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During RAN#85 meeting, the objectives of MR-DC/CA WI has been updated to handle issue of unaligned frame boundary for NR CA [1].
	10. Introduce support for unaligned frame boundary with slot alignment and partial SFN alignment for R16 NR inter-band CA [RAN1, RAN2]
· Misalignment should be limited to ±76800Ts
· Signaling support for slot offset if necessary
Note: Unaligned frame boundary is only allowed for certain band combination
Note: Necessity of signaling support of slot offset should be discussed in RAN1
Note: Blind detection of slot offset is not in scope
Note: No optimization for MAC
Note: Feature is optional and capability signaling is introduced by RAN2 



During RAN1#97 meeting, the necessity of frame boundary alignment for NR CA has been discussed. The following observation has been made to encourage companies to further check details on this issue [2].
	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.



During RAN1#98bis meeting and its post-meeting email discussion [98b-NR-25], the following agreements and working assumption have been made.
	Agreements:
· Support explicit RRC signalling of slot offset to the UE in unaligned frame boundary with slot alignment and partial SFN alignment inter-band CA.
· Where the slot offset for a CC is defined w.r.t. the Pcell/pScell timing, with slot granuality defined as (to down-select)
· Alt 1: the maximum of Pcell/pScell lowest SCS among all the configured DL/UL BWPs and the CC’s lowest SCS among all the configured DL/UL BWPs
· Alt 2: 
· If the CC is FR1, 15kHz; If the CC is FR2, 60kHz
· Alt 3: 
· If the CC is FR1, 60kHz; If the CC is FR2, 120kHz
· Alt4: 120kHz
· Others?
· FFS: RAN1 Spec if any impact
· Note: Offset is always signalled if the offset is not zero for the UE indicating this capability
· Observation: One slot right-shift and one slot left-shift corresponds to different samples in the current spec description  

Working assumption:
· Confirm Alt 1 as the slot granularity for offset indication
· Single value representing slot offset with slot granularity is indicated by RRC parameter  for a given Scell
· For slot offset N, the beginning of slot #0 of the CC with lower SCS (or PCell/PScell for equal SCS) coincides with slot #(qN mod M) of the CC with higher SCS (or SCell for equal SCS)
· Where
· q = -1, if SCS of PCell/PScell is smaller than or equal to SCS of SCell
· q = 1, otherwise
· M is the number of slots per frame in the CC with higher SCS
· Note: Other simple description is not precluded as long as it is aligned with above principle.



In this contribution, we discuss the remaining issues for unaligned frame boundary for NR CA.
Discussion
Signalling support for slot offset
According to the previous discussion, it seems companies have different understanding on the definition of slot offset. In Rel-15, companies discussed about the definition of synchronous NR-DC. For synchronous NR-DC, the SFN may be not aligned while the slot boundary alignment has to be guaranteed. During the discussion of synchronous NR-DC, it seems that companies’ understanding on slot alignment is that all the slot boundaries of cell with smaller SCS are aligned with slot boundary of cell with larger SCS. While during the email discussion [98b-NR-25], some companies’ understanding seems to be “Two CCs are slot aligned if the beginning of slot 0 of the CC with lower SCS coincides with a slot boundary of the CC with higher SCS”, which only requires the slot boundary alignment of slot#0 to some extent. For the latter definition, as also discussed during [98b-NR-25], there is a case where the slot boundary of slot#0 is aligned while other slot boundaries are not aligned.
[bookmark: _GoBack]From our perspective, the definition of slot alignment is “all the slot boundaries of cell with smaller SCS are aligned with slot boundary of cell with larger SCS.” Based on our understanding, this is also the definition of slot alignment for synchronous NR-DC. It is preferred to keep the same understanding of slot alignment across RAN1 spec instead of introducing a new definition of slot alignment in Rel-16 which may have non-backward compatibility risk to Rel-15 definition of slot alignment..
Proposal 1: RAN1 further clarifies the definition of slot alignment between the following two options.
Option1: The beginning of slot 0 of the CC with lower SCS coincides with a slot boundary of the CC with higher SCS.
Option2: All the slot boundaries of cell with smaller SCS are aligned with slot boundary of cell with larger SCS.
It has been agreed that explicit RRC signalling of slot offset is introduced for unaligned frame boundary CA. The granularity is the maximum of Pcell/pScell lowest SCS among all the configured DL/UL BWPs and the CC’s lowest SCS among all the configured DL/UL BWPs.
For example, assuming the SCS of four DL BWPs and four UL BWPs in SCell#1 is {usDL1,usDL2, usDL3, usDL4, usUL1, usUL2, usUL3, usUL4} respectively, and the SCS of four DL BWPs and four UL BWPs in PCell is {upDL1,upDL2, upDL3, upDL4, upUL1, upUL2, upUL3, upUL4} respectively, in this case, the granularity for slot offset indication is given by the following
Granularity of slot offset indication = max {
min { upDL1,upDL2, upDL3, upDL4, upUL1, upUL2, upUL3, upUL4},
min { usDL1,usDL2, usDL3, usDL4, usUL1, usUL2, usUL3, usUL4} }.
The slot offset is indicated per SCell, which representing the slot offset between this SCell and PCell. 
During the post-meeting email discussion, companies found that the slot boundary of scheduling cell may be unaligned with the slot boundary of the scheduled cell since the current working assumption only requires the slot boundary of PCell to be aligned with a SCell. If the one SCell is cross-carrier scheduled by another SCell, then the slot boundary of the scheduling cell may be unaligned with the slot boundary of the scheduled cell. Due to the late stage of Rel-16, it is preferred to limit that the slot boundary of the scheduling cell should be aligned with the slot boundary of the scheduled cell to avoid complicating the network/UE implementation.
Proposal 2: The slot boundary of the scheduling cell is aligned with the slot boundary of the scheduled cell.
Interpretation#1 and Interpretation#2
As analyzed in [3], for UEs with Interpretation#1, if slot offset is not applied by the UE, there may be timing error or scheduling limitation. 
Figure 1 shows an example of timing error and scheduling limitation. One 15 KHz cell cross-carrier schedules another 15 KHz 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. 
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.
[image: ]
Figure 1. Timing error or scheduling limitation for UEs with Interpretation#1.
However, if UE is indicated the slot offset between the scheduling cell and scheduled cell, when determining the target slot in scheduled cell, UEs with Interpretation#1 can take into the slot offset into account to eliminate the above mentioned timing error and scheduling liminations. In Figure 1b, the slotOffsetToPcell=-2, network can schedule slot#3 and slot#4 in the SCell by indicating K0=1 and K0=2, respectively. In Figure 1c, the slotOffsetToPcell=2, network can schedule slot#6 and slot#7 in the SCell by indicating K0=0 and K0=1, respectively.
Observation 1: UEs with Interpretation#1 need slot offset to determine the target slot in the scheduled SCell.
For UEs with Interpretation#2, since they take the timing location of the numbering slot of the scheduling cell as timing reference for scheduled behavior, the slot offset is not necessary for determining the target slot in the scheduled cell.
Observation 2: For UEs with Interpretation#2, slot offset is not necessary for cross-carrier scheduling.
Spec update
Based on our understanding, Rel-15 PDSCH/PUSCH scheduling is based on Interpretation#1 while PDSCH-to-PUCCH is based on Interpretation#2. At the late stage of Rel-16, it is preferred to follow the same Rel-15 interpretation for PDSCH/PUSCH scheduling (Interpretation#1) and PDSCH-to-PUCCH (Interpretation#2) timing determination, respectively.
In this case, the formula for determining the slot of the scheduled PDSCH/PUSCH needs to be updated. Considering that the slot offset between SCell and PCell is indicated SCell-specific, the slot offset between the scheduling cell and the scheduled cell needs to calculated and then the slot offset needs to be converted into the numerology of the scheduled cell. 
The following formula is proposed to determine the slot index of the scheduled PDSCH, where n is the slot with the scheduling DCI, and K0 is based on the numerology of PDSCH, and  and  are the subcarrier spacing configurations for PDSCH and PDCCH, respectively. In addition,  and  are the slot offset for the cell receiving the PDCCH and PDSCH, respectively, which are indicated by RRC signaling.  and  are the granularity of slot offset for the cell receiving the PDCCH and PDSCH, respectively. In this case,  is applied to calculate the slot offset between scheduling cell and the scheduled cell with the numerology of . (Denote as Type-1 formula in this contribution)


Similarly, the following formula is proposed to determine the slot index of the scheduled PUSCH, where n is the slot with the scheduling DCI, and K2 is based on the numerology of PUSCH, and  and  are the subcarrier spacing configurations for PUSCH and PDCCH, respectively. In addition,  and  are the slot offset for the cell receiving the PDCCH and PUSCH, respectively, which are indicated by RRC signaling.  and  are the granularity of slot offset for the cell receiving the PDCCH and PUSCH, respectively. In this case,  is applied to calculate the slot offset between scheduling cell and the scheduled cell with the numerology of . (Denote as Type-1 formula in this contribution)


Some companies also proposed the formulas similar as the following. (Denote as Type-2 formula in this contribution.)



There are minor difference between Type-1 formula and Type-2 formula. Take Figure 2 as an example, assuming that
1. The numerology of PDCCH is , the slot offset between PDCCH Cell and PCell is  with the numerology of ;
2. The numerology of PDSCH is , the slot offset between PDSCH Cell and PCell is  with the numerology of ;
3. PDCCH is in slot#2 and the scheduled PDSCH is in slot#3.
To schedule PDSCH in slot#3 in PDSCH cell via a PDCCH in slot#3 in PDCCH cell, K0 shall be set as 1 for Type-1 formula and set as 2 for Type-2 formula.
From this perspective, it seems Type-1 formula is more effective since  can directly locate the first PDSCH slot overlapping with PDCCH slot, which is also in line with the intention of Rel-15 formula.

Proposal 3: 
· Apply  to determine the slot of the scheduled PDSCH;
· Apply  to determine the slot of the scheduled PUSCH.
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Figure 2. PDSCH slot determination under unaligned frame boundary.
Conclusion
In this contribution, we discuss the signalling support for unaligned frame boundary and UE Interpretation1/2. The following observations and proposals have been made.
Observation 1: UEs with Interpretation#1 need slot offset to determine the target slot in the scheduled SCell.
Observation 2: For UEs with Interpretation#2, slot offset is not necessary for cross-carrier scheduling.
Proposal 1: RAN1 further clarifies the definition of slot alignment between the following two options.
Option1: The beginning of slot 0 of the CC with lower SCS coincides with a slot boundary of the CC with higher SCS.
Option2: All the slot boundaries of cell with smaller SCS are aligned with slot boundary of cell with larger SCS.
Proposal 2: The slot boundary of the scheduling cell is aligned with the slot boundary of the scheduled cell.
Proposal 3: 
· Apply  to determine the slot of the scheduled PDSCH;
· Apply  to determine the slot of the scheduled PUSCH.
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