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Introduction
In RAN1#103e and #104e, the following agreements on HARQ operations for NTN were made [1][2]:
[bookmark: _Hlk56148125] Agreement:
For a DL HARQ process with disabled HARQ feedback, the UE is not expected to receive another PDSCH or set of slot-aggregated PDSCH scheduled for the given HARQ process that starts until [X] after the end of the reception of the last PDSCH or slot-aggregated PDSCH for that HARQ process.
· FFS: value of X and units in which it is defined.
· FFS: Whether TB of the two PDSCHs needs to be different

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
 
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

Agreement:
For a DL HARQ process with disabled HARQ feedback, the UE is not expected to receive another PDSCH or set of slot-aggregated PDSCH scheduled for the given HARQ process that starts until X after the end of the reception of the last PDSCH or slot-aggregated PDSCH for that HARQ process.
· Working assumption: X = T_proc,1
· FFS: Whether X should be changed to X = max(T_proc,1, K1) where K1 is the minimum k1 if it is configured, otherwise k1 = 0
· Note: The TB of the two PDSCHs can be either same or different

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

In this contribution, we discuss enhancements related to DL HARQ operations, UL HARQ operations, and HARQ codebook.
[bookmark: _Ref473802466][bookmark: _Ref462669569]
HARQ Process Indication
It has been agreed to consider the support of up to 32 HARQ processes. In the meantime, minimizing the impact of specification and scheduling is considered as a design criterion. As such, it is not desirable to increase the number of HARQ bits in DCI. A solution to increase the number of HARQ processes without an increase of DCI bits is to introduce SFN dependent HARQ ID, i.e., the actual HARQ ID is a function of the slot number and the HARQ ID field in DCI. For instance, 32 HARQ processes can be indicated by the slot number of the transmission of the DCI and the 4 HARQ process ID bits in the DCI. 
Proposal 1: When 32 HARQ processes is configured, UE determines the HARQ ID as 16*mod(n,2) +k where
· n is the slot number during which the DCI was first transmitted
· k is indicated by the 4 HARQ process ID bits in DCI 

DL HARQ Operation
It has been agreed to allow disabling/enabling of DL HARQ feedback on a per UE and per HARQ process basis. Consequently, a UE can have some DL HARQ processes with HARQ-ACK feedbacks and some without. For HARQ processes with feedback disabled, blind retransmissions should be allowed. 
In NR specification, constraints on PDSCH transmissions are defined and some are with respect to HARQ-ACK timeline. These timeline constraints need to be re-examined for HARQ processes without feedback. Two related constraints as quoted from [3] are
· The UE is not expected to receive another PDSCH for a given HARQ process until after the end of the expected transmission of HARQ-ACK for that HARQ process, where the timing is given by Subclause 9.2.3 of [6].

From the above, the minimal time gap between two PDSCH of a HARQ process, Tg, is depicted in Figure 1. As can be seen, Tg>max(Tproc,1,  k1) where k1 is the minimum of  dl-DataToUL-ACK.  To ensure minimal impact on existing implementations and the same processing time line for HARQ processes with and without feedback, the minimal time gap should be set as max(Tproc,1,  k1)..  In addition, as long as no time gap is required between multiple repetitions of a TB in a slot aggregated PDSCH, there is no need to have different time gaps regardless if the two consecutive PDSCHs having the same or different TBs.  In summary, we propose to amend the existing agreement on the subject as the following: 
Proposal 2: To amend an existing agreement as below:
For a DL HARQ process with disabled HARQ feedback, the UE is not expected to receive another PDSCH or set of slot-aggregated PDSCH scheduled for the given HARQ process that starts until X after the end of the reception of the last PDSCH or slot-aggregated PDSCH for that HARQ process.
· Working assumption: X = T_proc,1
· FFS: Whether X should be changed to X = max(T_proc,1, K1) where K1 is the minimum of  dl-DataToUL-ACK k1 if it is configured, otherwise K1 = 0.
· Note: The TB of the two PDSCHs can be either same or different




Figure 1. Time gap between PDSCHs of a same HARQ process.

HARQ processes with and without feedback may have different target BLERs. NR currently support BLER targets 10% and 0.001%. For HARQ processes without HARQ-ACK feedback in NTN, it could be beneficial to support a BLER target larger than 0.001% but smaller than 10%, e.g., 1%  as adopted by some simulation results [4]. Hence new CQI BLER targets should be defined. 
Proposal 3: Consider new CQI BLER targets for HARQ processes without feedbacks.
When feedback is disabled for some or all HARQ processes, it may take very long time before the network knows any sustained disruptions and errors in DL transmission. Without HARQ feedback and other lower-layer feedbacks, network can only rely on RLC feedbacks and other higher-layer feedbacks such as lack of TCP acknowledgements. This could lead to very long burst of errors and the corresponding waste of BW. The problem becomes more severe when there is no UL data. In such case, the UE needs to send a SR to request the scheduling of UL data to send an RLC message. This will require an additional RTD before DL scheduler can take appropriate actions.
The above issue is particularly significant in GEO satellite where the RTD can be over 600 ms. To help DL scheduling, some feedback in the form of a UCI should be supported. This new UCI can include information such as
· DL decoding statistics
· CQI or request for reducing MCS
· Both of the above

Proposal 4: Support a new UCI feedback for reporting DL transmission disruption and/or requesting DL scheduling changes when HARQ feedback is disabled.  
· To study the new UCI format and associated resource allocation.

It has been agreed that HARQ processes with feedback disabled are still configured to allow blind retransmissions. Without HARQ-ACK feedbacks, however, DL scheduling of the HARQ process will be susceptible to errors without additional enhancements. An example is shown in Figure 2. In the figure, all transmissions are of the same HARQ process carrying different TBs. Suppose UE misses the PDCCH of the second PDSCH and HARQ feedback is disabled for the process, UE  will understand the third PDSCH as a  retransmission of the first PDSCH and miss the third PDSCH again.  When HARQ feedback is enabled, the above scenario is unlikely to happen. Since network will know that the second PDSCH was missed,  it will schedule the third PDSCH as a retransmission of the second PDSCH instead of a new transmission.  


Figure 2. Example DL scheduling using NDI: Without HARQ feedback and if UE misses the PDCCH of second transmission, UE will understand the third transmission as a repetition of the first. 

Assigning a RV, say RV 0, exclusively for the initial transmission will solve the above problem. This is because RV now provides information for UE to determining if a transmission is new or old in addition to NDI. In the above example, even UE misses the PDCCH of the second transmission, the UE understands that the third transmission is a new one by the use of RV 0.
Proposal 5: For DL HARQ processes with HARQ feedback disabled, initial transmissions shall use RV 0 and retransmissions shall not use RV 0.

HARQ Codebook
For HARQ codebook construction, it is natural to consider feedbacks only for processes with feedback enabled. 
For Type-2 codebook, it has been agreed that only HARQ-ACKs of HARQ processes with feedback enabled are included in the codebook. Consequently, existing counter DAIs in DCI must only include PDSCHs of HARQ processes with feedback enabled to enable UE to determine the codebook. 
Proposal 6: For Type-2 HARQ codebook
· Only PDSCHs of HARQ processes with feedback enabled are counted in DAIs in DCI. 

For smart phones in NTN, DL achievable SNR can be more than 20 dB higher than UL achievable SNR due to limited UE transmit power. In such case, DL throughput can be limited by UL feedbacks without improved HARQ feedback efficiency. As can be seen from Figure 3, for SNR =-12 dB one full slot is required for one feedback bit. It’s hence critical to consider techniques for improved feedback efficiency. For dynamic codebook, this can be done by spatial bundling all the feedback bits so that only one bit is transmitted. If there is one or more PDSCH decoding failures, UE will provide a negative feedback and network will retransmit all the PDSCHs. To ensure a small probability of PDSCH retransmission, network can limit the number of PDSCHs before feedback is requested and slightly reduce the target BLER of PDSCH transmissions. For instance, if the code book size is limited to be 4 or less by scheduling and the BLER target is set at 2.5% instead of 10%, the probability of retransmission is limited at 10%. 
Proposal 7: For Type-2 HARQ codebook, support spatial bundling of all feedback bits in a codebook if the number of feedback bits without bundling is less than or equal to N. 
· FFS: the value of N. 

[image: ]
Figure 3. Performance of 1-bit HARQ-ACK on PUCCH format 1 of 14 symbols and 1 PRB over NTN-TDL-C.

For Type-1, i.e., semi-static, codebook, since all HARQ processes share the same search spaces, codebook size does not change as long as there is at least one HARQ process with feedback enabled. It is therefore possible to provide an ACK feedback for a decoded PDSCH or TB of a HARQ process with feedback disabled. That is, there are two options for Type-1 codebook construction depending how to report feedback for HARQ processes:
· Option 1: Report a NACK for a bit corresponding to a PDSCH/TB of HARQ process with feedback disabled.
· Option 2: Report an ACK or NACK for a bit corresponding to a PDSCH/TB of a HARQ process with feedback disabled depending on if it is decoded or not.

The above two options can have large difference in performance. Considering a codebook of size 10, among which only one bit corresponds to a transmission with feedback enabled, there is only 1 bit unknown to the network with Option 1 but may exist 10 unknown bits with Option 2. From the above example, it’s also obvious that Type-1 codebook can often be seriously underutilized. Hence it is desirable to consider means to reduce the codebook size.
One example in this direction has been provided in [5], where every lookback window of size  is divided into two chunks of  each, where one chunk comprises ACK/NACK enabled processes, while the other chunk comprises ACK/NACK disabled processes. However, this imposes severe restrictions on the scheduler at the base-station: at every PUCCH occasion for the UE, the lookback window must have this pre-determined split between ACK/NACK enabled and ACK/NACK disabled processes.
Instead of splitting the lookback window, a limit on the maximal number of PDSCH of HARQ processes with feedback enabled can be used to reduce the codebook size. Within a lookback window of size  slots, we let the base station schedule up to  HARQ processes with ACK/NACK feedback enabled, where the base-station is free to dynamically choose the  (out of ) positions of the corresponding PDSCHs for every PUCCH occasion.
[image: ]
Figure 4. An example distribution of PDSCHs of HARQ processes with feedback (in red) and PDSCHs without feedback. Within a lookback window of  PDSCH candidates, up to  PDSCHs can be of HARQ processes with feedback enabled. The position(s) of these PDSCHs can be anywhere within the lookback window.

A special case is to limit one PDSCH transmission per feedback, i.e., M=1. In such case, network ensures that PUCCH resources of two PDSCHs that require feedbacks will not overlap in time. And a UE will always provide a one-bit feedback. This can be useful for smartphones in NTN. 

Proposal 8: For semi-static HARQ ACK codebooks, within a lookback window of size  PDSCHs candidate occasions, a UE may be scheduled with up to  PDSCHs of HARQ processes with feedback enabled, where the PDSCHs  may be scheduled in any of the  candidate position(s) within the lookback window.
· The value of  as a function of N are to be configured for the UE.
· At least support M=1.
For the configuration described in the proposal above, we describe some codebook design(s) below with a simple example.
Example (Codebook Design): For , the base station may schedule either  or 2 PDSCHs of HARQ processes with feedback enabled, within a lookback window of size . When the base station schedules  HARQ process (out of ) with ACK/NACK enabled, it is free to choose from any of the  positions within the lookback window; when it schedules  such processes, and it is free to choose from any of the  positions within the lookback window.
The UE feeds back the position(s) in which it successfully receives an ACK/NACK-enabled transmission. This requires a total of  codepoints, since the UE can receive at most  ACK/NACK enabled processes correctly within the  slots.
Table 1: Codepoints in an N=4, M=2 construction I.
	No. of successful feedback-enabled UE receptions (out of 4) 
	
Codepoints in the HARQ ACK codebook
(in each 4-bit string, a 1 corresponds to the position(s) in which the UE received an ACK/NACK enabled HARQ process transmission successfully)

	0
	0000 (C1)
	
	
	
	
	

	1
	0001 (C2)
	0010 (C3)
	0100 (C4)
	1000 (C5)
	
	

	2
	0011 (C6)
	0101 (C7)
	0110 (C8)
	1001 (C9)
	1010 (C10)
	1100 (C11)




It is easy to argue that the above is codebook design affords lossless recovery of state at the base station. To see this, note that the base station knows exactly which positions it sent ACK/NACK enabled processes in. As a result, if the UE feeds back the positions in which it successfully receives an ACK/NACK enabled process, the base station can determine these, as well as determine the rest (from out the ones it transmitted) that failed.
This simple codebook design for this case requires  codepoints, which is smaller than the  codepoints required without the “up to  out of ” constraint for scheduling ACK/NACK enabled processes. The bits saved further increases when  is small w.r.t . 
However, we can compress the codebook size further by noticing that  successful ACK/NACK enabled receptions at the UE can only occur if the base station scheduled  (not or ) ACK/NACK-enabled PDSCHs and all of these were successfully received by the UE. As a result, in this scenario, just one codepoint to tell the base station that  feedback-enabled processes were received successfully suffices. The resulting code point construction is shown in Table 2.
This reduces the number of codepoints required to . We generalize this in the following observation.
Table 2: Codepoints in an N=4, M=2 construction II.
	No. of successful feedback-enabled UE receptions (out of 4)
	
Codepoints in the HARQ ACK codebook
(in each 4-bit string, a 1 corresponds to the position(s) in which the UE received an ACK/NACK enabled HARQ process transmission successfully)

	0
	0000 (C1)
	
	
	
	
	

	1
	0001 (C2)
	0010 (C3)
	0100 (C4)
	1000 (C5)
	
	

	2
	0011 (C6)
	0101 (C6)
	0110 (C6)
	1001 (C6)
	1010 (C6)
	1100 (C6)


 

Observation 1: Within a lookback window of size  (corresponding to a PUCCH occasion), for up to  PDSCHs of HARQ processes with  feedback enabled (in any of the  candidate occasions), codepoints are sufficient to construct a lossless semi-static ACK/NACK codebook.
In the light of the above examples, we propose to study ACK/NACK codebook design for the setting described in Proposal 1 as follows:
Proposal 9: RAN1 to consider semi-static HARQ codebook designs for the limit of PDSCH transmissions less than candidate occasions for HARQ processes with feedback enabled, with the aim of reducing the codebook size.

UL HARQ Operations
For UL HARQ, a UE may have some HARQ processes with retransmission disabled and some with retransmission enabled. Since HARQ processes with retransmission and processes without retransmissions can have different target BLER, some transmit configurations including MCS table and power control may be different depending on if retransmissions are allowed.
Proposal 10: Support different transmit parameters and/or configurations per HARQ process or per HARQ process type (retransmissions is enabled/disabled), including
· Power control
· MCS table
· UCI multiplexing parameters
· FFS other parameters

Like in the case of DL, existing NR has timeline constraints of successive UL transmissions as quoted from [2] as below
The UE is not expected to be scheduled to transmit another PUSCH by DCI format 0_0 or 0_1 scrambled by C-RNTI or MCS-C-RNTI for a given HARQ process until after the end of the expected transmission of the last PUSCH for that HARQ process.
The above timeline rule effectively requires that the DCI of a PUSCH always arrives after the transmission of an earlier PUSCH of the same HARQ process as shown as the NR timeline in Figure 5. Unless a UE specific Koffset that is exactly the timing advance of the UE is used, the above rule will place serious limit on uplink throughput. Instead, the desirable scheduling timeline as indicated in the figure should be allowed.  
Proposal 11: For NTN, UE may receive a DCI scheduling a PUSCH of a given HARQ process before the end of the transmission of another PUSCH of that HARQ process. 



Figure 5. NR existing timeline and NTN desired timeline for a UL HARQ process.
Conclusions
In this contribution, we have discussed additional enhancements on HARQ based on existing agreements with following observations and proposals:
Observation 1: Within a lookback window of size  (corresponding to a PUCCH occasion), for up to  PDSCHs of HARQ processes with  feedback enabled (in any of the  candidate occasions), codepoints are sufficient to construct a lossless semi-static ACK/NACK codebook.

Proposal 1: When 32 HARQ processes is configured, UE determines the HARQ ID as 16*mod(n,2) +k where
· n is the slot number during which the DCI was first transmitted
· k is indicated by the 4 HARQ process ID bits in DCI 

Proposal 2: To amend an existing agreement as below:
For a DL HARQ process with disabled HARQ feedback, the UE is not expected to receive another PDSCH or set of slot-aggregated PDSCH scheduled for the given HARQ process that starts until X after the end of the reception of the last PDSCH or slot-aggregated PDSCH for that HARQ process.
· Working assumption: X = T_proc,1
· FFS: Whether X should be changed to X = max(T_proc,1, K1) where K1 is the minimum of  dl-DataToUL-ACK k1 if it is configured, otherwise K1 = 0
· Note: The TB of the two PDSCHs can be either same or different

Proposal 3: Consider new CQI BLER targets for HARQ processes without feedbacks.
Proposal 4: Support a new UCI feedback for reporting DL transmission disruption and/or requesting DL scheduling changes when HARQ feedback is disabled.  
· To study the new UCI format and associated resource allocation.


Proposal 5: For DL HARQ processes with HARQ feedback disabled, initial transmissions shall use RV 0 and retransmissions shall not use RV 0.
Proposal 6: For Type-2 HARQ codebook
· Only PDSCHs of HARQ processes with feedback enabled are counted in DAIs in DCI. 

Proposal 7: For Type-2 HARQ codebook, support spatial bundling of all feedback bits in a codebook if the number of feedback bits without bundling is less than or equal to N. 
· FFS: the value of N. 

Proposal 8: For semi-static HARQ ACK codebooks, within a lookback window of size  PDSCHs candidate occasions, a UE may be scheduled with up to  PDSCHs of HARQ processes with feedback enabled, where the PDSCHs  may be scheduled in any of the  candidate position(s) within the lookback window.
· The value of  as a function of N are to be configured for the UE.
· At least support M=1.

Proposal 9: RAN1 to consider semi-static HARQ codebook designs for the limit of PDSCH transmissions less than candidate occasions for HARQ processes with feedback enabled, with the aim of reducing the codebook size.

Proposal 10: Support different transmit parameters and/or configurations per HARQ process or per HARQ process type (retransmissions is enabled/disabled), including
· Power control
· MCS table
· UCI multiplexing parameters
· FFS other parameters


Proposal 11: For NTN, UE may receive a DCI scheduling a PUSCH of a given HARQ process before the end of the transmission of another PUSCH of that HARQ process. 
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