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Introduction
The work item on solutions for NR to support non-terrestrial networks (NTN) was approved at RAN#86 and the work item description (WID) is updated in [1]. One objective is to specify HARQ enhancements for NTN. In this contribution, we discuss HARQ enhancements for NTN per the WID objective:
· HARQ
· Number of HARQ process [RAN1]
· Enabling / disabling of HARQ feedback as described in the TR 38.821 [RAN1&2]



Configurable use of 32 HARQ processes
[bookmark: _Hlk60336948]It has been agreed at RAN1#102-e to support up to 32 HARQ processes for NR NTN. The use of 32 HARQ processes should be under network control and can be configured by RRC for downlink and uplink separately.
[bookmark: _Toc79154027]Whether 32 HARQ processes are used or not in the uplink can be configured by RRC.
[bookmark: _Toc79154028]Whether 32 HARQ processes are used or not in the downlink can be configured by RRC.
Enhanced HARQ process ID indication
If the network configures 32 HARQ processes in the downlink and/or uplink, the HARQ process ID field in some DCI formats needs to be extended to accommodate 32 HARQ processes. 
At RAN1#103-e, the following agreement was made:
Agreement:
· Enhanced HARQ process ID indication is supported for DCI 0-2/1-2 and DCI 0-1/1-1 by at least one of following:
· Option 1: Slot index as the MSB
· Option 1-a:Slot index as the LSB 
· Option 2: Reusing one bit from other bit field
· Option 3: Extending the HARQ process ID field up to 5 bits 
· FFS: DCI 0-0/1-0
· Note: 32 is taken as maximal supported HARQ processes number for both UL and DL



At RAN1#105-e, the following agreements were made:
Agreement:
For enhancement on the HARQ process indication, extend the HARQ process ID field up to 5 bits for DCI 0-2/1-2
Agreement:
For enhancement on the HARQ process indication at least for DCI 0-1/1-1, the Option-1 and Option-1a are lower priority for further discussion.


Non-fallback DCI format 0_1/1_1
A down-selection is needed among Option 2 and Option 3.
Today, the HARQ process ID field has a fixed size of 4 bits. Non-fallback DCI formats can be configured with many different fields with sizes that depend on the configuration. Since Rel-15, the flexible design of non-fallback DCI is intended to support adding new features in NR for forward compatibility. Therefore Option 3 is in line with NR design common practice.
Adding one bit has negligible performance impact. Typically size of DCI format 0_1/1_1 is ~80 bits. Adding 1 bit only affects coverage by 10*log10(81/80) = 0.05 dB.
Option 2, i.e., reusing one bit from other bit field, is not a clean design approach. Such hack in the specification should in general be avoided, as it can easily cause confusion and complications in the specification. In particular, it has been proposed to reuse a bit from the RV field, the MCS field, or a field related to the second data block. All of these solutions have the drawback that they add limitations to other functionality for which it is argued that it is not neded in NTN. However, it is difficult to predict what will be useful or not. Note also that support for 32 HARQ processes may not necessarily be restricted to NTN.
In contrast, adding a configurable bit to DCI 0_1/1_1 is a much cleaner way to support 32 HARQ processes. It minimizes the impacts on specification and scheduling. It is also aligned with the already agreed solution for DCI format 0_2/1_2.
Therefore, if 32 HARQ processes are configured, the HARQ process ID field should be extended to 5 bits. 
[bookmark: _Toc79154017]Extending the HARQ process ID field in DCI formats 0_1/1_1 to support 32 HARQ processes minimizes the impacts on specification and scheduling.
[bookmark: _Toc79154018]Reusing one bit from other bit field to indicate 32 HARQ processes is not a clean design approach. Such hack in the specification should in general be avoided, as it can easily cause confusion and complications in the specification.
[bookmark: _Toc79154019]If a bit from the RV field, the MCS field or a field related to the second data block is reused, other functionality will be limited.
[bookmark: _Toc79154029]If 32 HARQ processes are configured, the size of the HARQ process ID field in DCI formats 0_1/1_1 is extended to 5 bits.
Fallback DCI format 0_0/1_0
In fallback DCI format 0_0/1_0, the HARQ process ID field has a fixed size of 4 bits. Fallback DCI is generally not configurable. For backward compatibility, the HARQ process ID field in fallback DCI format 0_0/1_0 should not be extended to accommodate 32 HARQ processes. This is acceptable as fallback DCI format 0_0/1_0 is used for basic scheduling since Rel-15, while the use of 32 HARQ processes is intended for high throughput use cases, the scheduling of which can be carried out with non-fallback DCI format 0_1/1_1 or 0_2/1_2.
The fallback DCI format is used, among other things, to schedule SIB. Before reading SIB, the UE does not know whether the network supports 32 HARQ processes. This means that if the fallback DCI format size is extended, the UE must perform blind decoding of two fallback DCI formats to read SIB. Once SIB is decoded, the UE knows which fallback DCI format size is supported in the cell (either implicitly from the blind decoding or explicitly from signaling in the SIB) and can avoid double decoding subsequently.
Option 2 does not imply double decoding of fallback DCI but has the same drawbacks for fallback DCI as for non-fallback DCI.
[bookmark: _Toc79154020]It is not necessary to schedule 32 HARQ processes using fallback DCI format 0_0/1_0.
[bookmark: _Toc79154021]If fallback DCI format 0_0/1_0 are extended to support 32 HARQ processes, blind decoding among two fallback DCI formats is needed to read SIB.
[bookmark: _Toc79154030]Do not support 32 HARQ processes with fallback DCI.
Parameter configuration for feedback enabled/disabled HARQ processes
At RAN1#102-e, the following agreement was made for enabling / disabling HARQ feedback for downlink transmission.
RAN1#102-e:
Agreement:
Enabling/disabling on HARQ feedback for downlink transmission should be at least configurable per HARQ process via UE specific RRC signaling


Given that enabling / disabling of HARQ feedback should be configurable per HARQ process, it is pointed out in Section 7.2.1.4 in TR 38.821 [2] that “If the feedback is disabled for a selective number (i.e. not all) of HARQ processes, the configuration parameters for different HARQ processes may need to be different.” 
Disabling HARQ feedback may increase the residual Block Error Rate (BLER) since retransmissions based on HARQ feedback are not possible anymore. For robustness and to minimize the need of RLC AM retransmission, the BLER target of the first transmission should be reduced. If the feedback is disabled for some HARQ processes but not for the others, it is not desirable to apply the same configuration. For example, for a HARQ process with feedback enabled, aggregation factor may not be needed, while for a HARQ process with feedback disabled, aggregation factor may be needed.
[bookmark: _Toc79154031]RAN1 to discuss what parameters need to be configured differently for HARQ processes with feedback and HARQ processes without feedback. One example parameter is aggregation factor.
HARQ codebook for enabled/disabled HARQ
At RAN1#103-e, the following agreement was made regarding HARQ codebook enhancements for NTN:
Agreement:
HARQ codebook enhancement is supported as:
· For Type-2 HARQ codebook:
· Option-1: Reduce codebook size with:
· HARQ-ACK codebook only includes HARQ-ACK of PDSCH with feedback-enabled HARQ processes
· FFS: the details of C-DAI and T-DAI counting for DCI of PDSCH with feedback-enable/disabled HARQ processes
· FFS: at least DCI for SPS release/SPS PDSCH
· Option-2: No enhancement
· Other options are not precluded.
· For Type-1 HARQ codebook, further discuss is needed with down selection among following options:
· Option-1: No enhancement;
· Option-2: Report NACK on disabled process
· Option-3: Reduce codebook size with criteria 
· FFS: Enhancements for Type-3 HARQ codebook


At RAN1#104-e, the following agreement was made for type-2 HARQ codebook:	
Agreement:
For Type-2 HARQ codebook in NTN: Reduce codebook size with HARQ-ACK codebook only including HARQ-ACK of PDSCH with feedback-enabled HARQ processes
· FFS: The details of C-DAI and T-DAI counting for DCI of PDSCH with feedback-enable/disabled HARQ processes


At RAN1#105-e, the following agreement was made for type-2 HARQ codebook:	
Agreement:
For Type-2 HARQ codebook in NTN, 
· For the DCI of PDSCH with feedback-enabled HARQ processes, the C-DAI and T-DAI are the count of only feedback-enabled processes
· FFS: Whether DCI for SPS release and any other DCIs are included in counting of C-DAI and T-DAI


With the UE being configured with both feedback disabled HARQ processes and feedback enabled HARQ processes, UE procedures on how to determine the entries in the HARQ codebooks need to be defined. For instance, a UE may receive PDSCHs associated with either a feedback disabled HARQ process or a feedback enabled HARQ process. 
Type-1 HARQ codebook
In the case of the NR Type-1 HARQ codebook, as the size of the codebook is fixed based on configuration and should not change dynamically, one simple approach is to insert NACKs in the positions corresponding to PDSCHs associated with feedback disabled HARQ processes. For PDSCHs associated with feedback enabled HARQ processes, the UE inserts ACK or NACK depending on the decoding outcome of the PDSCHs. An example of a NR Type-1 HARQ codebook with feedback enabled/disabled HARQ processes is shown in Figure 1. In the DL association set for HARQ codebook in slot n, the UE receives a PDSCH associated with a feedback disabled HARQ process in slot n-3 (corresponding to K1=3) and a PDSCH associated with a feedback enabled HARQ process in slot n-1 (corresponding to K1=1). As there is no ACK-NACK feedback for the PDSCH associated with feedback disabled HARQ process, the UE will insert a NACK (N) in position K1=3 corresponding to the PDSCH received in slot n-3. For PDSCH received in slot n-1 which is associated with a feedback enabled HARQ process, the UE inserts ACK-NACK bit X which depends on the outcome of the PDSCH associated with the feedback enabled HARQ process.  
[image: ]
[bookmark: _Ref20351518]Figure 1:  An example of a NR Type 1 HARQ codebook with feedback enabled/disabled HARQ processes
Another approach is to insert ACK or NACK also in the positions corresponding to feedback-disabled processes, depending on the decoding outcome. While this feedback is not used to trigger HARQ retransmissions from the network, it may still be useful for other purposes such as BLER-based link adaptation.
[bookmark: _Toc79154032]In case of Type-1 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis, RAN1 to downselect among the following:
1) the UE inserts NACK in positions corresponding to PDSCHs associated with feedback disabled HARQ processes.
2) the UE inserts ACK or NACK in positions corresponding to PDSCHs associated with feedback disabled HARQ processes, depending on the decoding outcome.
If no DCI scheduling a feedback-enabled DL HARQ process has been received in any of the slots associated with a Type-1 HARQ codebook, the HARQ codebook contains no useful information. In this case, it is sensible that the UE omits sending the HARQ-ACK feedback to reduce UL interference and UE battery consumption. Note that this may be a common scenario in case HARQ feedback is disabled for most HARQ processes.
If DCI scheduling feedback-enabled DL HARQ processes is transmitted but the UE fails to decode it for all slots associated with a Type-1 HARQ codebook, no HARQ feedback will be sent by the UE, even though the network expects HARQ feedback. The network will then know from the absense of HARQ feedback that DCI reception (and therefore also PDSCH reception) failed for all HARQ processes with feedback enabled and can interpret that as implicit NACK for these HARQ processes.
[bookmark: _Toc79154033]In case of Type-1 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis and the UE has not decoded DCI for a feedback-enabled HARQ process in any slot associated with the HARQ codebook, the UE omits sending the HARQ-ACK feedback to reduce UL interference and save UE battery consumption.
[bookmark: _Toc79154022]If DCI scheduling feedback-enabled DL HARQ processes is transmitted but no Type-1 HARQ codebook is transmitted by the UE, the network can interpret that as implicit NACK for the feedback-enabled HARQ processes.
Type-2 HARQ codebook
At RAN1#104-e it was agreed to reduce the Type-2 HARQ codebook size by only including HARQ-ACK of PDSCH with feedback-enabled HARQ processes. At RAN1#105-e, it was agreed that for DCI of PDSCH with feedback-enabled HARQ processes, the C-DAI and T-DAI are the count of only feedback-enabled processes. The details of C-DAI and T-DAI counting for DCI of PDSCH with feedback /disabled HARQ processes is left for further study.
[bookmark: _Hlk20352267]In the case of the NR Type-2 HARQ codebook, the gNB should not increment the counter DAI (C-DAI) for a PDCCH that is associated with a feedback disabled HARQ process. If total DAI (T-DAI) is present, it indicates the sum of all the scheduled PDCCHs associated with feedback enabled HARQ process.
[bookmark: _Hlk70959548]Two examples are shown in Figure 2. The numbers (C-DAI, T-DAI) in the boxes indicate counter DAI and total DAI, respectively. The upper example shows the legacy case where all PDSCHs are associated with feedback enabled HARQ processes and the DAIs are incremented for each PDCCH. In the lower example, the green boxes indicate scheduling of PDSCH associated with feedback disabled HARQ processes. The counter DAI is not incremented in the PDCCHs scheduling the HARQ disabled processes and the total DAI does not take these PDCCHs into account. But the true DAI values are still signaled to increase the robustness of the dynamic codebook construction of HARQ processes with feedback enabled.
[image: ]
[bookmark: _Ref20352474]Figure 2:  An example of a NR Type 2 HARQ codebook with feedback enabled/disabled HARQ processes

[bookmark: _Toc79154034][bookmark: _Hlk70973967]In case of Type-2 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis, C-DAI/T-DAI count only PDSCH with feedback-enabled HARQ processes. In the DCI, the C-DAI and T-DAI are given their actual values (i.e., the count of feedback-enabled HARQ processes) regardless of whether a feedback-enabled or feedback-disabled HARQ process is scheduled.
Type-3 HARQ codebook
Type-3 HARQ codebook is introduced in Rel-16, motivated by NR operation in unlicensed spectrum that often requires listen-before-talk (LBT) to assess the availability of the carrier since the carrier may be shared with other networks and may not be available at any given time. It was agreed at RAN1#103-e that Type-3 HARQ codebook can be applied also to licensed spectrum. This is in line with general NR design principle that NR is a toolbox of features and each feature should not be limited to a certain use case or deployment and it is up to implementation to use it as fit. In particular, the Type-3 HARQ codebook can be used to increase robustness of HARQ operation in any network and can be useful for NTN as well. There should not be some artificial restriction that Type-3 HARQ codebook is not applicable to NTN.
[bookmark: _Toc79154023]RAN1 already agreed that Type-3 HARQ codebook can be applied in licensed spectrum.
[bookmark: _Toc79154024]NR is a toolbox of features. Each feature should not be limited to a certain use case or deployment and it is up to implementation to use it as fit.
[bookmark: _Toc79154025]There should not be some artificial restriction that Type-3 HARQ codebook is not applicable to NTN.
[bookmark: _Toc31805899]In the case of the NR Type-3 HARQ codebook, feedback is provided on all HARQ processes in one shot. In order to reduce unnecessary overhead one simple approach is to only provide ACK/NACK information in the Type-3 codebook for those HARQ processes that are enabled. This allows for an optimized codebook size that does not vary dynamically. The Type 3 codebook can thus be used to increase reliability in some situations.  
[bookmark: _Toc79154035]In the case of the NR Type-3 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis, the codebook size is dimensioned to include ACK/NACK information only for HARQ processes that are enabled. 
Out-of-order HARQ feedback scheduling restriction for PDSCHs
In the specification, transmission of PDSCHs with different HARQ process IDs is subject to the so-called “out-of-order HARQ restriction” according to clause 5.1 in [3]: 
In a given scheduled cell, the UE is not expected to receive a first PDSCH in slot i, with the corresponding HARQ-ACK assigned to be transmitted in slot j, and a second PDSCH starting later than the first PDSCH with its corresponding HARQ-ACK assigned to be transmitted in a slot before slot j.
This is shown in Figure 3.
[image: ]
[bookmark: _Ref71020016]Figure 3: Out-of-order HARQ feedback scheduling restriction for PDSCH
However, in Rel-17 NTN WI it is agreed that HARQ-ACK feedback can be disabled per HARQ process. In this case, the restriction of PDSCH scheduling when one or both of the HARQ processes are disabled is not clear. This is important because the timing restriction is defined based on the UE processing capability. Therefore, it is necessary to discuss how to adapt the timing restriction for PDSCH scheduling when the HARQ feedback is disabled.
[bookmark: _Toc79154026]Currently out-of-order HARQ timing restriction is defined for PDSCH scheduling based on the HARQ-ACK feedback in TS 38.214. It is not clear what UE should expect regarding PDSCH scheduling timing when HARQ feedback is disabled. Therefore, it is necessary to discuss the scheduling restriction when HARQ feedback is disabled.
Depending on which one of the HARQ processes is disabled in the above situation, 3 different cases can be considered. One way to resolve the specification issue is to preserve the same “out-of-order restriction” for the diabled HARQ process. The drawback with this approach is putting unnecessary restriction on the scheduler since there is no need for UE to send feedback when HARQ is disabled. Since for disabled HARQ processes, the UE does is not required to send back the HARQ-ACK feedback, another approach would be to remove the “out-of-order restriction” for the disabled HARQ processes. According to this solution, there is no need to indicate a K1 value for the disabled HARQ process to the UE, either it is not sent in DCI or it is ignored by the UE. Relaxing the restriction in this way gives the scheduler more flexibility and also reduces the latency for PDSCH transmission.
[bookmark: _Toc79154036]Regarding the “out-of-order restriction” for transmission of different HARQ processes corresponding to different PDSCHs, RAN1 to down-select between following alternatives:
a. [bookmark: _Toc79154037]Alt-1: Preserve the same “out-of-order restriction” for (enabled) HARQ processes in specification for the disabled HARQ processes
b. [bookmark: _Toc79154038]Alt-2: the “out-of-order restriction” for (enabled) HARQ processes does not apply to disabled HARQ processes.  
Conclusion
In the previous sections, we discuss HARQ enhancements for NTN. We made the following observations: 
Observation 1	Extending the HARQ process ID field in DCI formats 0_1/1_1 to support 32 HARQ processes minimizes the impacts on specification and scheduling.
Observation 2	Reusing one bit from other bit field to indicate 32 HARQ processes is not a clean design approach. Such hack in the specification should in general be avoided, as it can easily cause confusion and complications in the specification.
Observation 3	If a bit from the RV field, the MCS field or a field related to the second data block is reused, other functionality will be limited.
Observation 4	It is not necessary to schedule 32 HARQ processes using fallback DCI format 0_0/1_0.
Observation 5	If fallback DCI format 0_0/1_0 are extended to support 32 HARQ processes, blind decoding among two fallback DCI formats is needed to read SIB.
Observation 6	If DCI scheduling feedback-enabled DL HARQ processes is transmitted but no Type-1 HARQ codebook is transmitted by the UE, the network can interpret that as implicit NACK for the feedback-enabled HARQ processes.
Observation 7	RAN1 already agreed that Type-3 HARQ codebook can be applied in licensed spectrum.
Observation 8	NR is a toolbox of features. Each feature should not be limited to a certain use case or deployment and it is up to implementation to use it as fit.
Observation 9	There should not be some artificial restriction that Type-3 HARQ codebook is not applicable to NTN.
Observation 10	Currently out-of-order HARQ timing restriction is defined for PDSCH scheduling based on the HARQ-ACK feedback in TS 38.214. It is not clear what UE should expect regarding PDSCH scheduling timing when HARQ feedback is disabled. Therefore, it is necessary to discuss the scheduling restriction when HARQ feedback is disabled.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Whether 32 HARQ processes are used or not in the uplink can be configured by RRC.
Proposal 2	Whether 32 HARQ processes are used or not in the downlink can be configured by RRC.
Proposal 3	If 32 HARQ processes are configured, the size of the HARQ process ID field in DCI formats 0_1/1_1 is extended to 5 bits.
Proposal 4	Do not support 32 HARQ processes with fallback DCI.
Proposal 5	RAN1 to discuss what parameters need to be configured differently for HARQ processes with feedback and HARQ processes without feedback. One example parameter is aggregation factor.
Proposal 6	In case of Type-1 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis, RAN1 to downselect among the following: 1) the UE inserts NACK in positions corresponding to PDSCHs associated with feedback disabled HARQ processes. 2) the UE inserts ACK or NACK in positions corresponding to PDSCHs associated with feedback disabled HARQ processes, depending on the decoding outcome.
Proposal 7	In case of Type-1 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis and the UE has not decoded DCI for a feedback-enabled HARQ process in any slot associated with the HARQ codebook, the UE omits sending the HARQ-ACK feedback to reduce UL interference and save UE battery consumption.
Proposal 8	In case of Type-2 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis, C-DAI/T-DAI count only PDSCH with feedback-enabled HARQ processes. In the DCI, the C-DAI and T-DAI are given their actual values (i.e., the count of feedback-enabled HARQ processes) regardless of whether a feedback-enabled or feedback-disabled HARQ process is scheduled.
Proposal 9	In the case of the NR Type-3 HARQ codebook, when HARQ processes are enabled/disabled on a per HARQ process basis, the codebook size is dimensioned to include ACK/NACK information only for HARQ processes that are enabled.
Proposal 10	Regarding the “out-of-order restriction” for transmission of different HARQ processes corresponding to different PDSCHs, RAN1 to down-select between following alternatives:
a.	Alt-1: Preserve the same “out-of-order restriction” for (enabled) HARQ processes in specification for the disabled HARQ processes
b.	Alt-2: the “out-of-order restriction” for (enabled) HARQ processes does not apply to disabled HARQ processes.
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