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During RAN1#97 meeting, the necessity of frame boundary alignment for NR CA has been discussed [1]. The use cases of unaligned frame boundary for NR CA exist in the practical network deployment. One example is depicted in [1]. Basically, it says within three CCs, i.e., LTE TDD CC1 in Band A + NR CC2 in Band A which is adjacent to CC1 + NR CC3. To ensure the DL/UL alignment, the frame boundary between CC1 and CC2 can’t be aligned. While for CC3, it has to be aligned with other carrier belonging to other operator, which result in unaligned frame boundary between NR CA i.e., unaligned frame boundary between CC2 and CC3.
In RAN1#97 meeting, the following observation has been made to encourage companies to further check details on this issue. 
	Observation:
From some cross-carrier operation, e.g., cross-carrier scheduling, cross-carrier triggering, etc., in 214, at least in cross-carrier scheduling, the timing on the scheduled cell may have two interpretations:
· Interpretation 1: UE takes the slot numbering of the scheduling cell as timing reference for scheduled behavior;
· if UE go with this interpretation, frame boundary alignment or not will cause different timing in scheduled cell
· Interpretation 2: UE takes the timing location of the numbering slot of the scheduling cell as timing reference for scheduled behavior;
· if UE go with this interpretation, frame boundary alignment or not will have no impact on timing in scheduled cell
 
Encourage companies to look into the 213&214 to identify if there are other operations in CA requiring frame boundary alignment before August 2019.



In RAN1#98 meeting, companies had limited time in MR-DC session to discuss this issue and thought it may be better to discuss this issue in RAN meeting. In this contribution, we present our analysis on unaligned frame boundary for NR CA.
Frame boundary alignment for NR CA
Scope of NR-DC/CA WI
Based on the current TS38.300, NR CA requires SFN and frame timing alignment. While in some practical deployment, especially for TDD systems, this may involve huge restriction [1]. There is market need to support the network deployment where frame boundary is not aligned due to matching with different TDD configuration in different CCs.  To reduce the impact on current NR network deployment, it’s better to allow unaligned frame boundary for NR CA as early as possible.
In RAN1, one of the most related WIs for this issue is MR-DC/CA WI. However, with the current objectives of MR-DC/CA WI, it’s not very clear whether unaligned frame boundary for NR CA is within this scope or not. In order to facilitate the progress of this issue, it is preferred to update the MR-DC WID to incorporate the support of unaligned frame boundary for NR CA.
Proposal 1: Support unaligned frame boundary among cells in NR CA in Rel-16. Update the MR-DC WID to incorporate the support of unaligned frame boundary for NR CA.
During RAN1#97 meeting, two implementation interpretations have been figured out. Technically speaking, both interpretations are workable. The issue is which interpretation has less implementation restriction and less spec impact. 

Cross-carrier operation with unaligned frame boundary
In this section, we analyse the unaligned frame boundary for NR CA from implementation point of view.
If the operations in CA are independent on each individual cell, or in other words, such operations don’t require interaction between cells, whether frame boundary is aligned or not has no impact on these operations.
For some cross-carrier operation, e.g., cross-carrier scheduling or cross-carrier triggering, etc., in 214, at least in cross-carrier scheduling, the timing on the scheduled cell may have two interpretations:
· Interpretation 1: UE takes the slot numbering of the scheduling cell as timing reference for scheduled behavior;
· Interpretation 2: UE takes the timing location of the numbering slot of the scheduling cell as timing reference for scheduled behavior.
It is worth to note that both Interpretation 1 and Interpretation 2 require slot boundary alignment. Otherwise, the network scheduling and timing determination could be pretty complicated.
Proposal 2: Slot boundary should be guaranteed for both Interpretation 1 and Interpretation 2 for unaligned frame boundary in NR CA.
Interpretation 1
· Interpretation 1: A UE takes the slot numbering of the scheduling cell as timing reference for scheduled behavior; 
Figure 1 shows an example of our understanding of Interpretation 1. One 15KHz cell cross-carrier schedules another 15KHz SCell. The K0 and K1 in the scheduling DCI are assumed to be K0=1 and K1=1 respectively. For Figure 1a where the frame boundary is aligned, the scheduled PDSCH is located in slot#5 and the HARQ-ACK is located in slot#6. 
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Figure 1. Example of Interpretation 1.
The unaligned frame boundary can be divided into two cases, i.e., (1) the scheduled cell is behind scheduling cell and (2) the scheduled cell is ahead of scheduling cell.
For Figure 1b where the scheduled cell is 2 slots behind scheduling cell, according to Interpretation 1, the scheduled PDSCH is still located in slot#5. However, the timing between DCI and PDSCH has been changed. In this case, the slot#2 and slot#3 in the scheduled cell can’t be scheduled since K0 can’t be negative values in current spec, which will increase the scheduling delay for NR system. Besides, the HARQ-ACK will be located in slot#6 in the scheduling cell, which is earlier than the PDSCH. This is an obvious error timing.
For Figure 1c where the scheduled cell is 2 slots ahead of scheduling cell, according to Interpretation 1, the scheduled PDSCH is located in slot#5 in the scheduled cell, which arrives earlier than the DCI. Such kind of error timing is forbidden in current spec.
Observation 1: Interpretation 1 results in timing error or scheduling limitation for cross-carrier scheduling.
Interpretation 2
· Interpretation 2: A UE takes the timing location of the numbering slot of the scheduling cell as timing reference for scheduled behavior;
Figure 2 shows an example of our understanding of Interpretation 2. All the assumptions in Figure 2 are the same as that in Figure 1. For Figure 2a where cell boundaries are aligned, the PDSCH and HARQ-ACK are located in slot#5 and slot#6 respectively.
For Figure 2b where the scheduled cell is 2 slots behind scheduling cell, according to Interpretation 2, UE takes the timing location of the numbering slot into account, which means UE takes the ‘absolute offset’ between DCI and PDSCH and the ‘absolute offset’ between PDSCH and HARQ-ACK into account. DCI is in slot#4 in the scheduling cell, UE converts the starting slot (slot corresponding to K0=0) in scheduled cell to slot#2, which is fully overlapped with slot#4 in the scheduling cell. In this case, ‘K0=1’ corresponds to slot#3 in the scheduled cell. In this case, there is no timing issue for unaligned frame boundary for NR CA. For simplicity, UE can use the ‘frame boundary offset’ (in the unit of the slot in scheduled cell) between scheduling cell and scheduled cell to convert the starting slot (slot corresponding to K0=0) in the scheduled cell. Throughout this contribution, the ‘frame boundary offset’ is denoted as ‘slotoffset’ in Figure 1, Figure 2 and Figure 3. As shown in Figure 2b, the ‘frame boundary offset’ in this case is ‘-2’.
Likewise, Figure 2c shows the case where the scheduled cell is 2 slots ahead of scheduling cell. In this case, the ‘frame boundary offset’ between scheduling cell and scheduled cell is ‘+2’. Since Interpretation 2 takes the ‘absolute offset’ into account, there is no timing issue in this case.
Observation 2: If UEs go with Interpretation 2, ‘absolute offset’ between DCI and PDSCH as well as between PDSCH and HARQ-ACK is adopted to eliminate the timing issue, which is more implementation friendly for both UE and network since frame boundary alignment or not will have no impact on timing in scheduled cell.
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Figure 2. Example of Interpretation 2.
Cross-carrier scheduling with different numerologies is supported in Rel-16, so we also analyze the impact of Interpretation 2 for cross-carrier scheduling with different numerologies.
Figure 3 shows an example of Interpretation 2 with cross-carrier scheduling with different numerologies. Figure 3a shows the case where the frame boundary of scheduling cell and scheduled cell is aligned. The scheduling DCI is in slot#2 in the scheduling cell. With K0=1, the PDSCH is scheduled in slot#5 in the scheduled cell. With K1=1, the HARQ-ACK for the PDSCH is in slot#3 in the scheduling cell.
Figure 3b shows a case where the ‘frame boundary offset’ between the scheduling cell the scheduled cell is ‘-2’. The ‘frame boundary offset’ corresponds to the numerology of the scheduled cell. UE first use the ‘frame boundary offset’ to calculate the starting slot (slot corresponding to K0=0) in scheduled cell, which is slot#2 in this case. Then UE use the ‘absolute offset’ to determine the slot for PDSCH. Similar approach can be adopted to determine the slot of HARQ-ACK. Likewise, since Interpretation 2 takes the ‘absolute offset’ into account, there is no timing issue for cross-carrier scheduling with different numerologies.
Observation 3: Interpretation 2 is applicable to both cross-carrier scheduling with same numerology and cross-carrier scheduling with different numerologies.

	[image: ]

	[image: ]


Figure 3. Example of Interpretation 2 with cross-carrier scheduling with different numerologies
Another aspect is the cross-carrier CSI-RS triggering. From our point of view, regarding the timing issue, cross-carrier triggering is the same as cross-carrier scheduling. In this sense, the Interpretation 2 is also applicable to cross-carrier CSI-RS triggering.
Observation 4: Interpretation 2 is applicable to cross-carrier CSI-RS triggering.
Summary
It is noted that if some UEs go with interpretation 1 and some go with interpretation 2, then network scheduler is not able to know UE’s behavior and there would be no common understanding between UE and gNB on the timing in scheduled cell. Since Interpretation 1 results in scheduling limitation and timing error issue while Interpretation 2 is applicable to both cross-carrier scheduling and triggering, it is preferred to adopt Interpretation 2 as the common understanding for implementation. If Interpretation 2 is adopted, unaligned frame boundary among cells in NR CA can be supported.
Due to the late stage of Rel-16, to minimize the current UE implementation, it is better to introduce a capability for UE to indicate whether supporting unaligned frame boundary for NR CA or not. In this way, network can also accommodate different UEs with different scheduling strategy. The UE capability on supporting unaligned frame boundary for NR CA can be discussed in RAN. While the detailed solution on Interpretation1 or Interpretation 2 can be further discussed in RAN1.
[bookmark: _GoBack]Proposal 3: Introduce a capability for UE to indicate whether unaligned frame boundary for NR CA is supported or not.
Proposal 4: RAN1 to further discuss the details of Interpretation1 and Interpretation2. 

Conclusion
In this contribution, we analyse the feasibility of supporting unaligned frame boundary of NR CA. The following proposals have been made.
Proposal 1: Support unaligned frame boundary among cells in NR CA.  Update the MR-DC WID to incorporate the support of unaligned frame boundary for NR CA.
Proposal 2: Slot boundary should be guaranteed for both Interpretation 1 and Interpretation 2 for unaligned frame boundary in NR CA.
Proposal 3: Introduce a capability for UE to indicate whether unaligned frame boundary for NR CA is supported or not. 
Proposal 4: RAN1 to further discuss the details of Interpretation1 and Interpretation2. 
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Figure Ic. Scheduled cell move backward.
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