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1 Introduction

The following were agreed during after RAN1 NR Ad-Hoc#3 for CA operation in NR.
Agreements:

· Maximum number of HARQ processes for unicast PDSCH is configured per cell for a UE

· FFS impact on DCI design
Agreements:
· For NR CA:

· If CIF is present in DCI, the bitwidth is fixed at 3 bit

· Note: BWP index (if available) is always a separate information field

· FFS detailed conditions for CIF presence

Working assumption:

· In case of cross-carrier scheduling, UESS search spaces for the scheduling cell and for the scheduled cell(s) are separated by offset(s) if they are in the same CORESET

· The offset(s) depends on CIF

· FFS details

· FFS the case of same DCI size (whether to have shared search space or not)

Agreements:
· UE can be configured to monitor group common CSS for at least pre-emption indication on a Scell

· UE can be configured to monitor SFI in group common PDCCH for a Scell at least on the same Scell,  or on a different cell (as a working assumption)
Agreements:
· Bundling of HARQ-ACKs across different CCs for a UE is not supported in Rel-15
This contribution considers remaining aspects related to CA operation in NR other than UL power control aspects [1].
2 Scheduling Aspects
Conditions for CIF presence: 
Similar to LTE, when a UE is configured with cross-carrier scheduling, DCI for scheduled cells should include CIF to identify the cell when the search spaces for different cells are overlapped. CIF should also be present in the DCI for the scheduling cell to reduce PDCCH blind detections when the DCI payload is same for the scheduling and scheduled cells. 

Proposal 1: When a UE is configured for cross-carrier scheduling, CIF exists in the DCI formats for both scheduling and scheduled cells.
PDCCH Search Space: 
For cross-carrier scheduling, the principles from LTE cross-carrier scheduling using the cell index as a differentiator of search spaces corresponding to different cells is sufficient, i.e., using CIF to determine the starting position of search space for each cell within one CORESET. Similar as LTE, the search space for different cells can be shared for the DCI with same size to improve the DL control resource efficiency. 

Proposal 2: Support search space sharing for DCI with same size. 

HARQ Processes indication in DCI: 
Since the maximum number of HARQ processes for unicast PDSCH is separately configured per cell, the size of the HARQ process number field in a DCI format is separately configured per cell. 
Proposal 3: Configuration of the number of bits for the HARQ process number field in a DCI format is cell-specific. 

3 Feedback Aspects
In NR, there are three dimensions for HARQ-ACK multiplexing. 

· A cell dimension for HARQ-ACK multiplexing across multiple carriers (i.e., for CA).

· A time dimension for HARQ-ACK multiplexing across multiple subframes (i.e., for TDD). 
· A CBG dimension for HARQ-ACK multiplexing across multiple CBGs.
Furthermore, different durations for transmissions by slot-based scheduling and mini-slot based scheduling (a.k.a non-slot-based scheduling) can be used on different NR carriers. 
It is noted that the NR work scope is narrowed in RAN #77 and, regarding CA, RAN1 only supports same numerology within the same PUCCH group to simplify the design. However, it is noted that the numerology is rather irrelevant to the HARQ-ACK feedback design with the scheduling duration and the PDCCH monitoring periodicity are more relevant factors. Mixing the HARQ-ACK feedback of slot and mini-slot, scheduled PDSCH in the same PUCCH group may complicate the HARQ-ACK codebook determination, especially when the UE is configured both slot and mini-slot scheduling which can be dynamically switched. Therefore, in the spirit of down-scoping from RAN#77, NR Phase 1 can assume the same scheduling duration in all cells (no mixing of HARQ-ACKs for different scheduling durations in the same PUCCH group). 
Proposal 4: NR phase 1 considers same numerology and same scheduling duration per PUCCH group. 

HARQ-ACK codebook determination: 
In case of semi-static HARQ-ACK codebook, the codebook size can be determined by the bundling window and the number of configured DL cells for the PUCCH group. If a UE is configured with CBG-based feedback on some DL cells, the codebook size is also determined by the number of configured CBGs per cell. A gNB can reduce the payload size by UL-DAI like indication or RRC configuration. For example, even when a UE is configured with a set of HARQ-ACK timings for scheduling flexibility, a gNB only expects HARQ-ACK feedback from up to two PDSCHs within the bundling window in each cell to control the UCI payload. As shown in Figure 1, a gNB indicates the maximum number of PDSCHs per DL CC is 2. Then, the semi-static HARQ-ACK codebook should be 2*2(multiple CW TM, N=1)+2*4(single CW TM, and N=4)+2*2(single CW TM, and N=2)=16 bits. With legacy per PDSCH DAI, the HARQ-ACK bit-length per PDSCH per cell should be fixed. For DL cell 2 and cell 3, even if the gNB may schedule PDSCH by fallback DCI for TB-based scheduling, the UE shall still generate 4 and 2 bits per PDSCH. Otherwise, CBG-level DAI should be introduced. 
Proposal 5: A semi-static HARQ-ACK codebook size is determined by the bundling window size, the number of configured DL cells, and the configured number of CBGs per TB per cell if CBG-based HARQ-ACK feedback is configured.  
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Figure 1 Semi-static HARQ-ACK codebook
In the case of dynamic HARQ-ACK codebook, the total DAI and counter DAI based method from Rel-13 eCA can be baseline. With the introduction of CBG-level feedback, the LTE Rel-13 DAI with the granularity of per PDSCH transmission cannot indicate missed CBGs, even when the gNB configures HARQ-ACK feedback per PDSCH according to the indicated CBGs, because the number of configured or scheduled CBGs can be different on different cells, as shown in Figure 2 – e.g. CBG-based and TB-based scheduling can be configured separately for each cell. 
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Figure 2 HARQ-ACK ambiguity for dynamic HARQ-ACK codebook (Rel-13 per PDSCH counter DAI, total DAI)
To overcome the HARQ-ACK ambiguity discussed above, restricting the same CBG/TB-level configuration for all cells can be one option at the expense of unnecessarily increasing both DCI (assuming DCI payload for TB-level scheduling is less than CBG-level scheduling) and UCI payloads. Then, the HARQ-ACK codebook payload shown in Figure 2 increases from 26 bits to 54 bits. 
Dividing TB-based and CBG-based DL cells into two groups and using per PDSCH DAI within each group can be another option. HARQ-ACK of these two groups is aggregated. This saves HARQ-ACK bits for TB-based DL cells but still incurs redundant HARQ-ACK bits for some CBG-based DL cells if the configured number of CBGs is different for different DL cells while the feedback bit-length is set according to the maximum configured number of all CBG-based DL cells. A more serious issue is a potential miss-understanding of the HARQ-ACK codebook between the UE and the gNB if all PDCCHs for one group in a last slot are lost. 
A semi-static HARQ-ACK codebook for TB-based group together with dynamic codebook for CBG-based group can also be considered. As shown in Figure 3, DL cells 2/4 form a TB-based group and DL cells 1/3/5 form a CBG-based group. For the TB-based group, the HARQ-ACK codebook size is fixed as 4*2*1=8 bits and is independent of scheduled PDSCHs. For the CBG-based group, the HARQ-ACK codebook is determined per PDSCH DAI, i.e., 5*6=30 bits. The total HARQ-ACK payload is 8+30=38 bits. With this alternative, there is no miss-understanding of HARQ-ACK codebook if all PDCCHs for one group in last slot are lost.   
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Figure 3 Semi-static codebook + dynamic codebook (Rel-13 per PDSCH counter DAI, total DAI)
The simplest solution is to introduce CBG-level DAI. UCI payload is reduced to the exact number of scheduled CBGs without any additional grouping or error case. The cost is an increase in the DCI payload. However, DCI payload increases by log2 N bits while the UCI payload is reduce by N bits. Therefore a logarithmic increase in the DCI payload is preferable to a linear and multiplied increase in the UCI payload. CBG-level DAI with coarse granularity may also be considered to reduce the impact on DCI overhead. 
Proposal 6: For dynamic HARQ-ACK codebook determination, the DAI-based mechanism of LTE eCA is baseline. CBG-level DAI is introduced for CBG based retransmission. 

HARQ-ACK codebook size reduction:

The HARQ-ACK payload to support shorter scheduling intervals or CBG-based retransmissions can be a multiple of the one in Rel-13 eCA. Therefore, some restrictions on the maximum number of HARQ-ACK bits per TB and/or on the number of PDSCH transmissions having HARQ-ACK feedback in a same HARQ-ACK codebook need to be considered for practical realizations. It can also be necessary to perform HARQ-ACK compression/bundling for coverage limited UE.
NR supports one codeword up to 4 layers and 2 codewords for more than 4 layers.  Similar to LTE, the spatial bundling of two codewords can be one efficient way to reduce UCI payload. PDSCH transmission efficiency degradation due to spatial bundling is small according to evaluations in LTE (e.g. less than 5%). Because the probability of scheduling two codewords is much lower in NR than that in LTE, wherein >4 layers corresponds to  2 codewords in NR while >1 layer corresponds to  2 codewords in LTE, degradation of spatial bundling is further reduced in NR. One aspect that needs further consideration is how to perform spatial bundling when a UE is configured with CBG-level HARQ-ACK feedback if the numbers of CBGs for the 2 codewords are different. 
Typically, as channel fading over adjacent symbols/slots may not significantly change at low or moderate speeds, PDSCH transmission efficiency degradation by bundling HARQ-ACK from multiple PDSCH transmission in time domain can be smaller compared to LTE for slot durations of less than 1 ms (SCS > 15 KHz). However, the interference over different symbols/slots can vary due to the multiple transmission durations supported in NR and this reduces the correlation in the time domain. Furthermore, URLLC transmission pre-empting an on-going eMBB transmission randomizes the probability of correct decoding for each PDSCH transmission.    

Therefore, with the exception of scenarios in which the UCI payload needs to be restricted due to coverage reasons, HARQ-ACK feedback should not rely on time-domain bundling. 

One new dimension to perform bundling in NR is the CBG domain. Bundling all CBGs of a TB is equivalent to TB-level HARQ-ACK feedback which is already supported, i.e., 1 HARQ-ACK bit per TB. If the CBG-level bundling is configured by higher-layer signaling, a direct consequence is that the gNB configures conventional TB-level scheduling without per-CBG indication in DCI. 
Proposal 7: Support spatial-domain bundling. Consider time-domain bundling only for coverage limited operation.

4 Conclusions

This contribution considered remaining scheduling and HARQ-ACK feedback aspects for CA operation. In particular, the following are proposed. 
Proposal 1: CIF presents in DCI for both scheduling and scheduled cells, when a UE is configured for cross-carrier scheduling.
Proposal 2: Support search space sharing for DCI with same size.
Proposal 3: Configuration of the number of bit for the HARQ process number field in DCI format is cell-specific. 
Proposal 4: The numerology as well as the scheduling duration (slot or mini-slot) withn the same PUCCH group should be the same for NR phase 1. 

Proposal 5: A semi-static HARQ-ACK codebook size is determined by the bundling window size, the number of configured DL cells, and the configured number of CBGs per TB per cell if CBG-based HARQ-ACK feedback is configured.  
Proposal 6: For dynamic HARQ-ACK codebook determination, the DAI-based mechanism of LTE eCA is baseline. CBG-level DAI is introduced for CBG based retransmission. 
Proposal 7: Support spatial-domain bundling. Consider time-domain bundling only for coverage limited operation.
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