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Introduction
This contribution discusses issues in CA with mixed numerology. 
During RAN#78 plenary meeting, the following decision has been made:
· For NR-NR CA, finalization of the work to enable up to 2 different numerologies within the same PUCCH group (PUCCH sent on the CC with smaller SCS) in RAN1 in Q1, and in RAN4 (Core) for Q2, for the December drop

This is a reduced resubmission of R1-1720694, with some new material in Section 2.2. Section 3 on SCell power saving is new material.
[bookmark: _Toc503314554][bookmark: _Toc503531337]CA with Mixed Numerology
Scheduling
Cross carrier scheduling with mixed numerology was already agreed for NR. Figure 1 shows two cases for cross carrier DL scheduling with mixed numerology. One case is a larger SCS scheduling a smaller SCS and the other case is opposite. Current HARQ framework with slot (K0) and symbol granularity (N0) for DL data scheduling, further clarification/agreement is necessary to clearly define the distance between the end of PDCCH and the start of data scheduling. For case 1, there can be ambiguities on:
· Do we first allow PDCCH on slot 2n+1 allows scheduling in slot m?
· To restrict UE complexity, it is proposed that cross carrier scheduling is allowed toward equal or later slot only (defined by the beginning of the slot). In other words, slot 2n+1 cannot schedule the data in slot m. Otherwise, we will introduce additional complexity compared to the same numerology scheduling (i.e., similar to allowing PDCCH anywhere in slot for slot-based scheduling).
· How to define K0 from slot 2n and 2n+1 respectively
· It was agreed that the distance between the end of PDCCH and the start of PDSCH is based on the numerology of data transmission. Slot m is considered as K0=0 for both slot 2n and slot 2n+1. Therefore, when a larger SCS schedules a smaller SCS, it is proposed that the overlapping slot is considered as K0=0.
[bookmark: _Toc498708257][bookmark: _Toc498708423][bookmark: _Toc498714724][bookmark: _Toc498714741][bookmark: _Toc498716910][bookmark: _Toc498716975][bookmark: _Toc498720478][bookmark: _Toc498720514][bookmark: _Toc503314555][bookmark: _Toc503531338][bookmark: _Toc503532185][bookmark: _Toc503546290][bookmark: _Toc506581789][bookmark: _Toc506582116][bookmark: _Toc506582138][bookmark: _Toc494713330][bookmark: _Toc494713418][bookmark: _Toc494734985][bookmark: _Toc494735051][bookmark: _Toc494735628][bookmark: _Toc494745992][bookmark: _Toc494746309][bookmark: _Toc498464659][bookmark: _Toc498464677][bookmark: _Toc498679760][bookmark: _Toc498680120][bookmark: _Toc498680600][bookmark: _Toc498680632][bookmark: _Toc498680826][bookmark: _Toc498681356]Proposal 1: Cross carrier slot-based scheduling is allowed toward equal or later slot only (defined by the beginning of the slot).
[bookmark: _Toc494713331][bookmark: _Toc494713419][bookmark: _Toc494734986][bookmark: _Toc494735052][bookmark: _Toc494735629][bookmark: _Toc494745993][bookmark: _Toc494746310][bookmark: _Toc498464660][bookmark: _Toc498464678][bookmark: _Toc498679761][bookmark: _Toc498680121][bookmark: _Toc498680601][bookmark: _Toc498680633][bookmark: _Toc498680827][bookmark: _Toc498681357][bookmark: _Toc498708258][bookmark: _Toc498708424][bookmark: _Toc498714725][bookmark: _Toc498714742][bookmark: _Toc498716911][bookmark: _Toc498716976][bookmark: _Toc498720479][bookmark: _Toc498720515][bookmark: _Toc503314556][bookmark: _Toc503531339][bookmark: _Toc503532186][bookmark: _Toc503546291][bookmark: _Toc506581790][bookmark: _Toc506582117][bookmark: _Toc506582139]Proposal 2: When a larger SCS schedules a smaller SCS for DL data, the overlapping slot is considered as K0=0.
For case 2, K0 definition also needs clarification. For example, should we call slot 2n+1 as K0=0 or 1? If we try to be based on the numerology of the data transmission, K0=1 may be more adequate. Otherwise, we need to introduce N0 larger than 14. When a smaller SCS schedules a larger SCS, it is proposed that K0=0 is defined for the slot whose beginning slot boundary is aligned with the beginning slot boundary with PDCCH.
[bookmark: _Toc498708425][bookmark: _Toc498714726][bookmark: _Toc498714743][bookmark: _Toc498716912][bookmark: _Toc498716977][bookmark: _Toc498720480][bookmark: _Toc498720516][bookmark: _Toc503314557][bookmark: _Toc503531340][bookmark: _Toc503532187][bookmark: _Toc503546292][bookmark: _Toc506581791][bookmark: _Toc506582118][bookmark: _Toc506582140]Proposal 3: When a smaller SCS schedules a larger SCS for DL data, K0=0 is defined for the slot whose beginning slot boundary is aligned with that of the slot containing PDCCH with DL grant.
Another issue with cross carrier scheduling is whether to have a joint grant or separate grant. For case 1, cross carrier scheduling is not different from the cross carrier scheduling with same numerology in terms of necessary grants. For case 2, given multiple slots overlapping with the slot with PDCCH, there can be a separate DCI per grant or a joint DCI for multiple grants. For scalable design, a separate DCI per grant is beneficial. On the other hand, a joint grant will be more spectrally efficient in terms of resource utilization. Some restrictions may be necessary in order not to increase the DCI proportional to the number of grants.
[bookmark: _Toc498708426][bookmark: _Toc498714727][bookmark: _Toc498714744][bookmark: _Toc498716913][bookmark: _Toc498716978][bookmark: _Toc498720481][bookmark: _Toc498720517][bookmark: _Toc503314558][bookmark: _Toc503531341][bookmark: _Toc503532188][bookmark: _Toc503546293][bookmark: _Toc506581792][bookmark: _Toc506582119][bookmark: _Toc506582141]Proposal 4: A separate DCI per grant is supported for cross carrier scheduling with mixed numerology. A joint grant is also supported for NR.
Although Figure 1 shows DL scheduling, same case exists for UL data scheduling. Proposal 1 through 3 can be applicable for both DL and UL scheduling. Therefore, the following additional proposals can be made.
[bookmark: _Toc498708427][bookmark: _Toc498714728][bookmark: _Toc498714745][bookmark: _Toc498716914][bookmark: _Toc498716979][bookmark: _Toc498720482][bookmark: _Toc498720518][bookmark: _Toc503314559][bookmark: _Toc503531342][bookmark: _Toc503532189][bookmark: _Toc503546294][bookmark: _Toc506581793][bookmark: _Toc506582120][bookmark: _Toc506582142]Proposal 5: When a larger SCS schedules a smaller SCS for UL data, the overlapping slot is considered as K2=0.
[bookmark: _Hlk506561718][bookmark: _Hlk506561728][bookmark: _Toc498708428][bookmark: _Toc498714729][bookmark: _Toc498714746][bookmark: _Toc498716915][bookmark: _Toc498716980][bookmark: _Toc498720483][bookmark: _Toc498720519][bookmark: _Toc503314560][bookmark: _Toc503531343][bookmark: _Toc503532190][bookmark: _Toc503546295][bookmark: _Toc506581794][bookmark: _Toc506582121][bookmark: _Toc506582143]Proposal 6: When a smaller SCS schedules a larger SCS for UL data, K2=0 is defined for the slot whose beginning slot boundary is aligned with that of the slot containing PDCCH with UL grant.



(a) Case 1: Larger SCS scheduling smaller SCS


(b) Case 2: Smaller SCS scheduling larger SCS
Figure 1: Cross carrier DL scheduling with mixed numerology


In Figure 2, two different types of cross carrier mixed numerology scheduling are presented. Figure 2(a) illustrates the case when carrier 1 schedules multiple TBs in CC2 without slot aggregation. Figure 2(b) illustrate the case when carrier 1 schedules the same TB across multiple slots with slot aggregation. In the first case, one DCI per TB is desirable given that joint DCI complicates UE blind decoding and leads to potentially very large DCI size. On the other hand, for the second case, given that only one TB is scheduled, and that the scheduled multiple slots correspond to a RV sequence, it makes sense to use a single DCI to schedule the aggregated transmission. Regarding HARQ timing, the K1 timing starts from the end of the last transmission in the aggregated transmissions.


[bookmark: _Ref506454442]Figure 2 Cross carrier scheduling with mixed numerology
[bookmark: _Toc506581795][bookmark: _Toc506582122][bookmark: _Toc506582144]Proposal 7: For cross carrier scheduling with mixed numerology, a single DCI is used to schedule the transmission of the same TB across multiple slots in slot-aggregation. The K1 timing starts from the end of the last transmission in the aggregated transmissions.

[bookmark: _Ref503531383]HARQ feedback handling
Cross carrier acknowledgement with mixed numerology was also agreed for NR. Figure 2 shows two cases for cross carrier acknowledgement with mixed numerology for DL scheduling. Case 1 is when A/N is transmitted on a carrier with smaller SCS. Case 2 is the other case. 
For case 1, similar to data scheduling in subsection 2.1, the following proposals are made.
[bookmark: _Toc506581796][bookmark: _Toc506582123][bookmark: _Toc506582145]Proposal 8: When A/N is transmitted on a carrier with a smaller SCS, the overlapping slot is considered as K1=0.
For case 2, K1 definition needs some clarification. The following is proposed.
[bookmark: _Toc506581797][bookmark: _Toc506582124][bookmark: _Toc506582146]Proposal 9: When A/N is transmitted on a carrier with a larger SCS, K1=0 is defined for the slot whose ending slot boundary is aligned with that of the slot containing PDSCH.
In other words, slot 2n+1 becomes K1=0. Slot 2n+2 is K1=1, 2n+3 is K1=2 and so on.



(a) Case 1: A/N transmitted on a carrier with smaller SCS


(b) Case 2: A/N transmitted on a carrier with larger SCS
Figure 3: Cross carrier ACK transmission with mixed numerology

With regards to HARQ-ACK feedback multiplexing, there are two approaches to codebook construction: Semi-static codebook, or dynamic codebook. For dynamic HARQ-ACK codebook, downlink assignment index (DAI) is an effective technique and it is worth pointing out that there are at least two ways to accumulate the DAI counter:
Alt 1: Block-wise time-first, frequency-second
Alt 2: Block-wise frequency-first, time-second
“Block-wise” refers to a given slot duration. Examples are illustrated below, with the assumption that all slots have PDSCH scheduled.
[image: ][image: ]
Figure 4: DAI counter accumulation order for CA with mixed numerology
Alt 2 is preferable since the gNB does not have to predict where slot 2n+1 is to be scheduled or not when it is scheduling slot 2n and slot m.
[bookmark: _Toc506581798][bookmark: _Toc506582125][bookmark: _Toc506582147]Proposal 10: Frequency-first, time-second DAI counter accumulation order is preferred for dynamic HARQ-ACK codebook.

Semi-static HARQ-ACK codebook
In RAN1 1801-AH, a fall-back mechanism for HARQ-ACK codebook determination in the case of single PDSCH received in the P-cell is agreed as a working assumption. Specifically, for semi-static HARQ-ACK codebook configuration, when the UE detects the grant of only one PDSCH on the P-cell, then the UE reports HARQ-ACK only for the one PDSCH. The intention is to reduce UL overhead when there is light traffic in the downlink. 

Working assumption:
· In case a UE is configured for semi-static HARQ-ACK codebook determination, when the UE detects to receive only one PDSCH on the Pcell, the UE reports HARQ-ACK only for the one PDSCH
· FFS whether additional constraints are necessary for the above operation

Careful thinking reveals that there is an issue with this fall-back HARQ-ACK scheme: consider the case when gNB sends multiple PDSCH transmissions in the downlink that corresponds to the same PUCCH association set, and UE missed all but one PDSCH transmission. Under this scenario UE will trigger HARQ-ACK feedback for the single PDSCH transmission that it received, while gNB, on the other hand, would not be able to figure out which PDSCH the HARQ-ACK report corresponds to, even if blind decoding is performed, resulting in an ambiguity between gNB and UE. This case is summarized in the observation below
[bookmark: _Toc506582319]Observation 1: In the case when gNB sends multiple PDSCH in the downlink that corresponds to the same PUCCH transmission and UE missed all but one grant for one PDSCH transmission, there is an ambiguity regarding which PDSCH that HARQ-ACK feedback corresponds to.
To get around with this issue, spec needs to further restrict the condition under which the fall-back single-PDSCH HARQ-ACK can be triggered when semi-static HARQ-ACK codebook is configured. In other words, any fix needs to make sure that gNB, upon reception of the HARQ-ACK feedback for a single PDSCH, understand which PDSCH the HARQ-ACK feedback corresponds to. One way to achieve this is to tie the single-PDSCH HARQ-ACK feedback with a PDSCH conforming to a specific K1 value, i.e., UE sends HARQ-ACK for a single PDSCH if it received just one PDSCH in the association set and the only PDSCH that it received conforms to a target K1 value. The designated K1 value can be one that is configured through RRC, or simply hard-coded to be the nth one within the set of RRC-configured K1 values for that UE. This way, whenever gNB receives a fall-back HARQ-ACK feedback that corresponds to a single PDSCH, there is no confusion regarding which PDSCH the feedback corresponds to, even if multiple PDSCHs are scheduled. The scheme is illustrated in Figure 5.
On gNB side, if there is only a single PDSCH scheduled in the downlink, then the gNB can send it in the slot that corresponds to the designated K1 value (the one that triggers HARQ-ACK codebook for a single PDSCH) so that UE only needs to report ACK/NACK for that single PDSCH. Otherwise, if the single PDSCH is scheduled on a slot with a different K1 value, gNB can assume that semi-static codebook is used. In the proposal below, we modified the working assumption with the modified part highlighted.
[bookmark: _Toc506581799][bookmark: _Toc506582126][bookmark: _Toc506582148]Proposal 11: For semi-static HARQ-ACK codebook determination, when the UE detects the grant of only one PDSCH on the P-Cell, and that single PDSCH conforms to a designated K1 value, then the UE reports HARQ-ACK only for the one PDSCH.
· The designated K1 value can be RRC configured, which also implies that this mechanism is only activated after RRC configuration.



[bookmark: _Ref506197541]Figure 5. HARQ-ACK feedback when semi-static HARQ-ACK codebook is configured (a) When more than one downlink grant is received on the P-cell, semi-static codebook is used; (b) When a single grant is received in the P-cell, but the single-grant does not conform to the designated K1 value that triggers fall-back HARQ-ACK codebook, semi-static codebook is used; (c) When a single grant is received in the P-cell and the single-grant conforms to the designated K1 value, then fall-back single-PDSCH HARQ-ACK codebook is used.

ACK/NACK padding in dynamic HARQ-ACK codebook
In 3GPP RAN1 #91bis meeting, regarding TB and CBG based HARQ-ACK codebook, the following is agreed.
Agreements:
· Generate 2 HARQ-ACK sub-codebooks (sub-CBs) 
· First sub-CB is for transmissions with TB-based HARQ-ACK, second sub-CB is for transmissions with CBG-based HARQ-ACK
· The sub-CBs are combined in a single HARQ-ACK codebook (sub-CB for TB-based HARQ-ACK is placed first)

The agreement says that in the case when both CBG-based and TB-based transmissions are scheduled, their ACK/NACK are combined and coded together in PUCCH. Note that, in the case of dynamic HARQ-ACK codebook configuration, gNB/UE relies on the mechanism of Counter/Total-DAI in the DL grant to resolve the ambiguity regarding the HARQ/ACK payload. Given that two separate DAI instances will be used, one for CBG-based transmission and one for TB-based transmission, HARQ/ACK payload size ambiguity will manifest itself whenever one of the DAI instance gets disrupted, leading to reduced robustness against grant-missing events. A particularly vulnerable case arises when there is only one or two TB based transmission and one or two CBG based transmissions are scheduled, in which case there is a good chance for HARQ-ACK payload size ambiguity should any grant be missed. To add a layer of protection against ACK/NACK payload size ambiguity, one design choice is to always pad the TB-based ACK-NACK bits to corresponds to at least one (or two) PDSCH(s), if UE receives CBG-based grant but no TB-based grant. The relative overhead for this scheme is small in this case: the HARQ-ACK feedback transmission anyway must carry the CBG based feedback, the additional padding bits for the 2 TBs is small in proportion.
[bookmark: _Toc506581800][bookmark: _Toc506582127][bookmark: _Toc506582149]Proposal 12: When dynamic HARQ-ACK codebook is configured for a UE, and the UE received CBG-based transmission, then UE always pads two TB-based NACKs in the feedback.

Power control with mixed numerology
UL CA will also be supported with NR. When UL CCs have different numerologies, UE transmit power changes in the middle of the slot with a smaller SCS due to the slot boundary with a larger SCS. This may cause the gate state switching which causes phase discontinuity. Phase discontinuity will lead to demodulation performance degradation due to the mismatch between estimated channel and the channel experienced by the data channel. Due to this reason, it is proposed to have a single PC group corresponding to a group of the same numerology per band. CCs in inter-band CA can have individual PC group, given the use of separate PA/RF chains.
[bookmark: _Toc506581801][bookmark: _Toc506582128][bookmark: _Toc506582150]Proposal 13: NR supports a single power control group corresponding to a group of the same numerology per band.

SCell Power Saving
LTE has recently introduced a new SCell state [1], distinct from activated and deactivated state. This new state allows periodic CSI of the SCell to be measured and reported, but otherwise is similar to legacy deactivated state and no data transactions are allowed and PDCCH is not monitored. The advantage is that the latency of transition into active state from this new state is reduced significantly compared to transition from deactivated state and the UE power consumption in the new state is much lower than that in active state and slightly higher than that in deactivated state. The fast state transition from low power new state to high power active state results in reduced overall UE power consumption for most traffic patterns.
[bookmark: _GoBack]Similar discussion should happen in the context of NR for SCell power saving. As discussed in several prior contributions [2][3], current UE power saving mechanism based on BWP adaptation is effective for single wideband carrier operation, but not very effective for multiple carriers. Instead, being able to put SCell into power saving state and bringing it back briskly would be more effective. The fact that LTE has introduced such a new feature is a testimony that the concepts earlier proposed in NR is in the right direction.
It has been proposed in RAN2 [4] that the BWP framework can be leveraged to implement an analogous version of LTE new SCell state for NR. New SCell state can correspond to a designated BWP with special attributes supporting low power operation. Such BWP can be called “dormant BWP” where no uplink or downlink grant is allowed, but periodic CSI reporting can continue. Signaling details, including the configuration, activation and deactivation of dormant BWP, can be discussed later after the general direction and approach is agreed as the way to support SCell power saving in NR.
SCell power consumption for the UE is a critical issue in NR especially for mmW deployment. Peak active use case aside, power consumption level can be very high even for PDCCH monitoring scenario. Enhanced microsleep with cross-slot scheduling alleviates the issue to some extent but the next step is to further tackle the duty cycle aspect by being able to quickly put SCell into low power / deactivated state when it is not needed.
[bookmark: _Toc506581802][bookmark: _Toc506582129][bookmark: _Toc506582151]Proposal 14: Resume discussion on SCell low-power / deactivated state and relation to BWP in RAN1 in light of recent introduction of LTE new SCell state for power saving, and corresponding discussions in RAN2 for NR and RAN4 update on SCell activation /deactivation timeline for NR.

Conclusion
This contribution has presented issues in CA with mixed numerology. The following observation and proposals have been made:

(From resubmission)
Proposal 1: Cross carrier slot-based scheduling is allowed toward equal or later slot only (defined by the beginning of the slot).
Proposal 2: When a larger SCS schedules a smaller SCS for DL data, the overlapping slot is considered as K0=0.
Proposal 3: When a smaller SCS schedules a larger SCS for DL data, K0=0 is defined for the slot whose beginning slot boundary is aligned with that of the slot containing PDCCH with DL grant.
Proposal 4: A separate DCI per grant is supported for cross carrier scheduling with mixed numerology. A joint grant is also supported for NR.
Proposal 5: When a larger SCS schedules a smaller SCS for UL data, the overlapping slot is considered as K2=0.
Proposal 6: When a smaller SCS schedules a larger SCS for UL data, K2=0 is defined for the slot whose beginning slot boundary is aligned with that of the slot containing PDCCH with UL grant.
Proposal 7: For cross carrier scheduling with mixed numerology, a single DCI is used to schedule the transmission of the same TB across multiple slots in slot-aggregation. The K1 timing starts from the end of the last transmission in the aggregated transmissions.
Proposal 8: When A/N is transmitted on a carrier with a smaller SCS, the overlapping slot is considered as K1=0.
Proposal 9: When A/N is transmitted on a carrier with a larger SCS, K1=0 is defined for the slot whose ending slot boundary is aligned with that of the slot containing PDSCH.
Proposal 10: Frequency-first, time-second DAI counter accumulation order is preferred for dynamic HARQ-ACK codebook.

(new proposals)
Observation 1: In the case when gNB sends multiple PDSCH in the downlink that corresponds to the same PUCCH transmission and UE missed all but one grant for one PDSCH transmission, there is an ambiguity regarding which PDSCH that HARQ-ACK feedback corresponds to.
Proposal 11: For semi-static HARQ-ACK codebook determination, when the UE detects the grant of only one PDSCH on the P-Cell, and that single PDSCH conforms to a designated K1 value, then the UE reports HARQ-ACK only for the one PDSCH.
· The designated K1 value can be RRC configured, which also implies that this mechanism is only activated after RRC configuration.
Proposal 12: When dynamic HARQ-ACK codebook is configured for a UE, and the UE received CBG-based transmission, then UE always pads two TB-based NACKs in the feedback.
Proposal 13: NR supports a single power control group corresponding to a group of the same numerology per band.
Proposal 14: Resume discussion on SCell low-power / deactivated state and relation to BWP in RAN1 in light of recent introduction of LTE new SCell state for power saving, and corresponding discussions in RAN2 for NR and RAN4 update on SCell activation /deactivation timeline for NR.
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