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1 Introduction

The following were agreed in RAN1#89 for carrier aggregation (CA) in NR.
Agreements:
· Support cross-carrier scheduling for aggregated carriers with the same and different numerology. 

· FFS: the timing relationship between DCI and the corresponding PDSCH/PUSCH

· FFS: impact on the maximum number of HARQ processes

· FFS: potential restrictions (e.g., on combination of different numerology)

· Support joint UCI feedback for aggregated carriers with the same or different numerology. 

· FFS: the timing relationship between PDSCH and the corresponding HARQ-ACK 

· FFS: impact on maximum number of HARQ processes 

· FFS: potential restrictions (e.g., on combination of different numerology)
· Support SRS fast switching among N uplink carriers

· The number of M uplink carriers supported by the UE for simultaneous transmission can be smaller than N

· Note: M can be 1 or larger depending on UE capability
· FFS: potential restrictions (e.g., on combination of different numerology, on combination of different frequency bands)
· Support one PUCCH in one cell group for NR DC/CA
· FFS: The carrier for PUCCH transmission can be configured within one cell group
· FFS: potential restrictions (e.g., on combination of different numerology, on combination of different frequency bands)
The following agreements were made in RAN2 NR Adhoc.

Agreements:
· A single logical channel can be mapped to one or more numerology/TTI duration. 

· ARQ can be performed on any numerologies/TTI lengths that the LCH is mapped to. 

· The RLC configuration is per logical channel without dependency on numerology/TTI length.

· Logical channel to numerology/TTI length mapping can be reconfigured via RRC reconfiguration.

· RAN2 will leave RAN1 to decide whether HARQ retransmission can be performed across different numerologies and/or TTI durations. 

· Wait for more details from RAN1 to decide whether HARQ configuration, if any, needs to be numerology/TTI duration specific.

· A single MAC entity can support one or more numerology/TTI durations. 

· LCP takes into account the mapping of logical channel to one or more numerology/TTI duration. Details of LCP will be discussed in the WI phase

This contribution considers aspects related to HARQ-ACK/UCI feedback for CA operation among NR carriers using different numerologies or for numerology multiplexing on a single carrier. Also, this contribution considers aspects for HARQ operations when multiple numerologies are multiplexed in a single carrier.
2 Cross-Carrier Scheduling
Use cases for cross-carrier scheduling with same numerology can be expected to be same as in LTE and include load balancing, ICIC, scheduling from a licensed carrier on an unlicensed carrier, etc. Identified use cases for cross-carrier scheduling include scheduling on a higher carrier frequency from a lower carrier frequency, for example to improve PDCCH robustness due to smaller path-loss. For similar reasons, PUCCH transmission can be on the carrier with the lower frequency. Scheduling from a higher carrier frequency to a lower carrier frequency requires further discussion for a use case as even the support of LTE-NR coexistence on same UL does not mandate that the DL carrier frequency for NR needs to use different numerology (i.e. DL carrier frequency for NR is on a mmWave band). 

Whether a same or different numerology is used in different carriers can be agnostic for the scheduling operation in NR given that a UE can be configured a PDCCH monitoring period per CORESET that is an arbitrary number of OFDM symbols and that the starting symbol and duration of a PDSCH transmission or a PUSCH transmission can be indicated in the DCI format. For example, for cross-carrier scheduling from a carrier with lower frequency to a carrier with higher frequency, a UE can be configured respective CORESETs with monitoring period corresponding to the slot duration on the carrier with higher frequency. Multi-TB scheduling can also apply. 
Observation 1: Use cases requiring scheduling from a carrier with higher frequency to a carrier with lower frequency are FFS.
Observation 2: In general, cross-carrier scheduling can be supported under the general NR scheduling framework. 

A DCI format may or may not include a CIF field. For example, a CIF field is not needed when different CORESETs or different, non-overlapping, monitoring periodicities for a CORESET are used for different cells. With configurable PDCCH candidates per CORESET and per cell, this is a network implementation issue. In general, similar to other configurable fields for DCI formats in NR, a number of bits for a CIF field in a DCI can be configurable ranging from 0 to 4. The largest value is to support the largest number of 16 cells in NR or, in general, a cell group that includes more than 8 cells that are scheduled from a same CORESET. Also, due to different UE complexity and regulatory requirements, NR specifications should not assume any association between an UL CA and a DL CA capability for a UE (e.g. it should not be assumed that a UE with large DL CA capability is always capable of UL CA). 
Proposal 1: The number of bits for a CIF field is configurable to any value from 0 to 4.
3 HARQ-ACK Codebook
In LTE, HARQ-ACK codeword determination can be dynamic (e.g. based on DAI) or semi-static (e.g. based on number of configured cells or the size of the bundling window in TDD) and the timing for HARQ-ACK transmission by a UE has a fixed relation relative to the timing of corresponding PDSCH receptions by the UE. In NR, a TDD-like operation is introduced due to configurable HARQ-ACK timing where it is possible for an HARQ-ACK codeword to include HARQ-ACK information for multiple PDSCH transmissions (conveying different TBs) on a same cell. Another functionality of NR is that, unlike LTE, a scheduling duration can be arbitrary. This also blunts differences between the HARQ-ACK codebook determination when all cells have a same numerology and the HARQ-ACK codebook determination when cells have different numerologies. 

Considering that a HARQ-ACK codeword will need to support multiple PDSCH transmissions with variable durations (with minimum granularity of one OFDM symbol) per cell, multiple CBGs, and multiple cells, a fixed HARQ-ACK codebook size is inappropriate as, with the exception of Reed-Muller coding for relatively small HARQ-ACK payloads, the gNB receiver cannot use prior knowledge of some HARQ-ACK information transmitted from a UE (in particular NACK/DTX values corresponding to PDCCH monitoring periods where the gNB did not schedule the UE). Polar codes (much like TBCC) are not practically capable of exploiting a-priori information in a HARQ-ACK codeword. As a result, a semi-static HARQ-ACK codebook can lead to excessive overhead in a PUCCH/PUSCH and, due to higher SINR requirements, will require larger UE power to support. Therefore, a dynamic HARQ-ACK codebook determination should be prioritized. A dynamic HARQ-ACK codebook determination can be based on the eCA operation using DAI. The functionality of Counter DAI and Total DAI may need to be enhanced in NR when CBG-based HARQ-ACK is supported or different/additional indexing methods for HARQ-ACK codeword determination may also be used [1].

Observation 3: A semi-static HARQ-ACK codeword determination can lead to excessive (PUCCH or PUSCH) overhead and UE power consumption. 
Proposal 2: NR supports dynamic HARQ-ACK codebook determination.

4 HARQ for Numerology Multiplexing in Single Carrier

For synchronous HARQ, there is no need to maintain a HARQ process and hence there is no issue with sharing HARQs across numerologies. However, for asynchronous HARQ, sharing HARQ processes across numerologies needs to be further considered. 

When a UE can simultaneously process multiple numerologies, i.e., the UE has multiple FFT blocks, then the numerologies can be FDM for one UE. Such an operation is similar to CA, HARQ procedures mentioned in the previous section can be used, and each numerology can maintain an independent HARQ process. 
Observation 4: For FDM of numerologies in a single carrier (FDD or TDD systems), each numerology can have a corresponding HARQ process.

For TDM of numerologies in a single carrier, for example to support different verticals, and unlicensed band applications for immediate channel occupancy post LBT, HARQ processes may be shared across different numerologies. However, such a sharing can lead to latency issues especially for low-latency (shorter TTI) applications if a respective HARQ process is associated with a different numerology (longer TTI). An example is shown in Figure 2 where the n->n+4->n+8 timeline is assumed for HARQ procedures. The top block represents numerology 1 that has twice the TTI duration of numerology 2 in the bottom block. If these numerologies share HARQ procedures, HARQ-ACK for the second numerology will have to wait and thereby the latency increases and the required number of HARQ processes for maximum data rate increases. 

In addition to the above cases, NR considers pre-emption based operation across different numerologies. In order to support proper operation for low latency applications, it is preferable to have separate respective HARQ processes. Despite having asynchronous HARQ, HARQ prioritization may be needed in such cases to ensure that low-latency services are not impacted. Although in LTE there was no HARQ process prioritization defined to deal with potential soft buffer overflow, NR may have to define such priorities according to traffic type and this can be supported by network configuration. 
Proposal 3: Each numerology has its own HARQ process irrespective of TDD/FDD and TDM/FDM of numerologies. 

Proposal 4: NR supports HARQ process prioritization by network configuration. 

Proposal 5: Send LS to RAN2 indicating RAN1 decisions about HARQ process behavior when numerology multiplexing is considered in single carrier and CA operations. 
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Figure 2: An example TDM numerology multiplexing
RAN2 also discussed whether or not HARQ re-transmissions can be performed across numerologies, i.e. when the first transmission is on numerology 1 but the corresponding re-transmission is on numerology, 2 and is waiting on a respective RAN1 decision. RAN1 decided that retransmissions can be TB-based or CBG-based but, regardless of the type of retransmissions, any benefits for TB/CBG retransmission on a different numerology are not clear. 

Observation 5: There are no clear benefits of using a different numerology for re-transmission of a TB/CBG in the same carrier and same bandwidth.

Proposal 6: Inform RAN2 about RAN1 decision on the re-transmission feasibility across multiple numerologies. 

5 Conclusions

This contribution considered aspects for CA operation among NR cells with different slot durations and for numerology multiplexing within a single carrier. In particular, the following are proposed. 
Proposal 1: The number of bits for a CIF field is configurable to any value from 0 to 4.
Proposal 2: NR supports dynamic HARQ-ACK codebook determination.

Proposal 3: Each numerology has its own HARQ process irrespective of TDD/FDD and TDM/FDM of numerologies.
Proposal 4: NR supports HARQ process prioritization by network configuration. 

Proposal 5: Send LS to RAN2 indicating RAN1 decisions about HARQ process behavior when numerology multiplexing is considered in single carrier and CA operations.
Proposal 6: Inform RAN2 about RAN1 decision on the re-transmission feasibility across multiple numerologies. 
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