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During RAN1#99 meeting, numerous agreements were reached for support of Tx switching between two uplink carriers [1]. To inform RAN4 about RAN1’s progress on this issue, an LS involving all the agreed RAN1 agreements was sent to RAN4 [2].
Overall, two remaining issues need to be addressed for the switching period, i.e., PUSCH preparation time and the condition of the existence of UL switching period. During RAN1#99 meeting, RAN1 agreed that the switching period is only applicable when the scheduled UL transmissions are switched between 1Tx carrier 1 and 2Tx carrier 2 for SUL (Option1). As for inter-band CA and EN-DC, the condition of the existence of UL switching period is still open.
In this contribution, the condition of the existence of UL switching period for inter-band CA and EN-DC is presented.
Condition of the Existence of UL Switching Period
Option 1 and Option 2
For the condition of the existence of UL switching period, after extensive discussion in RAN1#99 meeting, it was still challenging for companies to converge on either Option 1 or Option 2 [3].
According to the feature lead summary [3], for Option 1, UE can only be scheduled UL transmission on carrier 1 for case 1. In fact, Option 1 is the same as the approach applied for SUL, i.e., the switching period only exists when the scheduled UL transmissions are switched between carrier 1 and carrier 2. Option 1 is the simplest option to differentiate Case 1 and Case 2 and the proponents of Option 1 has figured out clear RAN1 impact of Option 1.
Compared with Option 1, the major difference of Option 2 is that UE can be scheduled UL transmission on both carrier 1 and carrier 2 for case 1 simultaneously. Option 2 is divided into two sub-options, Option 2-1 and Option 2-2. 
Table 1 summarizes the Case 1 and Case 2 definition of Option 2-1. For Option 2-1, 2-port UL transmission in carrier 2 is considered as Case 2 and the following are considered as Case 1, i.e., (1) 1-port UL transmission in carrier 1 (1P+0P); (2) 1-port UL transmission in carrier 1 and 1-port UL transmission in carrier 2 (1P+1P); (3) 1-port UL transmission in carrier 2 (0P+1P). 
With Option 2-1, since 1-port UL transmission in carrier 2 is restricted to Case 1, the UL transmission in carrier 2 scheduled by DCI format 0_0 (i.e., 1-port UL transmission) and PUCCH transmission can only be arranged in Case 1, which is too restrictive for network implementation. Besides, Option 2-1 leads to some unnecessary switching between Case 1 and Case 2, which is detrimental to the system performance considering the switching period and potential interruption time. For example, if UE is in Case 2 (2 Tx chains are reserved for carrier 2) now and UE is scheduled with a 1-port UL transmission in carrier 2 for next occasion, UE has to switch to Case 1 to transmit the 1-port UL transmission in carrier 2. However, this switching is unnecessary since both the two Tx chains are reserved for carrier 2 now and the subsequent 1-port UL transmission in carrier 2 only requires one Tx chain for carrier 2. 
Table 1 Option 2-1
	
	Number of Tx chains in WID (carrier 1 + carrier 2)
	Number of antenna ports for UL transmission (carrier 1 + carrier 2)

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

	Case 2
	0T+2T
	0P+2P



With Option 2-2, 1-port UL transmission in carrier 2 can happen in Case 2. The UL transmission in carrier 2 scheduled by DCI format 0_0 (i.e., 1-port UL transmission) and PUCCH transmission can be arranged in both Case 1 and Case 2, but in Case 1 it is restricted to happen simultaneously along with 1-port transmission in carrier 1. Besides, Option 2-1 leads to some unnecessary switching between Case 1 and Case 2, which is detrimental to the system performance considering the switching period and potential interruption time. For example, if UE is in Case 1 with 1P+1P (1 Tx chain for carrier 1 and 1 Tx chain for carrier 2) now and UE is scheduled with a 1-port UL transmission in carrier 2 for next occasion, UE has to switch to Case 2 to transmit the 1-port carrier 2 UL transmission. However, this switching is unnecessary since there is already 1 Tx chain reserved for carrier 2 now and the subsequent 1-port UL transmission in carrier 2 only requires one Tx chain for carrier 2. 
Table 2 Option 2-2
	
	Number of Tx chains in WID (carrier 1 + carrier 2)
	Number of antenna ports for UL transmission (carrier 1 + carrier 2)

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

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



With the above analysis on Option 2-1 and Option 2-2, the following observation can be made.
Observation 1: Option 2-1 and Option 2-2 have the following two drawbacks
(1) Restrictions of network implementation on 1-port UL transmission, e.g., scheduled by DCI 0_0.
(2) Unnecessary switching between Case 1 and Case 2, which can lead to performance degradation.
To address the two drawbacks of Option 2-1 and Option 2-2 mentioned in Observation 1, an enhanced option based on Option 2-1 and Option 2-2 is proposed. As shown in Table 3, “0P+1P” is put in both Case 1 and Case 2. UE is not required to switch the case unless it has to, i.e., “0P+1P” is not used to trigger any case change. With this enhanced option, 1-port UL transmission scheduled by DCI 0_0 can be arranged in both Case 1 and Case 2, which is beneficial to network implementation with no (or little) additional UE implementation complexity.
Presence of switching depends on whether a transmission using two ports is requested on the carrier supporting two Tx or whether there is UL transmission in 1Tx carrier. UE is expected to stay in the same case unless change of case is detected before the switching period.
(1) If the current state is case 1 and 2 port transmission including PUSCH and SRS is expected to happen in the UL phase after the switching period, then switch to case 2.
(2) If the current state is case 2 and transmission of the 1Tx carrier is expected to happen in the UL phase after the switching period, then switch to case 1.
For example, if UE is in Case 2 (2 Tx chains are reserved for carrier 2) now and UE is scheduled with a 1-port UL transmission in carrier 2 for next occasion without scheduling on carrier 1, UE remains at Case 2 since “0P+1P” can be performed under Case 2. Compared with Option 2-1, the unnecessary switching can be avoided.
Another example, if UE is in Case 1 with 1P+1P (1 Tx chain for carrier 1 and 1 Tx chain for carrier 2) now and UE is scheduled with a 1-port UL transmission in carrier 2 for next occasion, UE remains at Case 1 since  “0P+1P” can be performed under Case 1. Compared with Option 2-2, the unnecessary switching can be avoided.
Table 3 an enhanced Option based on Option 2-1 and Option 2-2
	
	Number of Tx chains in WID (carrier 1 + carrier 2)
	Number of antenna ports for UL transmission (carrier 1 + carrier 2)

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

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



Proposal 1: Support the enhanced Option 2 as below.
	
	Number of Tx chains in WID (carrier 1 + carrier 2)
	Number of antenna ports for UL transmission (carrier 1 + carrier 2)

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

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



Inter-band CA
The typical use case for inter-band CA with Tx switching between two uplink carriers is that carrier 2 is a TDD carrier. The system performance can be boosted via uplink MIMO transmission on carrier 2. Considering the limited UL symbols in TDD carrier 2, companies proposed that UE is not expected to switch the case during each UL phase in order to minimize the impact of Tx switching. From this perspective, maintaining the same case during each UL phase is a viable approach.
Since the purpose of maintaining the same case during each UL phase is to boost the system performance via uplink MIMO transmission on carrier 2, the UL phase can be defined as consecutive UL symbols in TDD carrier which is capable for 2-port transmission. UE determines whether to switch the case based on a UL phase basis. UE shall stay at the same case unless the following criteria are met, in which cases UE has to switch. 
(1) If the current state is case 1 and 2 port transmission including PUSCH and SRS is expected to happen in the UL phase after the switching period, then switch to case 2; 
(2) If the current state is case 2 and transmission of the 1Tx carrier is expected to happen in the UL phase after the switching period, then switch to case 1.
With these two criteria, both UE and network need to record the previous case to determine whether to switch the case. There is a risk of losing case synchronization between UE and network, e.g., a 2-port scheduling is missed by UE and UE keeps at Case1 while network switches to Case 2. One alternative to address this issue is that UE always switches back to Case 1 after the UL phase. In this way, UE and network have the same understanding on case outside the UL phase. However, this alternative leads to unnecessary switching between Case 1 and Case 2. For example, if UE is in Case 2 during this UL phase and no scheduling is received in carrier 1 outside the UL phase, UE still needs to switch to Case 1 in this example. This fallback case switch will not add extra overhead only if switching period is placed in carrier 1 and no DL interruption is assumed. Otherwise, it may cause unnecessary overhead. Further discussion is needed for this alternative.
Another critical issue is how to define 1-port UL transmission. It’s clear that PUCCH transmission and PUSCH scheduled by DCI 0_0 should be considered as 1-port transmission. However, it’s tricky that whether PUSCH transmission based on TPMI [image: C:\Users\10240317\AppData\Local\Temp\ksohtml\wps3E85.tmp.png] is considered as 1-port transmission or 2-port transmission. Although [image: C:\Users\10240317\AppData\Local\Temp\ksohtml\wps3E85.tmp.png] is a 2-port TPMI, it only requires one port for transmission since the precoding weight for the second port is zero. With this assumption, DCI Format 0_1 can be used in 1-port UL transmission in carrier 2 when 2-port SRS is configured for codebook-based transmission. Otherwise, it is too restrictive if we cannot use DCI Format 0_1 to schedule 1-port transmission in Case 1 in carrier 2 given that DCI Format 0_1 also provides other functionalities (e.g. SRS/CSI request, TPC command, dynamic BWP switching, etc.) that DCI Format 0_0 cannot support. To maintain the system flexibility and avoid unnecessary case switch, PUSCH transmission based on TPMI [image: C:\Users\10240317\AppData\Local\Temp\ksohtml\wps3E85.tmp.png] should be considered as 1-port transmission so that 1-port transmission in carrier 2 scheduled by DCI Format 0_1 is allowed in Case 1.
Overall, the following proposal is proposed to support Tx switching between two uplink carriers for inter-band CA.
Proposal 2: To support Tx switching between two uplink carriers for inter-band CA:
Presence of switching depends on whether a transmission using two ports is requested on the carrier supporting two Tx or whether there is UL transmission in 1Tx carrier.
An UL phase is defined as consecutive UL symbols in the TDD carrier which is capable for 2 ports transmission.
UE is expected to stay in the same case unless change of case is detected before the switching period.
· If the current state is case 1 and 2 port transmission including PUSCH and SRS is expected to happen in the UL phase after the switching period, then switch to case 2.
· FFS between the following Alt-1 and Alt-2: 
· Alt-1: If the current state is case 2 and transmission of the 1Tx carrier is expected to happen in the UL phase after the switching period, then switch to case 1
· Alt-2: UE always switches back to case 1 after the UL phase.
No case change is allowed within an UL phase.
For codebook-based UL transmission, PUSCH transmission based on TPMI [image: C:\Users\10240317\AppData\Local\Temp\ksohtml\wps3E85.tmp.png] is considered as 1 port transmission. All other TPMIs in 2Tx codebook are considered as 2 ports transmission.
· The condition of the presence of the switching period is captured in RAN1. There is no RAN4 impact.

EN-DC
Unlike inter-band CA, it is hard for network to guarantee tight coordination between eNB and gNB. In other words, it is hard for eNB and gNB to coordinate whether UE shall be in Case 1 or in Case 2 in the next UL phase. Considering the coordination challenge, one simple and safe way to support Tx switching is to semi-statically split symbols for Case 1 and Case 2.
Both Rel-15 and Rel-16 single Tx introduce TDM pattern to split the UL subframes for LTE leg and NR leg. The TDM pattern mechanism defined for single Tx can be reused for Tx switching for EN-DC. To split symbols for Case 1 and Case 2, the UL subframes designated by TDM pattern are reserved for Case 1 and the other subframes (including “S” and “D” subframes) are reserved for Case 2. In this way, network and UE can keep the same understanding of Case 1 and Case 2 without requirement of tight coordination between eNB and gNB.
Another issue is whether to reuse the Rel-15 or Rel-16 single Tx mechanism. Rel-15 single Tx mechanism is a semi-static split between LTE leg and NR leg, while Rel-16 single Tx mechanism is more like dynamic split between LTE leg and NR leg since LTE UL transmission is not restricted within UL subframes designated by TDM pattern. Even if we reuse the Rel-16 single Tx mechanism, since the UL subframes and other submframes designated by TDM pattern are reserved for Case 1 and Case 2, respectively, UE can only transmit UL in carrier 2 under Case 2. In other words, UE still cannot transmit LTE uplink in other subframes. Even if we reuse Rel-16 single Tx, it falls back to Rel-15 single Tx mechanism anyway. Thus, compared with Rel-16 mechanism, Rel-15 single Tx mechanism is preferred for Tx switching for EN-DC.
Based on the above analysis, the following proposal is made.
Proposal 3: To support Tx switching between two uplink carriers for EN-DC, reuse Rel-15 EN-DC HARQ timing case 1 with FDD PCell
· UE assumes always Case 1 in LTE subframes designated as UL in the reference DL/UL configuration and Case 2 in the remaining subframes
· In LTE subframes designated as UL in the reference DL/UL configuration, UE is expected to be able to simultaneously transmit in LTE and NR, if NR carrier is configured with 1 port transmission.
· NOTE: No change to LTE operation
· NOTE: UE PRACH resource configurations are not limited to the uplink subframes given by the HARQ timing case 1 configuration

Figure 1 is an example of reusing single Tx TDM pattern for Tx switching between carrier 1 and carrier 2. Carrier 1 is a LTE FDD carrier (SCS=15 KHz) and carrier 2 is a NR TDD carrier (SCS=30 KHz). The slot configuration of carrier 2 is “DDDSU DDSUU”. The TDM pattern is TDM conf. 0 with 2 slot shift via HARQ-offset. The UL subframes/slots overlapping with the UL subframes designated by TDM pattern are in Case 1 and the other subframes/slots are in Case 2. In this example, the slot#0 to slot#5 including the first UL phase in NR carrier is in Case 1 and the slot#6 to slot#9 including the second UL phase in NR carrier is in Case 2.
[image: ]
Figure 1 TDM pattern for Tx switching.
According to the RAN4 LS [4], the switching period is fixed at NR carrier for Tx switching between two uplink carriers for EN-DC. It is not clear whether the switching period has to be included in the UL phase. Take Figure 1 for illustration, slot#0 to slot#5 are in Case 1, UE can transmit 1-port UL transmission in carrier 1 and/or carrier 2. Slot#6 to slot#9 are in Case 2, UL can transmit 1-port or 2-port UL transmission in carrier 2, i.e., no UL transmission in carrier 1 is expected. However, considering the slot configuration of carrier 2, only slot#8, slot#9 and part of slot#7 can be used for UL transmission. In this example, slot#6 and part of the slot#7 cannot be used for UL transmission in either carrier 1 or carrier 2. If the switching period can be put into this time duration (before the UL phase), the system performance impact due to the switching can be reduced.
Proposal 4: RAN1 clarifies whether switching period can be put into the time duration before the UL phase for EN-DC, i.e., the time duration where UL transmission is not allowed to transmit in either carrier 1 or carrier 2.
Conclusion
In this contribution, the condition of the existence of UL switching period is discussed. To summarize, the following observation and proposals are made.
Observation 1: Option 2-1 and Option 2-2 have the following two drawbacks
(1) Restrictions of network implementation on 1-port UL transmission, e.g., scheduled by DCI 0_0.
(2) Unnecessary switching between Case 1 and Case 2, which can lead to performance degradation.

Proposal 1: Support the enhanced Option 2 as below.
	
	Number of Tx chains in WID (carrier 1 + carrier 2)
	Number of antenna ports for UL transmission (carrier 1 + carrier 2)

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

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



Proposal 2: To support Tx switching between two uplink carriers for inter-band CA:
Presence of switching depends on whether a transmission using two ports is requested on the carrier supporting two Tx or whether there is UL transmission in 1Tx carrier.
An UL phase is defined as consecutive UL symbols in the TDD carrier which is capable for 2 ports transmission.
UE is expected to stay in the same case unless change of case is detected before the switching period.
· If the current state is case 1 and 2 port transmission including PUSCH and SRS is expected to happen in the UL phase after the switching period, then switch to case 2.
· FFS between the following Alt-1 and Alt-2: 
· Alt-1: If the current state is case 2 and transmission of the 1Tx carrier is expected to happen in the UL phase after the switching period, then switch to case 1
· Alt-2: UE always switches back to case 1 after the UL phase.
No case change is allowed within an UL phase.
For codebook-based UL transmission, PUSCH transmission based on TPMI [image: C:\Users\10240317\AppData\Local\Temp\ksohtml\wps3E85.tmp.png] is considered as 1 port transmission. All other TPMIs in 2Tx codebook are considered as 2 ports transmission.
· The condition of the presence of the switching period is captured in RAN1. There is no RAN4 impact.
· 
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· UE assumes always Case 1 in LTE subframes designated as UL in the reference DL/UL configuration and Case 2 in the remaining subframes
· In LTE subframes designated as UL in the reference DL/UL configuration, UE is expected to be able to simultaneously transmit in LTE and NR, if NR carrier is configured with 1 port transmission.
· NOTE: No change to LTE operation
· NOTE: UE PRACH resource configurations are not limited to the uplink subframes given by the HARQ timing case 1 configuration
· 
Proposal 4: RAN1 clarifies whether switching period can be put into the time duration before the UL phase for EN-DC, i.e., the time duration where UL transmission is not allowed to transmit in either carrier 1 or carrier 2.
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