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1 Introduction

At the RAN1#89 meeting, the followings were agreed with regard to cross-carrier scheduling and joint UCI feedback for NR carrier aggregation [1]:

· 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 process 

· FFS: potential restrictions (e.g., on combination of different numerology)
In this contribution, we present our view on HARQ-ACK multiplexing and bundling aspects for NR.  
2 HARQ-ACK feedback multiplexing
As agreed in the RAN1 #86 meeting [2], from UE perspective, HARQ-ACK feedback for multiple DL transmissions in time can be transmitted in one UL data/control region is supported. Figure 1 illustrates grouped HARQ-ACK feedback in response to multiple DL data transmissions. This grouped HARQ-ACK feedback can be beneficial to improve data rate for high throughput scenario, especially for TDD system. More specifically, with grouped HARQ-ACK mechanism, overhead due to guard period and NR PUCCH allocated in slots where DL transmission is allocated can be substantially reduced, and hence system level spectrum efficiency can be improved. Similarly, grouped HARQ-ACK feedback can be employed for carrier aggregation, where UE can aggregate HARQ-ACK response for downlink data transmission from multiple component carriers.
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Figure 1. Grouped HARQ-ACK feedback
Similar to LTE, multiplexing operation can be supported in NR for grouped HARQ-ACK feedback for a single carrier and carrier aggregation case. Further, it would be beneficial and necessary to streamline the NR PUCCH formats and operations to support multiplexing of HARQ-ACK feedback. As agreed in the RAN1 Adhoc#1 meeting [3], short and long PUCCH can carry about a few tens and a few hundreds of UCI feedback bits, respectively, which can be used to support the HARQ-ACK multiplexing in cases of multiple CA cells, single cell, multiple DL slots, etc.

Need for 1~2 bits HARQ-ACK PUCCH format with channel selection should be investigated for its benefits and use cases, in order to decide whether to support the feature in NR as well. In NR, the DL and UL configuration can change more dynamically than in LTE and when to transmit HARQ-ACK feedback is explicitly and dynamically controlled by gNB. Also, both DL and UL symbols can be present in any NR slot unlike LTE TDD in which only a special subframe can have both DL and UL symbols, and this makes easier for gNB to manage timing and aggregation of HARQ-ACK feedback in NR. Due to dynamically changeable nature of NR slot configurations, it needs more investigations on whether semi-static configuration of a PUCCH format to use for multiplexing multiple HARQ-ACK feedback would be well workable.
Proposal 1:

· Multiplexing HARQ-ACK feedback for multiple DL transmissions onto a single NR PUCCH is supported for both single cell and carrier aggregation cases.
· FFS: support of 1~2 bits HARQ-ACK PUCCH with channel selection.

3 HARQ-ACK feedback bundling

In an ideal communication setup, where the correct link adaptation is setup and AWGN channel can be assumed, the received data error may be uncorrelated and simply governed by random statistics. However, real communication deployment scenarios do not behave this way. For fading channels and UE mobility that may result in sudden signal blockage, there would be some temporal correlation of the received signal quality. Considering the CSI reporting delay and imperfections in link adaptation including both closed loop and open loop methods, there may be correlations between packets that were scheduled using the same set of CSI information.

For coverage limited UEs or for UEs that is required to transmit large amounts of HARQ-ACK feedback bits, bundling of the HARQ-ACK bits and compressed them into smaller set of bits may be beneficial. The compression of the HARQ-ACK feedback bits can potentially utilize the frequency, spatial, and temporal correlation of the data packet errors to optimize the compression method. This section discusses the different available HARQ-ACK bundling modes, and whether NR should support such modes.
Bundling of HARQ-ACK in spatial domain 

As agreed in RAN1 88bis meeting [4], 1 codeword (CW) up to 4 layers, and 2 CW for anything above 4 layers are supported in NR. This implies that UEs that are able to transmit multiple CWs would be receiving signals with MIMO rank 5 or higher. Considering the high correlation scenario in multiple antenna transmission scheme, it may be desirable to support HARQ-ACK bundling of two CWs from a slot. Further, under the scenario with asymmetric DL/UL SNR geometry where UE may experience good link quality for DL but bad link quality in UL, support of HARQ-ACK bundling in spatial domain may be more appropriate for better UL coverage, e.g., for the transmission of UL control channel. Hence, HARQ-ACK bundling of two CWs is supported in NR. However, it may be revisited if identified undesirable later. 

Bundling of HARQ-ACK in frequency domain

In case when the UE is configured with multiple component carriers (CC), the UE may need to feedback multiple HARQ-ACK bits for each CC. Since NR supports OFDMA in uplink by default, it may be possible to send the HARQ-ACK bits corresponding to its own CC. However, in certain scenarios where the number of CC in uplink is asymmetric with downlink, there may be cases where HARQ-ACK bits from multiple CC is expected to be transmitted in the same uplink transmission.

Similar to the usage of the high order MIMO transmissions, usage of multiple component carriers resulting in very wide effective transmission bandwidth is not very likely when the UE is coverage limited. Furthermore, the number of bits that may need to be reported for HARQ-ACK may not likely to be very high when the UE is coverage limited. With introduction of support of millimeter wave (mmWave) spectrum for NR, there are more various deployment scenarios that may need to be considered. There may be cases of where different component carriers have different subcarrier spacing resulting in different slot durations, CCs with extreme coverage differences, etc. It should be noted that bundling of the HARQ-ACK bits from different CC may be only effective in intra-band CC, as the data packet error rate correlation would be non-existent for CC belonging to completely different bands. Based on the discussions above, HARQ-ACK bundling of TBs from multiple CCs in CA scenario is not supported in NR. 

Bundling of HARQ-ACK in temporal domain

As mentioned above, grouped HARQ-ACK feedback is supported for multiple DL transmissions in time. Further, bundling operation for this grouped HARQ-ACK feedback may be useful in several aspects. When the UE is operating in TDD systems, HARQ-ACK bits from multiple TB must be transmitted simultaneously. This is inherent consequence of utilizing TDD systems. In such scenarios, UE may certainly be in coverage limited scenarios. Therefore, support of bundling of HARQ-ACK in the temporal domain seems to be essential to provide similar coverage and data rate support as LTE.
Proposal 2:

· NR supports HARQ-ACK bundling of transport blocks (TB) from multiple slots. 

· NR supports HARQ-ACK bundling of codewords (CW) from a slot.
· This can be revisited if identified undesirable later
· NR does not support HARQ-ACK bundling of TBs from multiple component carriers (CC). 
4 HARQ-ACK feedback in NR CA

HARQ-ACK feedback timing
As agreed in the RAN1#89 meeting [1], joint UCI feedback for aggregated carriers with the same or different numerology is supported in NR. In case when PDSCH transmission on SCell and HARQ-ACK feedback carried by PUCCH on PCell or PUCCH SCell may utilize distinct numerologies or slot duration, cross-numerology HARQ-ACK feedback mechanism can be employed. To enable cross-numerology HARQ-ACK feedback, timing between PDSCH transmission and HARQ-ACK feedback on PUCCH needs to be defined. 

As discussed in our companion contribution [5], depending on whether SCell has larger or smaller subcarrier spacing than PCell or PUCCH SCell, additional timing indication may need to be signalled in the DCI scheduling the DL data transmission. For instance, timing indication of PUCCH resource (i.e. K1 values) in DCI can consist of two parts, where first and second timing parts can be signalled or configured according to slot duration in SCell and in PCell or PUCCH SCell, respectively.
Proposal 3:

· Timing between PDSCH transmission on SCell and HARQ-ACK feedback on PUCCH cell is dynamically indicated by the DCI format from set of values configured by higher layers.

· FFS: K1 based on the subcarrier spacing of serving cell itself or PUCCH cell.
HARQ-ACK codebook design

In LTE eCA, both semi-static and dynamic HARQ-ACK codebook determination rule were supported. For semi-static HARQ-ACK codebook, UE can determine the HARQ-ACK codebook size according to the number of configured CCs. To further reduce HARQ-ACK feedback bits associated with non-scheduled serving cells or subframes, dynamic HARQ-ACK codebook determination was defined, where 2-bit counter DAI (C-DAI) and total DAI (T-DAI) are included in the DCI scheduling DL data transmission. In particular, C-DAI is incremented in a frequency-first-time-second manner on scheduled CC while T-DAI indicates the number of serving cells up to the present subframe. 

For NR CA, same design principle can apply for joint HARQ-ACK feedback, i.e., both semi-static and dynamic HARQ-ACK codebook determination can be supported. Further, UE can be configured by higher layer signaling on whether semi-static or dynamic HARQ-ACK codebook determination is employed. 

Taking into account the support of dynamic TDD and carrier aggregation, HARQ-ACK feedback bits from multiple DL transmissions in different time, frequency or spatial domains can be multiplexed in one PUCCH. In case of carrier aggregation for multiple CCs with different numerologies, it is more appropriate to define HARQ aggregation window according to smallest subcarrier spacing within configured CCs, which can help to ensure alignment between CCs with different numerologies. In this regards, for semi-static HARQ-ACK codebook design, the total codebook size can be determined by the number of configured CCs, the HARQ-ACK aggregation window size, and subcarrier spacing or slot duration difference between configured CCs. 

Figure 2 illustrates an example of HARQ-ACK aggregation window in case of NR carrier aggregation with different numerologies. In the figure, HARQ-ACK aggregation window is defined according to 15KHz subcarrier spacing in CC#2.  
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Figure 2. An example of HARQ-ACK aggregation window
Proposal 4:

· NR CA supports both semi-static and dynamic HARQ-ACK codebook determination mechanisms.

·  FFS on the details of DAI fields definitions

5 Conclusions

In this contribution, we shared our view on HARQ-ACK multiplexing and bundling aspects. Based on the discussion, we summarize our views through the following proposals:
Proposal 1:

· Multiplexing HARQ-ACK feedback for multiple DL transmissions onto a single NR PUCCH is supported for both single cell and carrier aggregation cases.
· FFS: support of 1~2 bits HARQ-ACK PUCCH with channel selection.

Proposal 2:

· NR supports HARQ-ACK bundling of transport blocks (TB) from multiple slots. 

· NR supports HARQ-ACK bundling of codewords (CW) from a slot.

· This can be revisited if some usage scenario is identified
· NR does not support HARQ-ACK bundling of TBs from multiple component carriers (CC). 

Proposal 3:

· Timing between PDSCH transmission on SCell and HARQ-ACK feedback on PUCCH cell is dynamically indicated by the DCI format from set of values configured by higher layers.

· FFS: K1 based on the subcarrier spacing of serving cell itself or PUCCH cell.
Proposal 4:

· NR CA supports both semi-static and dynamic HARQ-ACK codebook determination mechanisms.

·  FFS on the details of DAI fields definitions
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