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Introduction
LTE supports two types of HARQ codebook adaptation: slow HARQ codebook adaptation and fast HARQ codebook adaptation. The former is e.g. used in Rel-10 CA while the latter is e.g. used in Rel-13 feCA. In this contribution we discuss HARQ codebooks for NR.
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HARQ codebooks without CBG configuration
In slow HARQ codebook adaptation (a.k.a. fixed HARQ codebook) the codebook size is not adopted to the actual feedback size but fixed based on RRC configured parameters. If a UE receives fewer DL assignments than the HARQ codebook is designed for it puts NACK on those positions in the HARQ codebook for which it did not receive a DL assignment. Positions in the HARQ codebook for which the UE received a DL assignment are populated with ACK or NACK depending on the decoding outcome. The gNB knows how the UE has been scheduled and thus knows which positions in the HARQ codebook contain a fixed NACK. The gNB can use this a-priori knowledge in decoding. Reed-Muller codes are used for up to 11 bits UCI. Here, decoding of the fixed (too large) HARQ codebook using this a-priori knowledge performs almost as well as if an exactly fitting (smaller) HARQ codebook would have been used. Using a semi-statically configured HARQ codebook size for small UCI sizes is therefore attractive since 1) performance is almost the same as with a dynamically adopted codebook and 2) the scheme is simple and robust towards missed DL assignments.
For a large number of configured/active component carriers and a large time reporting window the fixed HARQ codebook would have to be large. In case of few scheduled PDSCH this implies a resource waste. In such situations, a dynamic codebook is attractive which adopts its size to the actual number of scheduled PDSCH. Dynamic HARQ codebook reduce overhead but is error prone to missed DL assignments: If a UE misses DL assignment(s) it calculates a wrong HARQ codebook size. Rel-13 feCA solves this problem by introducing a DAI mechanism using a total and counter DAI. For NR without configured CBG it is proposed to adopt a dynamic HARQ codebook based on the Rel-13 feCA solution.
Proposal 1: A UE without CBG configuration can be configured with slow HARQ codebook adaptation (fixed HARQ codebook) for UCI sizes up to 11 bit.
Proposal 2: A UE without CBG configuration can be configured with fast HARQ codebook adaptation.
Slow HARQ codebook adaptation
Parameters that determines the HARQ codebook size is the number of component carriers and the MIMO transmission mode configured on a component carrier. In NR, spatial multiplexing with up to 4 layers uses 1 transport block and 2 transport blocks for more than 4 layers. If 1 or 2 HARQ feedback bits are needed per PDSCH is determined by a component carrier’s MIMO configuration. 
LTE enables activation and deactivation of component carriers and it is likely that NR will support a similar feature. Depending on the reliability of the activation mechanism the HARQ codebook size should be determined by either number of configured or activated carriers.
Proposal 3: One part of the fixed HARQ codebook size is given by the number of configured or activated component carriers and the MIMO configuration.
In an FDD system a typical configuration would be that each slot contains PUCCH resources and up to 11 component carriers could be used with a fixed HARQ codebook. 
In a TDD system PUCCH opportunities may not occur every slot interval and feedback for multiple PDSCHs needs to be included in a single UCI message (and thus HARQ codebook). This dimension can either be captured via number of HARQ processes or via a time window that covers all PDSCH opportunities which should provide feedback in the same UCI message. In Figure 1 PDSCH contained in up to slot intervals should report HARQ feedback in the same PUCCH and thus same HARQ codebook. The HARQ codebook size would be given by the product of  and number of HARQ feedback bits required in the component carrier dimension. In the typical LTE FS2 uplink-downlink configuration 2, HARQ feedback for four PDSCH are sent in a single uplink, this would correspond to  With a maximum fixed HARQ codebook size of 11 bit two component carriers could be supported. 
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The mapping of slot interval and component carrier to bit position within the HARQ codebook would be given by a combination of component carrier index and the time delay  between PDSCH and HARQ feedback.
For mini-slot-based transmissions the time indicator indicating PDSCHHARQ delay is probably not in slots but rather symbols to enable early HARQ feedback for mini-slots. Theoretically up to 12 mini-slots in a slot interval (12 mini-slots with 1 OFDM symbol each) could report HARQ feedback in the last OFDM symbol of the same slot interval (plus one symbol guard). This would require already without carrier aggregation a HARQ codebook of size 12, larger than the maximum proposed fixed HARQ codebook size of 11. Even though 12 mini-slots is an extreme example it shows difficulties of time-delay-based indexing the HARQ codebook. Furthermore, if mini-slots and slot-based transmissions are mixed within the time window it is also unclear how to perform the indexing into the HARQ codebook.
Another possibility is to use the HARQ process ID as index into the HARQ codebook. In this case the fixed HARQ codebook size would be determined by the product of configured/specified HARQ processed and number of HARQ feedback bits required in the component carrier dimension. For TDD and 8 HARQ processes this would limit the fixed HARQ codebook to a single component carrier. If the HARQ codebook size is based on the number of HARQ processes one should consider possibilities to restrict number of reported HARQ processes in a HARQ codebook to support at least two component carriers with fixed HARQ codebook.
It is envisioned that mini-slots and slot-based transmissions share the available HARQ processes of a component carrier. Mini-slots and slot-based transmissions use different HARQ processes which simplifies the support of mini-slots and the mix between mini-slots and slot-based transmissions. 
Proposal 4: One part of the fixed HARQ codebook size is based on the number of configured/specified HARQ processes. Consider possibilities to limit the number of reported HARQ processes within a report.
Proposal 5: Indexing into the fixed HARQ codebook is given by a combination of component carrier index and HARQ process ID.
HARQ codebooks with CBG configuration
A UE configured with both carrier aggregation and CBG-based HARQ feedback can have largely varying UCI sizes depending on number of configured/activated component carriers and CBG configurations. If all component carriers are configured with the same CBG configuration a similar approach as without CBG configuration can be taken with the modification that for each received PDSCH a bitmap instead of a single bit (two bit depending on MIMO configuration) is inserted into the HARQ codebook. The bitmap size is given by the CBG and MIMO configuration.
If different CBG configurations exist across component carriers the DAI solution from Rel-13 does not work properly since the DAI counters only count HARQ entries irrespective of size. With different CBG configurations it is not enough to know that one or two assignments have been missed, one also needs to know the size of the corresponding HARQ feedback. Without this knowledge, the HARQ codebook size as well as the internal bitmap ordering will be wrong. One solution is to group component carriers according to their CBG configuration (CBG per TB), i.e. all component carriers with same CBG configuration are within one group. For each group, an independent Rel-13 feCA DAI mechanism is implemented. A DCI scheduling PDSCH from a group contains total and counter DAI from this group and these DAIs are calculated considering only DL assignments from this group. Each group has its own HARQ codebook and the DAI counters refer to this codebook. Prior transmission, the HARQ codebooks are concatenated and then sent on PUCCH or as UCI on PUSCH. If a UE determines the HARQ codebook size of a single group wrongly the total HARQ codebook size would be wrong and the HARQ feedback undecodable. Since multiple total DAIs (one for each group) exist each total DAI is transmitted less often than if a single total DAI would exists. Error cases are more likely compared to the case of a single DAI mechanism. 
A more simple approach would be to assume the largest number of CB per TB across configured component carriers for all component carriers. Then the same solution as outlined above for the case all configured/activated component carriers have the same CBG configuration can be reused. This solution is more robust than the multi-DAI solution but also has higher UL overhead, especially for very different CBG configurations. Yet another alternative is a fixed codebook similar to that one described in Section 2.1.1 with the modification that the size of each entry in the codebook would be given by the CBG/MIMO configuration of the corresponding PDSCH. In both cases PUCCH link performance will be worse than with a perfectly fitting HARQ codebook. For the fixed HARQ codebook solution, PUCCH performance must be sufficient even if all PDSCH mapped to the fixed HARQ codebook are scheduled. PUCCH performance with fewer scheduled PDSCH (and considering this a-priori information in decoding) will not perform worse than the case all PDSCH are scheduled.
Given that only few meeting cycles are left until completion data we propose to adopt a robust solution for HARQ feedback with CBG configuration. More advanced schemes can potentially be considered in later releases once the robustness problem has been solved.
Proposal 6: A UE with CBG configuration can be configured with a fixed HARQ codebook. The size of each entry is given by the CBG/MIMO configuration of the corresponding PDSCH.
HARQ codebook with unaligned PDCCH times
NR supports carrier aggregation across different numerologies, mini-slots, and multiple BWPs where different BWP can have different numerologies. Common to all these cases is that their PDCCH opportunities occur not necessarily time-aligned but can occur at different times. For this case, the same solution as with aligned PDCCH transmissions can be used as baseline. Figure 2 shows the case of three component carriers where each component carrier has different slot lengths configured. At each PDCCH time, the total DAI is set to the total number of scheduled DL assignments including this PDCCH time. Figure 2 shows the case for carrier aggregation across component carriers with different slot intervals, the same solution can also be applied to mini-slots or BWP with different slot interval lengths. 
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[bookmark: _Ref490124875]Figure 2	A UE is configured with three component carriers with different slot interval lengths. At each PDCCH time, the total DAI is set to the total number of scheduled DL assignments including this PDCCH time.
Conclusion
In this contribution we discuss HARQ codebooks for NR. The following is proposed:
Proposal 1: A UE without CBG configuration can be configured with slow HARQ codebook adaptation (fixed HARQ codebook) for UCI sizes up to 11 bit. 
Proposal 2: A UE without CBG configuration can be configured with fast HARQ codebook adaptation.
Proposal 3: One part of the fixed HARQ codebook size is given by the number of configured or activated component carriers and the MIMO configuration.
Proposal 4: One part of the fixed HARQ codebook size is based on the number of configured/specified HARQ processes. Consider possibilities to limit the number of reported HARQ processes within a report.
Proposal 5: Indexing into the fixed HARQ codebook is given by a combination of component carrier index and HARQ process ID.
Proposal 6: A UE with CBG configuration can be configured with a fixed HARQ codebook. The size of each entry is given by the CBG/MIMO configuration of the corresponding PDSCH.
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