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1 Introduction
At previous RAN1 meetings, several details on HARQ-ACK codebook determination were agreed for both single cell and CA operation. In this contribution, we discuss the remaining issues on HARQ-ACK feedback.
2 Discussion
2.1 HARQ-ACK codebook for PDSCH repetition

HARQ-ACK codebook determination is an open issue if a UE is configured for PDSCH repetition. For dynamic HARQ-ACK codebook, since the C-DAI and T-DAI in PDCCH can only be incremented once for a PDSCH bundle, the UE can directly use the C-DAI and T-DAI to generate the HARQ-ACK codebook for PDSCH repetition in the same way as for PDSCH without repetition.

For semi-static HARQ-ACK codebook, the codebook size is determined from the number of possible PDSCH transmission occasions, Mc that requires HARQ-ACK in the same slot. However, if PDSCH repetition is configured, one PDSCH will occupy multiple slots and the HARQ-ACK timing should be determined according to the last PDSCH in the bundle. This implies that there are actually less than Mc possible PDSCH transmission occasions given a configured number of repetitions, denoted as P. As shown in Figure 2, for a configured K1 set of {0,1,2,3,4,5,6,7} where each DL slot has a corresponding PDCCH monitoring occasion, Mc = 6 as determined by slots n+2 to n+7 for PUCCH in slot n+9. Here we have assumed that at most one PDSCH is transmitted in a slot, and slot n+8 is a bi-directional slot but the DL region is only used for DL control and is not included in Mc. Hence, there are at most two non-overlapping PDSCH repetition bundles with P = 4 as shown in Figure 2. This means that at most 2 HARQ-ACKs are transmitted on PUCCH in slot n+9. 
However, the current definition of Mc will lead to a larger codebook with redundant bits since the maximum number of single PDSCH transmissions is counted whereas only one candidate PDSCH occasion should be counted per PDSCH bundle. 
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Figure 2: PDSCH repetition during the Mc PDSCH occasion

Then the following options should be further considered:

· Opt1: Reuse current semi-static HARQ-ACK codebook size, repeat the HARQ-ACK of the PDSCH bundle in each HARQ-ACK position corresponding to each PDSCH in the bundle as shown in Figure 3.

· For other candidate PDSCH occasions in the semi-static HARQ-ACK codebook that are not associated with a PDSCH bundle, generate NACK

· Merit: similar codebook generation procedure as PDSCH without repetition

· Demerit: redundant HARQ-ACK bits in the semi-static HARQ-ACK codebook. This may not be a problem for single cell and TB-based HARQ-ACK operation as RM coding would be used. However, if CBG or carrier aggregation is configured for the UE or HARQ-ACK is to be multiplexed with CSI, then polar coding is likely to be used and it is then important to reduce the HARQ-ACK payload size as much as possible.
· Opt2: Determine semi-static HARQ-ACK codebook size based on the number of PDSCH repetitions 

· For example, Mc= ceil(Mc’/P), where Mc’ is the number of candidate PDSCH reception occasions as determined by the K1 set, the predefined DL time domain resource allocation in one slot and also the PDCCH monitoring occasion configurations based on K0. Then for the same assumption as in Figure 3, the codebook size will be reduced to 2, as shown in Figure 4.

· Mc’ should be determined based on the maximum and minimum K1 values. However not every K1 value can be used since when K1 values within the K1 set are not consecutive there may be a PDSCH repetition bundle  starting in a slot not associated with the feedback slot according to K1 but ending in a slot associated with the feedback slot according to K1. An illustration is shown in Figure 5, assuming K1 = {0, 1, 2, 4, 6, 8, 10, 12}. According to the configured set of K1 values, there are only 5 PDSCH slots since slot n+9 is an UL slot while slot n+8 is a bi-directional slot but the DL region is only used for DL control. Therefore, Mc’ = 5, and Mc = ceil(5/4) = 2 for P = 4. But actually there can be at most 3 PDSCH repetitions that require HARQ-ACK in slot n+9. If Mc’ is determined according to the maximum and minimum values of K1, then Mc’=9, and Mc=ceil(9/4)=3 so as to support 3 PDSCH repetitions that require HARQ-ACK in slot n+9.

Proposal 1: If a UE is configured for PDSCH repetition and semi-static HARQ-ACK codebook determination, the codebook size is based on the number of candidate PDSCH bundles.
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Figure 3: semi-static HARQ-ACK codebook for opt1
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Figure 4: semi-static HARQ-ACK codebook for opt2 with consecutive K1 values
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Figure 5: semi-static HARQ-ACK codebook for opt2 with non-consecutive K1 values

2.2 HARQ-ACK feedback with BWP switch

We have the following agreements for HARQ-ACK feedback with BWP switch.

Agreements in RAN1#91:
· A UE is not expected to transmit HARQ-ACK if a UE’s active UL BWP is switched between the reception of the corresponding DL assignment and the time of HARQ-ACK transmission at least for the paired spectrum

Agreements in RAN1#92:
· When a UE is configured with Semi-static HARQ-ACK Codebook, HARQ-ACK corresponding to PDSCH transmission(s) of the DL BWP before DL and/or UL BWP switching is not transmitted by the UE after the switching
Agreements in RAN1#92bis:
· For unpaired spectrum and DL/UL BWP switching, UE does not transmit HARQ-ACK for PDSCH reception(s) on the DL BWP prior to DL/UL BWP switching

Actually the agreement in RAN1#91 was made in the BWP session and it may have focused on the single cell case. However, it is not suitable for CA case since when UL BWP switching happens on a SCell that is not configured for PUCCH transmission there is no PUCCH collision if the active UL BWP on the PUCCH CC is not changed as well. In such case, HARQ-ACK corresponding to PDSCH transmission(s) before UL BWP switching can be transmitted after the switching, as shown in Figure 6. 
Similarly for TDD, a DL/UL BWP pair switch on a SCell not configured for PUCCH transmission should not affect the HARQ-ACK feedback on the serving cell carrying PUCCH (e.g. PCell). 
Proposal 2: When a BWP or BWP pair is switched on a SCell not configured for PUCCH transmission, HARQ-ACK corresponding to PDSCH before the BWP switch is transmitted on the PUCCH of the PUCCH-cell if there is no BWP switch on the PUCCH-cell.
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Figure 6: FDD UL BWP switching on CC without PUCCH
When FDD with UL BWP switching or TDD with UL/DL BWP switching happens on a CC configured for PUCCH, if HARQ-ACK corresponding to PDSCH transmission(s) before switching is transmitted in a PUCCH resource on the new UL BWP based on ARI in a PDCCH before the BWP switch, there may be PUCCH resource collision since the ARI in PDCCH before switching is for the previous UL BWP. Hence, in such case, HARQ-ACK corresponding to PDSCH transmission(s) before BWP switching should be not transmitted after switching, as shown in slot n+5 in Figure 7. 
However, HARQ-ACK corresponding to PDSCH transmission(s) before switching can be transmitted in a PUCCH resource on the new UL BWP if it is indicated by ARI in a PDCCH received after the switching as illustrated in slot n+7 of Figure 7. In addition, HARQ-ACK corresponding to PDSCH transmission(s) before switching can be transmitted in PUSCH on the new UL BWP, such as in slot n+4 in Figure 7. This can be used for semi-static codebook since the DL BWP is not changed.
Observation 1: For UL BWP switching or UL/DL BWP pair switching on a CC configured for PUCCH, a PDCCH received after the BWP switching may indicate a PUCCH resource for HARQ-ACK corresponding to PDSCHs received before and after the BWP switching, or HARQ-ACK corresponding to PDSCH transmission(s) before switching can be transmitted on a PUSCH after switching.


[image: image6.emf]UL BWP1

UL BWP2

Transient time

for BWP switch

Slot n n+1 n+2 n+3 n+4 n+5 n+6 n+7

Slot n n+1 n+2 n+3 n+4 n+5 n+6 n+7

PUSCH

HARQ-ACK HARQ-ACK

X

DL BWP1

DL BWP2

Slot n n+1 n+2 n+3 n+4 n+5 n+6 n+7

Slot n n+1 n+2 n+3 n+4 n+5 n+6 n+7

PDSCH

1

PDCCH2

PDCCH1

BWP=2&K2=2

K1=1

BWP=1&K0=1

CC1 

with 

PUCCH

PDCCH3

PDSCH2

BWP=2&K0=2&K1=1

K1=6

K1=4 

K1=3 


Figure 7: FDD UL BWP switching on CC with PUCCH
2.3 On support of 2 PUCCH transmissions in a slot
It was previously agreed that two PUCCH transmissions can be time division multiplexed in one slot, but there was no agreement whether the two PUCCHs can both be used for HARQ-ACK. 
If more than one PUCCH can be used for HARQ-ACK in one slot, for semi-static codebook, there should have a limitation that UE should not assume different ARI indication in different PDCCH monitoring occasions within the
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 occasions for candidate PDSCH receptions. 

For dynamic HARQ-ACK codebook, as the gNB cannot predict the feedback window size, different ARI values in different PDCCH monitoring occasions could be supported. However, this could result in two possible interpretations of the HARQ-ACK codebook depending on whether all HARQ-ACKs are transmitted in one PUCCH or split between the two PUCCHs and would cause some ambiguity in determining the PUCCH resource set. As shown in figure 8, for PUCCH in slot n+8, if the set of PDCCH monitoring occasions are determined in slot n to slot n+7. C-DAI in slot n to slot n+3 are 1, 2, 3 respectively and the ARI equals to 000, C-DAI in slot n+4 to slot n+7 are also 1, 2, 3 respectively and the ARI equals to 001.

For the case shown in Figure 8(a), the UE thinks the HARQ-ACK for PDSCH corresponding to the DCI in slot n to slot n+3 are transmitted by PUCCH resource indicated by ARI 000 in slot n+8, and the HARQ-ACK for PDSCH corresponding to the DCI in slot n+4 to slot n+7 are transmitted by PUCCH resource indicated by ARI 001 in slot n+8;

Alternatively, for the case shown in Figure 8(b), the UE thinks the HARQ-ACK for PDSCH corresponding to the DCIs in slot n to slot n+7 are all transmitted by PUCCH resource indicated by ARI 001 in slot n+8. Note that current UE behavior will assume that the PUCCH resource is based on the last received PDCCH for a given PUCCH slot. Moreover it was agreed in RAN1 AH-1801 that HARQ-ACK is always transmitted even if the actual coding rate exceeds the maximum code rate. Therefore, only one PUCCH may carry HARQ-ACK based on the current set of agreements.  
. 
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Figure 8. Different understandings of dynamic codebook determination
A different outcome is desirable for URLLC scheduling, wherein to minimize end-to-end latency, more frequent HARQ-ACK feedback opportunities are desirable in a slot (see discussion in [1]). In this case, UE behavior needs to be modified taking into account the URLLC requirements. 
Observation 2: If two PUCCHs are time division multiplexed in a slot, modifications to current UE behavior are necessary to permit HARQ-ACK transmission on both PUCCHs.
2.4 On codebook determination before dedicated PUCCH configuration

Regarding codebook determination before a UE receives dedicated PUCCH configuration the following conclusion was reached at the RAN1 #92 meeting:

	Conclusion:

· It is understood that before dedicated RRC configuration, since it was agreed previously “HARQ-ACK is only one bit without bundling before RRC connection”, consequently, there is no need to define the default HARQ-ACK codebook before dedicated RRC configuration



Upon successful completion of the RA procedure during initial access to the network, several rounds of communication occurs between the network and the UE (handshaking), some of which includes the UE reporting its capabilities to the network and any other NAS messages that may need to take place that are not visible at the physical layer. The timing of when the gNB provides a dedicated RRC configuration (including the HARQ-ACK codebook) upon completion of the RA procedure should be up to the network and should not be mandated by PUCCH transmission efficiency. With the initial set of PUCCH resources a UE can aggregate HARQ-ACK feedback corresponding to two PDSCHs in a PUCCH transmission. There does not seem to be a major reason to prevent such operation given that PUCCH formats 0 and 1 support 2 UCI bits. The only specification change is that RRC specification assumes the dynamic codebook as default before dedicated RRC configuration is received. 

Proposal 7: Support dynamic codebook determination as the default HARQ-ACK codebook for TDD before a UE receives dedicated PUCCH configuration.
3 Conclusions

Based on the above discussion, we have the following proposals:
Proposal 1: If a UE is configured for PDSCH repetition and semi-static HARQ-ACK codebook determination, the codebook size is based on the number of candidate PDSCH bundles.

Proposal 2: When a BWP or BWP pair is switched on a SCell not configured for PUCCH transmission, HARQ-ACK corresponding to PDSCH before the BWP switch is transmitted on the PUCCH of the PUCCH-cell if there is no BWP switch on the PUCCH-cell.

Observation 1: For UL BWP switching or UL/DL BWP pair switching on a CC configured for PUCCH, a PDCCH received after the BWP switching may indicate a PUCCH resource for HARQ-ACK corresponding to PDSCHs received before and after the BWP switching, or HARQ-ACK corresponding to PDSCH transmission(s) before switching can be transmitted on a PUSCH after switching.

Observation 2: If two PUCCHs are time division multiplexed in a slot, modifications to current UE behavior are necessary to permit HARQ-ACK transmission on both PUCCHs.
Proposal 3: Support dynamic codebook determination as the default HARQ-ACK codebook for TDD before a UE receives dedicated PUCCH configuration.
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