL Tx switching are provided, including scenarios and the framework for Rel-18 UL TX switching. 
Overview of scenarios
In Rel-16, UL Tx switching was specified for CA, standalone SUL and EN-DC with two inter-band uplink carriers. In Rel-17, UL Tx switching was enhanced to support the following new features.
1. 2T-2T UL Tx switching for inter-band CA with one carrier on each of the two bands;
2. 1T-2T UL Tx switching for inter-band CA with two intra-band contiguous carriers on one of the two bands;
3. 2T-2T UL Tx switching for inter-band CA with two intra-band contiguous carriers on one of the two bands;
4. 2T-2T UL Tx switching for SUL with one carrier on each of the two bands, where one carrier in one band is NUL and another carrier in the other band is SUL;
5. 1T-2T UL Tx switching for SUL with two intra-band contiguous carriers on the band containing NUL;
6. 2T-2T UL Tx switching for SUL with two intra-band contiguous carriers on the band containing NUL;
Unlike Rel-16/Rel-17 UL Tx switching, the scenarios of Rel-18 multi-carrier UL operation is not clearly defined in the WID. To avoid further confusion, it is beneficial to clarify the target scenarios first. In RAN1#96 meeting, the following agreements were achieved. According to RAN guidance, in this meeting, RAN1 will focus on UL CA Option1, UL CA Option2 and UL CA Option1 with SUL.
	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



CA (including both intra-band CA and inter-band CA) has been commonly deployed in 5G, especially for operators who own more than one band. For UEs supporting 3 or 4 bands, to fully enjoy the benefits of configuring more UL bands than its simultaneous transmission capability, it is necessary to support 2 Tx simultaneous transmission on two bands instead of limiting to up to 1Tx simultaneous transmission on one band. In this sense, it is straightforward that UE supporting UL Tx switching schemes across up to 3 or 4 bands requires legacy inter-band CA as the prerequisite capability. In Rel-16/Rel-17, both Option1 (switched UL) and Option2 (dual UL) has been specified for UL Tx switching for CA. Among Option1 and Option2, Option2 should be prioritized to fully enjoy the benefits of configuring more UL bands than its simultaneous transmission capability.
Proposal 1: UE supporting Rel-18 UL Tx switching schemes across up to 3 or 4 bands requires support of legacy inter-band CA for at least two of the bands. 
Observation 1: In order to fully enjoy the benefits of configuring more UL bands than its simultaneous transmission capability, it is beneficial to prioritize CA (especially CA Option2) for Rel-18 UL Tx switching across up to 3 or 4 bands.
Although the following two items won’t be discussed in this RAN1 meeting based on the RAN guidance, we provide some preliminary analysis for these two scenarios.
· {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)
Regarding the first bullet, i.e., ‘CA+2SUL’, its motivation is not clear to us. Based on our understanding, it only exists in the 4 bands case. In this case, there are 2 cells and each of the cell contains one SUL. In total, there are two SUL carriers. If UE can already support CA since CA is the prerequisite capability for UL Tx switching schemes across up to 3 or 4 bands, the benefits or motivations to support ‘CA+2SUL’ is not clear to us. More justification is needed. In addition, RAN1 has never discussed this 2 SUL case before. From our perspective, this is trying to extend the SUL framework. Furthermore, this case only exists for the 4 bands case, which is conflicting with the requirement of defining a common solution for 3 bands case and 4 bands case as noted in the WID. In addition, as discussed in the RAN plenary, the current RAN4 spec doesn’t support ‘CA+2SUL’. More discussion is needed for this new scenario.
Regarding the second bullet, ‘CA Option2 + SUL’, SUL is not allowed to transmit with NUL simultaneously based on the existing specification. If simultaneous transmission of SUL and NUL is introduced in Rel-18, the RAN4 requirements framework may have to be redesigned. In addition, the functionality of ‘CA Option2 + SUL’ can already be supported by CA Option2, it is not clear about the motivation to introduce such a complicated scenario.
Observation 2: The motivation of introducing the following two new scenarios is not clear and new frameworks/requirements are needed if they are introduced. 
· {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)

Framework for Rel-18 UL Tx switching
For the Rel-18 UL Tx switching, three alternatives agreed in RAN1#109-e meeting could be the potential frameworks to achieve the objective. 
	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



The overview of the three alternatives can be summarized as following.
· Alt.1 allows UE to switch from any band to any other band. New tables for different cases for 3 or 4 bands need to be firstly defined respectively, and then RAN1 needs to identify each switching case and potential ambiguity issues respectively. 
· Alt.2 is designed with the intention of reusing Rel-16/17 UL Tx switching as much as possible. Two sub alternatives of Alt.2 can be considered, i.e., Alt.2 with DCI indicating band pair and Alt.2 with MAC-CE indicating band pair. For Alt.2 with MAC-CE indicating band pair, gNB first indicates 2 bands for subsequent UL transmission, and then Rel-16/17 UL Tx switching can be performed within the 2 bands until next gNB indication. For Alt. 2 with DCI indicating band pair, it is similar as Alt.1, where the UL scheduling DCI can be used to indicate the band pair and schedule UL transmission at the same time. One new field may be needed in the UL scheduling DCI format. 
· Alt.3 is not an independent mechanism, it has to be bundled with Alt.1 or Alt.2. From our understanding, Alt.3 is a potential way to reduce the implementation complexity instead of a complete solution.
Alt.1: Indicating any UL carrier for UL transmission
UL Tx Switching for 3 bands
Similar as Rel-16/17, under Alt.1, we should first identify the scenarios that should be supported in Rel-18 for UL Tx switching for up to 4 bands. Take 3 bands as an example, the following cases listed in Table 1 should be considered.
Table 1: 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 scenarios should be considered under different combinations of supported (number of Tx per band, number of carriers per band). Figure 1 illustrates the possible scenarios when taking different combinations into account. We propose that we should first identify which scenarios are to be supported in Rel-18 with higher priority.
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Figure 1: Possible scenarios for UL Tx Switching with 3 bands
For different scenarios, 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 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 2.
Table 2: Mapping of Tx chains and antenna ports for UL Tx Switching with 3 bands for CA with Option 2
	
	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 2, 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. 
Another issue is the potential ambiguity issue. Compared to Rel-17, the ambiguity issue in Rel-18 is more complex. As highlighted in Table 2, 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 2 shows the possible transitions for different preceding transmission. The situation may be more complex for 4 bands.
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Figure 2: Possible UL Tx switching for 1-port transmission on Carrier 1 on Band A.
UL Tx Switching for 4 bands
Similar to the analysis for 3 bands, the situation 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 some scenarios as shown in Figure 3 may need to be considered for UL Tx switching for 4 bands. Note that not all possible scenarios are listed in Figure 3.
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Figure 3: Possible scenarios for UL Tx Switching with 4 bands
For different scenarios, 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 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 4.
Table 4: Mapping of Tx chains and antenna ports for UL Tx Switching with 4 bands for CA with Option 2
	
	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. An example is when the UE is triggered for a 1-port transmission on Carrier 4 on Band D and the UE was under the operation state of Case 1-1.
And the ambiguity issue is more complex for 4 bands. 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+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. As can be seen, the ambiguity issues may become very complex.
In short, as discussed above, the potential work RAN1 needed to be solved under potential Alt.1 to support UL Tx switching for up to 4 bands may include:
· Identify the scenarios that should be supported in Rel-18 for up to 4 bands.
· Define the mapping of Tx chains and antenna ports for the identified scenarios case by case.
· Introduce new switching case(s) that should be supported in Rel-18 for up to 4 bands.
· Resolve the potential ambiguity issues.
Observation 3: Based on potential Alt.1, network can indicate any UL carrier within up to 2 bands for UL transmission. The following issues should be discussed for 3 bands and 4 bands respectively.
· Identify the supported scenarios, including the number of Tx antennas for each band, number of continuous UL carriers and number of bands.
· Define the mapping of Tx chains and antenna ports for the identified scenarios case by case.
· Introduce new switching case(s) for Rel-18 for up to 3 or 4 bands.
· Resolve the potential ambiguity issues.
Overall, from our perspective, if Alt.1 is adopted, all the following 32 combinations need to be considered as shown in Figure 4. 
The 12 combinations for 3-band case are listed as below: {A3-1, B3-1}, {A3-2, B3-1}, {A3-3, B3-1}, {A3-4, B3-1}, {A3-1, B3-2}, {A3-2, B3-2}, {A3-3, B3-2}, {A3-4, B3-2}, {A3-1, B3-3}, {A3-2, B3-3}, {A3-3, B3-3}, {A3-4, B3-3}. 
The 20 combinations for 4-band case are listed as below: {A4-1, B4-1}, {A4-2, B4-1}, {A4-3, B4-1}, {A4-4, B4-1}, {A4-5, B4-1},{A4-1, B4-2}, {A4-2, B4-2}, {A4-3, B4-2}, {A4-4, B4-2}, {A4-5, B4-2}, {A4-1, B4-3}, {A4-2, B4-3}, {A4-3, B4-3}, {A4-4, B4-3}, {A4-5, B4-3},{A4-1, B4-4}, {A4-2, B4-4}, {A4-3, B4-4}, {A4-4, B4-4}, {A4-5, B4-4}.
Take combination {A4-1, B4-1} as an example, it means UE supports UL Tx switching across 4 bands and each of the 4 bands has only one carrier and all the 4 bands support up to 2Tx.
Observation 4: If Alt.1 is adopted, all the 32 different combinations should be considered for Rel-18 UL Tx switching across 3/4 bands.
· The 12 combinations for 3-band case: {A3-1, B3-1}, {A3-2, B3-1}, {A3-3, B3-1}, {A3-4, B3-1}, {A3-1, B3-2}, {A3-2, B3-2}, {A3-3, B3-2}, {A3-4, B3-2}, {A3-1, B3-3}, {A3-2, B3-3}, {A3-3, B3-3}, {A3-4, B3-3}. 
· The 20 combinations for 4-band case: {A4-1, B4-1}, {A4-2, B4-1}, {A4-3, B4-1}, {A4-4, B4-1}, {A4-5, B4-1},{A4-1, B4-2}, {A4-2, B4-2}, {A4-3, B4-2}, {A4-4, B4-2}, {A4-5, B4-2}, {A4-1, B4-3}, {A4-2, B4-3}, {A4-3, B4-3}, {A4-4, B4-3}, {A4-5, B4-3},{A4-1, B4-4}, {A4-2, B4-4}, {A4-3, B4-4}, {A4-4, B4-4}, {A4-5, B4-4}.



Figure 4 Scenarios of different Combinations (number of Tx per band, number of carriers per band)

Alt.2: Indicating two bands for subsequent UL transmission
Based on the analysis in section 3.1, it can be found that the new tables for different cases among 3 bands and corresponding ambiguity issues are more complex than the traditional 2 bands cases. For the 4 bands cases, the situation is even worse. Alt.2 is proposed with the intention to reuse Rel-16/17 UL Tx switching as much as possible and avoid the discussion on the new switching cases based on new tables and the corresponding ambiguity issues when considering a new number of bands larger than 2. As shown in Figure 5, gNB will first indicate 2 bands for a UE by the switching signaling, then Rel-16/17 UL Tx switching can be performed within the 2 bands until next gNB indication. 
In order to clarify different alternatives more accurately, Alt.2 can be further divided as two sub alternatives, i.e., Alt.2 with DCI indicating band pair and Alt.2 with MAC-CE indicating band pair.
· Alt.2 with DCI indicating band pair (1-stage indication): One new filed is introduced in the UL scheduling DCI format (e.g., DCI format 0_1/0_2) to indicate the band pair for subsequent UL transmission. The UL scheduling DCI format can be used to schedule UL transmission and indicate band pair at the same time. Thus, Alt.2 with DCI indicating band pair is a 1-stage indication. This alternative can achieve the same Tx switching flexibility as Alt.1 and won’t introduce any additional delay compared with Alt.1. UE performs UL Tx switching between the two indicated bands until new indication arrives.
· Alt.2 with MAC-CE indicating band pair (2-stage indication): One MAC-CE is introduced to indicate the band pair for subsequent UL transmission. UE performs UL Tx switching between the two bands indicated by the band pair until new indication arrives. Thus, Alt.2 with MAC-CE indicating band pair is a 2-stage indication. At least from RAN1 perspective, 3ms processing time is reserved for MAC-CE processing. After this MAC-CE processing time, a switching period is required for UE to perform UL Tx switching. Similar as the existing specification, UE can still transmit and receive during the MAC-CE processing time. Thus, the switching period for UL Tx switching is the legacy UL Tx switching period. One potential issue is whether we need to define new switching period for band pair switching. Based on our understanding, essentially, the so-called “band pair switching” is the same as “Tx switching” since it is the same as that UE switches its Tx from one band to another band. Thus, the legacy UL Tx switching period can be reused for band pair switching
Base on the Alt.2, UE will perform UL Tx switching within the 2 indicated bands until the next indication received. The legacy Rel-16/17 UL Tx switching can be reused, including at least the following.
· Legacy tables can be reused within the 2 indicated bands
· The legacy switching cases can be reused
· The legacy solution for ambiguity issues can be reused
Based on the above analysis, we provide the following observation.
Observation 5: Alt.2 can be divided into two sub alternatives.
· Alt.2 with DCI indicating band pair (1-stage indication): One new filed is introduced in the UL scheduling DCI format (e.g., DCI format 0_1/0-2) to indicate the band pair for subsequent UL transmission. This alternative can achieve the same Tx switching flexibility as Alt.1 and won’t introduce any additional delay compared with Alt.1. 
· Alt.2 with MAC-CE indicating band pair (2-stage indication): One MAC-CE is introduced to indicate the band pair for subsequent UL transmission. UE performs UL Tx switching between the band pair indicated by the band pair. At least from RAN1 perspective, 3ms processing time is reserved for MAC-CE processing. After this MAC-CE processing time, a switching period is required for UE to perform UL Tx switching. Similar as the existing specification, UE can still transmit and receive during the MAC-CE processing time. 
· Note: The legacy UL Tx switching period can be reused for band pair switching.
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Figure 5: An example for 4 bands in Alt.2
Based on the previous discussion, we further clarify the intention/motivation to indicate band pair:
1. After indicating the band pair, all the Rel-16/17 UL Tx switching specification/mechanism can be reused for the two indicated bands.
2. The RAN4 requirements and RAN2 signalling framework are based on band pair. Without indicating band pair, RAN4 and RAN2 has to define new framework for requirements and signalling.
3. Without indicating band pair, network/UE has to assume the maximum switching period (& DL interruption) among all the potential UL Tx switching case for each UL Tx switching. Based on company’s simulation results [3], longer switching period will result in smaller gain of UL Tx switching. Since Alt.2 can indicate band pair, the switching period for each band pair can be reported and applied.
4. For UE indicating band combination A+B+C, if UE is going to transmit 1 port UL transmission on band C if the preceding transmission with 1P+1P on band (A+B), UE is not clear whether UE should switch its Tx to band (A+C) or band (B+C). Meanwhile, UE is not clear which switching period should be applied.
5. Without indicating clear band pair for the UE, Alt.1 requires unnecessary switching periods even for SUL/CA Option1.
Take the following figure 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.
For Alt.1, without indicating the band pair, UE has to perform two UL Tx switching and thus need two switching periods. For Alt.2, base station only needs to indicate the band pair as (A+B) to UE. Then UE will switch its Tx to 1T on band A and 1T on band B at one time. Thus, only one switching period is needed.
	Alt.1 with two switching periods
	


	Alt.2 with one switching period
	




6. If UE supports HW resources (e.g., cache or RF configuration) sharing between different bands, UE can switch the HW resources from one band pair to another band pair together with the UL Tx switching. Thus, the cost for UE implementation can be saved.

Observation 6: Necessities of indicating band pair.
1. After indicating the band pair, all the Rel-16/17 UL Tx switching specification/mechanism can be reused for the two indicated bands.
2. The RAN4 requirements and RAN2 signalling framework are based on the band pair. Without indicating band pair, RAN4 and RAN2 has to define new framework for requirements and signalling.
3. Without indicating band pair, network/UE has to assume the maximum switching period (& DL interruption) among all the potential UL Tx switching case for each UL Tx switching. Based on company’s simulation results [3], longer switching period will result in smaller gain of UL Tx switching. Since Alt.2 can indicate band pair, the switching period for each band pair can be reported and applied.
4. For UE indicating band combination A+B+C, if UE is going to transmit 1 port UL transmission on band C if the preceding transmission with 1P+1P on band (A+B), UE is not clear whether UE should switch its Tx to band (A+C) or band (B+C). Meanwhile, UE is not clear which switching period should be applied. If band pair is indicated, then the issue can be addressed.
5. Without indicating clear band pair for the UE, Alt.1 requires unnecessary switching periods even for SUL/CA Option1.
6. If UE supports HW resources (e.g., cache or RF configuration) sharing between different bands, UE can switch the HW resources from one band pair to another band pair together with the UL Tx switching. Thus, the cost for UE implementation can be saved.

Comparison for the alternatives
Based on the analysis in Section 3.1 and Section 3.2, in case of Alt.1, network has to assume that the largest switching period among all the potential switching cases is used by the UE since the no band pair is indicated in Alt.1. If band pair is also introduced for Alt.1 with the motivation of using accurate switching period of each band pair, it is the same as Alt.2 essentially. 
The comparison between Alt.1 and Alt.2 can be summarized in Table 5. For Alt.1, new tables should be defined and lots of ambiguity issues need to be addressed. In addition, since different tables have to be defined for 3 bands and 4 bands, it may not be a common design for 3 bands and 4 bands. It also lacks of extensibility if more bands are to be supported for UL Tx switching in the future. For Alt.2, the legacy UL Tx switching mechanism for CA and SUL can be fully reused. Thus, there is no need to define new tables or address the ambiguity. Furthermore, it has better extensibility for even more bands in the future. The only thing needs to be specified in Rel-18 is how to indicate the cells (or bands) for subsequent transmission. 
Proposal 2: To strive for a common design for 3 bands and 4 bands and strive for an extensible solution for UL Tx switching, Alt.2 is supported for Rel-18 UL Tx switching, where network can indicate two bands (or indicate the cells within two bands) for subsequent transmission via MAC-CE or DCI.
Table 5: Comparison of Alt.1 and Alt.2 
	
	Alt.1
	Alt.2 with DCI indicating band pair (1-stage indication)
	Alt.2 with MAC-CE indicating band pair (2-stage indication)

	New tables and new switching cases
	Yes
	No
	No

	New ambiguity issues
	Yes
	No
	No

	Forward compatibility
(e.g., for UL Tx switching among 5/6 bands)
	NO
	Yes
	Yes

	RAN4 requirements framework
RAN2 signaling framework
	New
	Same as legacy
(per band pair)
	Same as legacy
(per band pair)

	Reduce unnecessary switching periods
	No
	Yes
	Yes

	Switching period/delay
	Largest switching period among all switching cases
	Accurate switching period  (per band pair)
	
Accurate switching period (per band pair)

	Processing time
	small
	small
	3ms for MAC-CE processing

	Common design between 3 and 4 bands
	No
	Yes
	Yes

	Additional signaling
	No
	No (e.g. format 0_1/0_2)
	Yes (MAC-CE)


Implementation complexity reduction
One of the main concern from companies is the implementation complexity of UL Tx switching among 3/4 bands. The following ways were mentioned by companies to reduce the implementation complexity.
· Limiting the number of bands supporting 2-port. This could be applied for both Alt.1 and Alt.2. For example, for UE indicating support of band combination A+B+C, where band A only supports 1 port transmission and band B/C supports 2 port transmission, in this case, 2T+0T+0T is not supported for Alt.1 and only Rel-16 Tx switching is supported for each band pair A+B and A+C. Limiting the total number of layers among all bands may reduce the implementation cost.
· Limiting the number of supported band pairs. This could be directly applied for Alt.2. However, UE has to support band pairs that cover each band at least once, otherwise it is a fake Rel-18 UL Tx switching UE. For example, if UE indicates support of band combination A+B+C for Rel-18 UL Tx switching, UE is not allowed to only indicate support of band pair A+B since band C is not included in any band pair. Without this, UE has to support all the possible band pairs of one band combination.
· Limiting the switching cases. This could be directly applied for Alt.1, and can be also applied for Alt.2 with DCI indicating band pair. Based on our understanding, this may not reduce the implementation complexity since in the end UE has to support UL Tx switching among all the bands. Meanwhile, this will greatly impact the network scheduling since network has to ensure some potential scheduling sequence is not allowed. 
· Introducing one anchor band (as Alt.3). This could be directly applied for Alt.1 and Alt.2. For example, in case band combination A+B+C with anchor band B: For Alt.1, switching between band A and C is not supported; For Alt.2, band pair A+C is not supported. This is similar as limiting the number of supported band pairs.
· Allowing HW resources (e.g., cache) switching between band pairs together with UL Tx switching. This may require a little bit longer switching period.
Based on the above analysis, limiting the switching cases is not a proper way to reduce implementation. Conversely, it will greatly impact the network scheduling. Thus, from our perspective, we propose to focus on the other 4 ways.
Proposal 3: Further discuss the following methods to reduce implementation complexity.
· Limiting the number of bands supporting 2-port. 
· Limiting the number of supported band pairs. 
· Limiting one anchor band as Alt.3. 
· Allowing HW resources (e.g., cache) switching between band pairs together with UL Tx switching. 

Simulation assumptions and results
As analyzed in Section 3, Alt.2 with MAC-CE indicating band pair may require a longer MAC-CE processing time (e.g., 3ms). In order to demonstrate that Alt.2 with MAC-CE indicating band pair won’t cause performance degradation, system level simulation is provided in this section. According to the scope of the WID in [1], supporting Rel-18 Tx switching across the more configured UL bands e.g. 3 or 4 bands than its simultaneous transmission can be based on the TDD DL/UL configuration and channel condition of each band. Thus, different UL/DL configuration, carrier frequency and system bandwidth are assumed as shown in Table 6. Each of the four bands is assumed to have one carrier. 
Typically, the MAC-CE processing time is 3ms from RAN1 perspective. However, to accommodate the 5ms the TDD slot periodicity, in our simulation, we simulated Alt.2 with 5ms and Alt.2 with 10ms processing time. 
Table 6: Band configuration
	Band index
	Band 1
	Band 2
	Band 3
	Band 4

	Carrier Frequency
	4.9GHz
	2.6GHz
	700MHz
	2GHz

	System Bandwidth
	100MHz
	100MHz
	20MHz
	20MHz

	Frame configuration
	DDDSUDDSUU
(unaligned frame boundary: SUDDSUUDDD)
	DDDDDDDSUU
	FDD
	FDD

	S(DL:UL)
	10D:2G:2U
	6D:4G:4U
	-
	-

	Sub-carrier Spacing
	30KHz
	30KHz
	30KHz
	30KHz



Simulation methodology 
Regarding the performance metric, we think the main challenge of UL system is throughput and latency. Thus, the user perceived throughput (UPT=amount of data (file size)/ time needed to download data) is adopted as the performance metric in our simulation. 
Regarding the traffic model, in order to reflect the impact of different UL/DL configuration and channel conditions on performance, the XR traffic model defined in Rel-17 in Table 7 is adopted.
Table 7: XR traffic model
	Use Case
	Mean packet size (Bytes)
	STD of packet sizes (Bytes)
	Min packet size (Bytes)
	Max packet size (Bytes)
	Packet arrival interval (ms)
	Packet delay budget (ms)
	Jitter
	Reliability requirement

	video stream
	20833
	2187
	10416
	31249
	16.67
	30
	No
	99%



Compared with Rel-16/17 Tx switching, for the Rel-18 Tx switching within 3 bands or 4 bands, because of more UL bands, network can schedule a UE on the band with better channel condition and larger bandwidth to increase UL throughput. 
Simulation results
Since the simulation results highly depend on the scheduling algorithm, we implement two different mechanisms in our simulation.
Mechanism#1:
· For legacy Rel-16/17 UL Tx switching operation, UEs are divided into two groups semi-statically based on RSRP and available UL resource in each group so that the RU (resource utilization) in each group is similar. Thus, coverage for cell-edge UEs can be also guaranteed. UE perform UL Tx switching between the two bands in each group.
Group#1: Band1 (4.9 GHz)+Band4 (2 GHz)
Gropu#2: Band2 (2.6 GHz)+Band3 (700 MHz)
· For Rel-18 UL Tx switching, UEs can perform UL Tx switching among all the four bands dynamically. Alt.2 with 10 slots (5ms) processing time and Alt.2 with 20 slots (10ms) processing time are simulated to see if there is any performance degradation. UE performs band pair switching 5ms/10ms after reception of the MAC-CE that indicates band pair switching. 
· The RU (resource utilization) is about 15% for all the cases below.

Table 8. Mean UPT for Mechanism#1 for 4-band case
	
	Mean UPT (Mbps)
	Gain

	Baseline
(Rel-16/17 UL Tx switching)
	99.9406
	

	Rel-18 UL Tx switching
Alt. 1
	123.8781
	23.95%

	Rel-18 UL Tx switching
Alt. 2 with 10 slots processing time
	123.8581
	23.93%

	Rel-18 UL Tx switching
Alt. 2 with 20 slots processing time
	123.5321
	23.61%



Based on the above simulation, compared with Alt.1, we observe no performance degradation in case of 5ms processing time for Alt.2 and observe only less than 1% performance degradation in case of 10ms processing time.

Mechanism#2:
· For legacy Rel-16/17 UL Tx switching operation, UEs are divided into three groups semi-statically based on RSRP and available UL resource in each group so that the RU (resource utilization) in each group is similar. Thus, coverage for cell-edge UEs can be guaranteed and higher UPT for cell-center UEs can also be guaranteed compared with Mechanism#1. UE perform UL Tx switching between the two bands in each group.
Group#1: Band1 (4.9 GHz)+Band4 (2 GHz)
Gropu#2: Band2 (2.6 GHz)+Band3 (700 MHz)
Group#3: Band1 (4.9 GHz)+Band2 (2.6 GHz)
· For Rel-18 UL Tx switching, UEs can perform UL Tx switching among all the four bands dynamically. Alt.2 with 10 slots (5ms) processing time and Alt.2 with 20 slots (10ms) processing time are simulated to see if there is any performance degradation. UE performs band pair switching 5ms/10ms after reception of the MAC-CE that indicates band pair switching.
· The RU (resource utilization) is about 15% for all the cases below.

Table 9. Mean UPT for Mechanism#2 for 4-band case
	
	Mean UPT (Mbps)
	Gain

	Baseline
(Rel-16/17 UL Tx switching)
	113.0085
	

	Rel-18 UL Tx switching
Alt. 1
	123.8781
	9.62%

	Rel-18 UL Tx switching
Alt. 2 with 10 slots processing time
	123.8581
	9.6%

	Rel-18 UL Tx switching
Alt. 2 with 20 slots processing time
	123.5321
	9.31%



Similarly, compared with Alt.1, we observe no performance degradation in case of 5ms processing time for Alt.2 and observe only less than 1% performance degradation in case of 10ms processing time.

The reason why Alt.2 with 5ms/10ms processing time can reach almost the same performance as Alt.1 is because UE can always select at least one band within the current band pair for UL transmission. There is low probability that both of the bands within the current band pair are not suitable for UL transmission. 
Basically, there are two reasons triggering band pair switching, i.e., (1) road balance (2) channel condition change of each band. We counted the number of band pair switching and the number of UL Tx switching within the band pair. Based on our simulation, 
· for Alt.2 with 5ms processing time, among all the switching (number of band pair switching + number of UL Tx switching within the band pair), the number of band pair switching occupies only 0.43%;
· for Alt.2 with 10ms processing time, among all the switching (number of band pair switching + number of UL Tx switching within the band pair), the number of band pair switching occupies only 0.55%;
In other words, UE switches its band pair after around 200 times of UL Tx switching within the current band pair on average. It is obvious that the band pair switching doesn’t happen frequently.
[bookmark: _GoBack]Based on the above simulation results and analysis, we have the following observations.
Observation 7: UE doesn’t change its band pair frequently. In our simulation, among all the switching (number of band pair switching + number of UL Tx switching within the band pair), the number of band pair switching occupies around 0.43% - 0.55%. In other words, UE switches its band pair after around 200 times of UL Tx switching within the current band pair on average.

Observation 8: Alt. 2 with 5ms/10ms MAC-CE processing time reaches the same performance as Alt.1. 

Conclusion
According to the discussion above, we have the following observations and proposals.
Overview of scenarios
. Proposal 1: UE supporting Rel-18 UL Tx switching schemes across up to 3 or 4 bands requires support of legacy inter-band CA for at least two of the bands. 
Observation 1: In order to fully enjoy the benefits of configuring more UL bands than its simultaneous transmission capability, it is beneficial to prioritize CA (especially CA Option2) for Rel-18 UL Tx switching across up to 3 or 4 bands.
Observation 2: The motivation of introducing the following two new scenarios is not clear and new frameworks/requirements are needed if they are introduced. 
· {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)

Framework for Rel-18 UL Tx switching
Observation 3: Based on potential Alt.1, network can indicate any UL carrier within up to 2 bands for UL transmission. The following issues should be discussed for 3 bands and 4 bands respectively.
· Identify the supported scenarios, including the number of Tx antennas for each band, number of continuous UL carriers and number of bands.
· Define the mapping of Tx chains and antenna ports for the identified scenarios case by case.
· Introduce new switching case(s) for Rel-18 for up to 3 or 4 bands.
· Resolve the potential ambiguity issues.
Observation 4: If Alt.1 is adopted, all the 32 different combinations should be considered for Rel-18 UL Tx switching across 3/4 bands.
· The 12 combinations for 3-band case: {A3-1, B3-1}, {A3-2, B3-1}, {A3-3, B3-1}, {A3-4, B3-1}, {A3-1, B3-2}, {A3-2, B3-2}, {A3-3, B3-2}, {A3-4, B3-2}, {A3-1, B3-3}, {A3-2, B3-3}, {A3-3, B3-3}, {A3-4, B3-3}. 
· The 20 combinations for 4-band case: {A4-1, B4-1}, {A4-2, B4-1}, {A4-3, B4-1}, {A4-4, B4-1}, {A4-5, B4-1},{A4-1, B4-2}, {A4-2, B4-2}, {A4-3, B4-2}, {A4-4, B4-2}, {A4-5, B4-2}, {A4-1, B4-3}, {A4-2, B4-3}, {A4-3, B4-3}, {A4-4, B4-3}, {A4-5, B4-3},{A4-1, B4-4}, {A4-2, B4-4}, {A4-3, B4-4}, {A4-4, B4-4}, {A4-5, B4-4}.
Observation 5: Alt.2 can be divided into two sub alternatives.
· Alt.2 with DCI indicating band pair (1-stage indication): One new filed is introduced in the UL scheduling DCI format (e.g., DCI format 0_1/0-2) to indicate the band pair for subsequent UL transmission. This alternative can achieve the same Tx switching flexibility as Alt.1 and won’t introduce any additional delay compared with Alt.1. 
· Alt.2 with MAC-CE indicating band pair (2-stage indication): One MAC-CE is introduced to indicate the band pair for subsequent UL transmission. UE performs UL Tx switching between the band pair indicated by the band pair. At least from RAN1 perspective, 3ms processing time is reserved for MAC-CE processing. After this MAC-CE processing time, a switching period is required for UE to perform UL Tx switching. Similar as the existing specification, UE can still transmit and receive during the MAC-CE processing time. 
· Note: The legacy UL Tx switching period can be reused for band pair switching.
Observation 6: Necessities of indicating band pair.
7. After indicating the band pair, all the Rel-16/17 UL Tx switching specification/mechanism can be reused for the two indicated bands.
8. The RAN4 requirements and RAN2 signalling framework are based on the band pair. Without indicating band pair, RAN4 and RAN2 has to define new framework for requirements and signalling.
9. Without indicating band pair, network/UE has to assume the maximum switching period (& DL interruption) among all the potential UL Tx switching case for each UL Tx switching. Based on company’s simulation results [3], longer switching period will result in smaller gain of UL Tx switching. Since Alt.2 can indicate band pair, the switching period for each band pair can be reported and applied.
10. For UE indicating band combination A+B+C, if UE is going to transmit 1 port UL transmission on band C if the preceding transmission with 1P+1P on band (A+B), UE is not clear whether UE should switch its Tx to band (A+C) or band (B+C). Meanwhile, UE is not clear which switching period should be applied. If band pair is indicated, then the issue can be addressed.
11. Without indicating clear band pair for the UE, Alt.1 requires unnecessary switching periods even for SUL/CA Option1.
12. If UE supports HW resources (e.g., cache or RF configuration) sharing between different bands, UE can switch the HW resources from one band pair to another band pair together with the UL Tx switching. Thus, the cost for UE implementation can be saved.

Proposal 2: To strive for a common design for 3 bands and 4 bands and strive for an extensible solution for UL Tx switching, Alt.2 is supported for Rel-18 UL Tx switching, where network can indicate two bands (or indicate the cells within two bands) for subsequent transmission via MAC-CE or DCI.
Proposal 3: Further discuss the following methods to reduce implementation complexity.
· Limiting the number of bands supporting 2-port. 
· Limiting the number of supported band pairs. 
· Limiting one anchor band as Alt.3. 
· Allowing HW resources (e.g., cache) switching between band pairs together with UL Tx switching. 

Simulation assumptions and results
Observation 7: UE doesn’t change its band pair frequently. In our simulation, among all the switching (number of band pair switching + number of UL Tx switching within the band pair), the number of band pair switching occupies around 0.43% - 0.55%. In other words, UE switches its band pair after around 200 times of UL Tx switching within the current band pair on average.
Observation 8: Alt. 2 with 5ms/10ms MAC-CE processing time reaches the same performance as Alt.1. 
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Appendix: Simulation assumptions
Table A-1 Simulation assumptions for 3/4 bands for UL Tx switching
	Parameters
	Value

	Scenarios
	Dense Urban
Single layer:
Macro layer: Hex. Grid

	Layout
	21cells with wraparound

	Channel Model
	UMa TR 38.901

	Inter Site Distance
	200m

	BS Antenna Height
	25m

	BS Antennas
	32 TxRU, (M, N, P, Mg, Ng; Mp, Np) = (8,2,2,1,1,8,2)
(dH, dV) = (0.5λ, 0.5λ)

	CSI-RS Port
	32

	UE Antenna Height
	General equation:  hUT=3(nfl – 1) + 1.5
nfl for outdoor UEs: 1
nfl for indoor UEs: nfl ~ uniform(1, Nfl ) where Nfl ~ uniform(4,8)

	UE Antennas
	2T, (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1;1,2), (dH, dV) = (0.5, N/A)λ

	BS antenna pattern
	3-sector antenna radiation pattern, 8 dBi

	UE antenna pattern
	Omnidirectional, 0 dBi

	TX Power
	44 dBm per 20MHz

	UE MAX Power
	23dBm

	Power control
	Band1：P0= -83, alpha=0.8;   
Band2:  P0= -81, alpha=0.8;
Band3：P0= -71, alpha=0.8;   
Band4:  P0= -74, alpha=0.8;

	Noise Figure
	BS:5 dB, UE:9 dB

	Scheduler
	SU-MIMO Proportional Fair

	MCS
	Up to 64QAM

	UE distribution
	80% indoor, 20% outdoor

	UE speed
	3 km/h

	Channel Estimation
	Realistic

	Downtilt
	12 degree

	Transmission scheme
	Close loop rank adaptation

	PHY processing delay
	UE PUSCH processing Capability #2

	PDCCH overhead
	1 symbols

	Target BLER
	1%

	Max HARQ transmission
	4

	Tx Switching Time
	35us
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