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In RAN plenary #86, the work item on Enhanced Industrial Internet of Things (IIOT) and URLLC Support was agreed [1]. One of the main objectives of the work item is to 
“Study, identify and specify if needed, required Physical Layer feedback enhancements for meeting URLLC requirements covering 
· UE feedback enhancements for HARQ-ACK [RAN1]
· CSI feedback enhancements to allow for more accurate MCS selection [RAN1]
Note: DMRS-based CSI feedback is not in scope of this WI”
  
In this contribution, the enhancement on HARQ-ACK is discussed. 
In the 3GPP RAN 1 #102e meeting, a number of topics for further investigation was defined [2]. The list is below 
· Rel-17 enhancements to avoid SPS HARQ-ACK dropping for TDD due to PUCCH collision with at least one DL or flexible symbol.
· SPS HARQ skipping for skipped’ SPS PDSCH
· PUCCH repetition enhancements (at least for HARQ-ACK), e.g., sub-slot based, etc.
· Retransmission of cancelled HARQ
· SPS HARQ payload size reduction and / or skipping for ‘non-skipped’SPS PDSCH
· Type 1 HARQ codebook based on sub-slot PUCCH config 
· PUCCH carrier switching for HARQ feedback

During the last 3GPP RAN 1 (#103e) meeting, the options/solutions per topic was limited to 2 or 3 options and companies are requested to provide details on the supported options as well as details on their proposals [3] . Below Qualcomm’s proposal on the topics above.
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The problem targeted at this topic was described in the contribution during the previous meeting [4]. It is described herein again below.
Upon SPS configurations within a TDD system, SPS HARQ feedback might collide with DL or flexible symbols, when the slot format changes and symbols in which previously SPS PUCCH was transmitted cannot be used now, since at least one of the symbols is either DL or flexible symbol. Upon such an event, up to Release 16, SPS HARQ feedback is dropped. The network then has to retransmit the DL SPS PDSCH for which feedback was not received. Hence, unnecessary DL re-transmissions might take place and mainly DL resources will be wasted. In a dynamic TDD configuration, slot format changes can occur either: 
1. in a semi-static manner, following the RRC configuration of slot format combinations, or 
2. dynamically by use of DCI 2_0 indicating a new Slot Format Indicator (SFI) for the coming slots, or
3. when a (number of) flexible symbol(s) was previously used for SPS PUCCH and at a given slot, this (these) flexible symbol(s) are now used for DL PDSCH transmission of a higher priority DL traffic. This can occur when at the beginning of the slot the same user, or another (third) user in the cell, is granted DL resources via a dedicated grant (DG) allocation transmitted via DCI 1_1 of a higher priority DL traffic which then occupies flexible symbols, which in the previous slots were used for SPS PUCCH HARQ feedback transmission.
The final notes of the feature lead on that topic are the following ones [3]:
Final RAN1#103-e moderator comments: 
Based on the discussions by companies to the 2nd/3rd/4th round, it would be good if companies could provide their input to RAN1#104-e on the two options which would still need further discussion / clarification to enable potential agreements on support of Option 1 and/or Options 2, including  
· Option1: 
· Definition of ‘next’ PUCCH in time domain (i.e. ‘k1’ value) – including handling of semi-static flexible symbols and SFI if received
· PUCCH resource for re-transmission, separate config versus using e.g. SPS-PUCCH-AN-List or n1PUCCH-AN 
· Further considerations on CB construction when multiplexed with DG PDSCH HARQ, …
· Option 2: 
· Which enhancements to Type 3 CB are envisioned (please describe in detail)
· Maybe worth considering enhancements here more generically, including using one-shot / Type 3 CB type re-transmission also for re-transmission of canceled HARQ-ACK (of Sec. 5) – e.g. discuss them jointly.
(FL proposal 2.1: The following alternatives are further considered to prevent SPS HARQ-ACK dropping for TDD systems: 
· Option 1: Deferring HARQ-ACK until a first available PUCCH
· FFS: Details including the definition of a first available PUCCH, CB construction / multiplexing 
· Option 2: Dynamic triggering of a one-shot / Type-3 CB type of re-transmission
· FFS: Details on triggering and CB construction (incl. potential Type-3 CB optimizations) / multiplexing)
Option 1-Deferring HARQ-ACK until a first available PUCCH
During the previous meeting, a number of proposals was described aiming at assisting the UE to identify the first available UL sub-slot or slot. One of these proposals is the configuration of a set of SPS PUCCH A/N K1 values (“PDSCH-to-HARQ feedback timing indicator”) per SPS configuration and the UE chooses the K1 value which results in an available UL sub-slot or UL slot [5]. Based on the proposals regarding the first available PUCCH resource during the last 3GPP RAN 1 #103e meeting, three interpretations can be deduced.
· Interpretation 1: “first available PUCCH” is the first available, i.e., earliest in time, UL sub-slot or UL slot in the cell which can carry the deferred SPS PUCCH format in the configured SPS PUCCH resource, i.e. starting symbol within the sub-slot or slot, number of PUCCH symbols, number of PRBs, PRB location, beam index. This “first available PUCCH” can be any UL sub-slot or slot in the cell, even if this UL sub-slot or slot is not related to a sub-slot or slot indicated by any k1 value configured by the network upon SPS configuration, or even if this UL sub-slot or slot is not related to the next SPS PUCCH occurrence.
· Interpretation 2: “first available PUCCH” is the first available, i.e., earliest in time, UL sub-slot or slot indicated by the set of k1 values, which is not colliding with DL symbols and which can carry the same PUCCH format as the one of the deferred SPS PUCCH.
· Interpretation 3: “first available PUCCH” is the first available, i.e., earliest in time, UL sub-slot or slot which coincides with the next in time SPS PUCCH occurence, either for the same SPS configuration (for which SPS PUCCH HARQ is deferred) or for a different SPS configuration (for the same UE).

In case, supporting companies of option 1, have in mind Interpretation 1 and Interpretation 2, then, this, solution is indeed a simple solution in case of a single UE having to defer its SPS PUCCH and the cell is low loaded. In case, companies supporting of option 1, imply interpretation 3 of the “first available PUCCH”, then, there is a need to define the multiplexing rule of 
i) the deferred SPS PUCCH HARQ and of 
ii) ii) the current SPS PUCCH HARQs

Provided that such multiplexing can be supported by the PUCCH resource granted for the current SPS PUCCH HARQs.

It is anticipated than in a well dimensioned NR system SPS PUCCH HARQ feedback colliding with DL symbols is not expected to happen very often. However, whenever this collision of SPS PUCCH HARQ with DL symbols occurs, a number of UEs is affected and in some cases, more than 1 SPS PUCCH HARQ occasions collide with DL symbols. 
In such a scenario, the interpretations 1 and 2 have some significant drawbacks which need to be taken care of. Fig 1 shows an example of SPS PUCCH A/N deferring due to slot format change and the 3 different interpretations of the “1st available PUCCH resource” in this example. In this same example, 2 different SPS configurations, i.e. SPS 1 and SPS 2, with the same period of 1 ms are presented. The DL-UL transmission periodicity is 500 µsec and the initial TDD pattern is 2 DL and 2 UL slots for SCS equal to 120 kHz (FR 2). In this specific example the TDD pattern changes to 3 DL and 1 UL slot. In this example, the next scheduled PUCCH occasion happens to be the SPS 2 PUCCH occasion. In another example, it could have been PUCCH for DG PUCCH as well.


[bookmark: _Ref61613507]Fig 1: Example for single UE SPS PUCCH A/N deferring and “1st available PUCCH resource” according to 3 different interpretations. UE configured with 2 different SPS configurations. Numerology related to FR 2.
Assuming interpretation 1 or2 of first available PUCCH resource, then the following issues arise:
· “1st available PUCCH resource” might not be available at all in the time domain due to PUSCH or PUCCH for other UEs.
· “1st available PUCCH resource” might be available in time domain, but the PUCCH resource, i.e. PRBs and beam might be occupied by another PUSCH or PUCCH for another UE.
· “1st available PUCCH resource” might not be available in space domain, since PUCCH resource UL beam might be occupied by another UE.
· Some signalling overhead at RRC level should be expected in case the network should indicate the frequency and space domain allocation in the “1st available PUCCH resource”. This overhead is multiplied by the number or K1 values in the set of multiple K1 values.

Additional issues with the “1st available PUCCH resource” for all 3 interpretations are the following:
· Need to define extra rules for more than 1 deferred SPS PUCCH HARQ feedbacks per UE.
· UE might transmit the deferred SPS PUCCH A/N for an already expired DL packet, in the case of IIOT traffic.

With regards to interpretation 3, a significant standardization effort task is to agree on the multiplexing rules of 
i) the deferred SPS PUCCH A/Ns and of 
ii) the current PUCCHs.

It can be argued that with good planning and appropriate setting of k1 values in the set, as well as the option of shuffling PRI in the frequency and space domain for the different k1 values, the risk of collision between i) deferred SPS PUCCH A/N and ii) PUSCH and/or PUCCH for other UEs can be reduced. However, this task is very complicated, if collision with PUCCH or PUSCH resources for other UEs should be avoided. The task seems impossible considering that the SPS configuration takes place at RRC level and very likely several ms before an eventual – non predicted – slot format change.
Observation 1: Deferring SPS PUCCH A/N to “1st available PUCCH resource” does not always guarantee that the 1st available PUCCH resource is indeed available. In order to avoid collisions with other PUCCHs or PUSCHs for other UEs, significant standardization effort and complicated pre-scheduling is required.
Option 2 – Dynamic Triggering of a one-shot CB 3 Type of HARQ retransmission
The proposal is to make use of a ‘special’ (modified) HARQ Codebook Type 3 message with which the UE reports a number N of SPS PUCCH A/N bits. This number #N of HARQ bits corresponds to the first N SPS occurrences occurring after a defined time instant t0, which can correspond to the start of a given UL sub-slot or UL slot. The gNB with the DCI requesting this “modified CB 3 Type HARQ” indicates the PUCCH format and resource to be used. An example illustrating the proposal can be seen in Fig 2. In this example, it can be seen that there are 2 different SPS configurations for a given UE. Upon slot format change, SPS PUCCH A/N for SPS 1 is affected since it collides now with a DL symbol. (SPS PUCCH A/N for SPS 2 is not affected). gNB transmits a DCI requesting the transmission of the first 2 HARQ bits corresponding to the first 2 SPS occasions after the time instant t0, which is also included in the DCI. In addition, DCI includes the PUCCH format and PUCCH resource for the “modified CB Type 3”. 


[bookmark: _Ref54089652]Fig 2: Example illustrating the use of a “special” (modified) HARQ Codebook Type 3 message for all HARQ Processes of the first N SPS occurrences after a time instant t0.
The benefits of the proposal are the following:
- overloading of the first available PUCCH (independent of the “first available PUCCH” interpretation), i.e. collision risk of deferred SPS PUCCH A/N with other PUCCHs or PUSCHs is avoided; gNB schedules in a manner that deferred SPS HARQ feedback for different UEs is staggered in time and this one-shot feedback does not collide with other PUCCH or PUSCH from other UEs,
- planning the time, frequency resources for the transmission of deferred SPS PUCCH A/N is much easier (compared to the pre-planning), since upon deferred SPS PUCCH A/Ns, the scheduler is aware of which HARQ bits need to be transmitted,
- transmission of consecutive deferred SPS PUCCH A/Ns from the same UE is straightforward,
- gNB being aware of the DL packet expiration time, might make efficient use of UL resources by eventually not requesting the transmission of deferred SPS PUCCH A/N for DL packets having already expired,
- no need for standardization work with regards to multiplexing with other SPS PUCCH A/N, since gNB can request separate explicit transmission of deferred SPS PUCCH A/N. 
Moreover, the fact that the gNB has the choice to decide when to transmit the DCI requesting the modified codebook type 3 for deferred SPS, the transmission of this DCI does not have any effect on the monitoring of other DCI for the UE. In addition, since scenarios with SPS are the focus here, UEs are in most cases not expected to monitor many DCI types very often.
In addition, since UEs are requested to report HARQ feedback for all #N SPS occurrences – independently of them being deferred or not, or independently of them being ACK or NACK-after a certain time instant t0, there is no ambiguity on what should be reported. Compared to the conventional Rel. 16 HARQ Codebook Type 3 message, the benefit is that only SPS HARQ feedback is transmitted and hence L1 signalling overhead is reduced, e.g. the gNB might request the retransmission of only 1 SPS PUCCH A/N, if only one SPS PUCCH is deferred. 
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	Feature
	Option 1
(retransmission at 1st available PUCCH)
	Option 2
(Dynamic Triggering of retransmission)

	Risk of collision between deferred SPS PUCCH A/N & other PUCCHs and/or PUSCHs
(or lack of available PUCCH resources)
	Yes
X
	No
√

	Transmission of consecutive deferred SPS PUCCH A/Ns per UE
	Needs significant standardization work
(need for definition of rules)
X
	Straightforward
(1 shot feedback can accommodate more than 1 deferred SPS PUCCH A/Ns per UE)
√

	Interaction with current/subsequent SPS PUCCH A/Ns of the same UE
	Needs significant standardization work
(need for definition of rules)
X
	Straightforward
(separate transmission of deferred SPS PUCCH A/Ns)
√

	Requirement for advanced pre-scheduling (uplink)
	Yes
X
	No
√

	Deferred SPS PUCCH A/N transmission for expired DL packets
	Yes
X
	No
√

	L3 Signalling Overhead
	Yes
X
	No
√

	L1 Signalling Overhead
	No
√
	Yes
X


One shot transmission of deferred SPS PUCCH A/Ns requires some L1 signalling overhead due to DCI and modified CB Type 3 transmission. 
The network might issue a second request for “modified CB Type 3 HARQ feedback” in case the network does not receive HARQ feedback from addressed UEs.
Table 1 shows a comparative table between option 1 and option 2.
In addition, SPS HARQ feedback may be cancelled via the DCI 2_4 transmitting a Cancellation Indicator (CI) to a given UE. The modified HARQ Codebook Type 3 feedback can be used in this case as well by simply indicating explicitly the use of this feedback, i.e. whether the modified codebook type 3 HARQ is a response to a request for deferred SPS PUCCH A/N feedback (i.e. SPS HARQ bits only) or whether this is a response to a cancelled HARQ of any type. 
Proposal 1: gNB explicitly requests via DCI for a UE to transmit modified HARQ-ACK codebook Type 3, in which the UE reports #N (a number N of) HARQ-ACK feedback for #N SPS HARQ-IDs occurring after a time instant t0.
SPS HARQ skipping for ‘skipped’ SPS PDSCH
In SPS services, due to over-provisioning of SPS resources, there is motivation for gNB to skip some reserved SPS locations if there is no SPS traffic and reuse the SPS resources to transmit data to other UEs. To avoid that UEs send unnecessary HARQ-ACKs which create uplink interference, UEs can skip HARQ-ACK for skipped SPS locations. For a UE to determine if  a given SPS location is skipped by gNB, there are two approaches discussed in past RAN1 meetings. In option 1, gNB send explicit indication to gNB in DCI to inform UE one or more SPS locations are skipped. In option 2, UE detect empty SPS based on DMRS. 
Fig 3 shows an example of the explicit DCI transmission when multiple SPS PDSCH occurrences are empty. When a specific DCI is used so as to indicate that a number of the next SPS occurrences is going to be skipped, this can be quite advantageous for the system since multiple SPS occurrences can be skipped and hence multiple resources-which would have been reserved for DL SPS otherwise-can be freed and can be used by either the same or other UEs. In a similar way, uplink resources which initially were planned for SPS HARQ feedback can be now granted to the same UE or to other UEs for other uplink transmissions. In case freed up uplink resources are not reused by other UEs or by the same UE for other purposes, less uplink interference is generated. An additional benefit is that there is no need for the UE to perform DMRS detection or any other similar detection algorithm at the receiver in order to detect if a given SPS PDSCH is empty or not. Hence, there is clear benefit in terms of UE power consumption when SPS PDSCH occurrences are skipped and this specific DCI is used. One additional benefit of this approach compared to other solutions, is that the explicit DCI indication for empty SPS PDSCH occurrences is the most robust solution towards beam blocking, if DCI transmitted with a beam sweeping pattern in FR 2. Even further benefits can be obtained from this explicit DCI if gNB requests acknowledgement of this explicit DCI. In this case, the network can securely allocate the freed-up resources to the same UE (for other types of traffic) or to other UEs. 
As a summary, the advantages of explicit DCI indication of empty SPS PDSCH occurrences are:
· Lower UE power consumption
· Lower uplink interference
· Higher UL and DL resources availability
· Robustness towards beam blocking (if transmitted with beam sweeping)


[bookmark: _Ref54096716]Fig 3: Example illustrating the use of the special DCI indicating multiple empty (‘skipped’) SPS occurrences.
Cases in which the transmission of this explicit DCI is deactivated can be considered, e.g. in case of a single SPS configuration for a single URLLC/IIOT traffic, with a regular timing pattern. Another example in which this explicit DCI can be skipped is when 2 SPS configurations serve a single URLLC/IIOT traffic and the network does not transmit a copy of the same SPS PDSCH from the second SPS configuration without having received feedback from the first SPS transmission. In this case, upon transmission of the DL packet via the first SPS PDSCH configuration, implies that the 2nd SPS configuration (or the subsequent ones) will be empty. 
In general, the scheme is beneficial only when there is SPS overprovisioning and only when this DCI is not transmitted at each slot.
In past RAN1 meetings, there was a concern raised for approach 2, which is the reliability of DMRS detection. With approach 2, UEs detect 1-bit info which is DMRS vs DTX based on DMRS symbols. One way to improve the detection performance is asking gNB to send a special DMRS in an empty SPS location to indicate the SPS is empty, as shown in Fig 4. The special DMRS can be orthogonal to the nominal DMRS with FD-OCC or TD-CS (time domain cyclic shift). The resource of the empty SPS can be assigned to other UEs for data transmissions. Base station just needs to make sure other UEs use DMRS ports/sequences orthogonal to the special DMRS, which is nothing but legacy DL MU-MIMO technique. The power of the special DMRS can be adjusted by gNB, based on the trade-off between detection performance, base station power cost, and energy leakage to the other MU-UEs.
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[bookmark: _Ref54002280]Fig 4: Empty SPS indication via a special DMRS sequence.
The enhancement of introducing special DMRS on empty SPS allows UE to detect 1-bit info via nominal DMRS vs a special DMRS, which could greatly improve the detection performance. In other words, the error rate of detecting nominal DMRS as special DMRS (or vice versa) should be much smaller than detection nominal DMRS as DTX (or vice versa). The performance of 1-bit sequence detections has been studied extensive in Rel-15 PUCCH format 0 study [8]-[11].  Fig 5 is copied from [11] and listed below. The “seq” scheme uses a sequence to deliver 1-bit info. The “FDM” scheme is another scheme other than sequence based transmission and it can be ignored as it is not related to this topic. With the sequence based scheme, the cyan curve is the ACK to DTX error, meaning gNB transmits nominal DMRS while UE misses it in detection. Therefore, the cyan curve represents the detection performance for {nominal DMRS, DTX} detection. The green curve is the NACK to ACK error (or ACK to NACK error), meaning gNB sends a nominal DMRS but UE mis-detects it as special DMRS. Therefore, the green curve represents the detection performance for {nominal DRMS, special DMRS detection}. It is observed that the performance of {nominal DRMS, special DMRS detection} detection is much better than {nominal DMRS, DTX}, which justify the motivation to introduce the special DMRS to improve the empty SPS detection reliability. As a matter of fact, in terms of performance to deliver 1-bit information, using two orthogonal sequence should be the optimal way. Therefore, it is expected this scheme achieves the best performance for empty SPS detection.
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[bookmark: _Ref54014523]Fig 5: Detection performance for sequence based 1-bit transmission
With the enhanced option 2, from base station point of view, base station indicates whether a SPS location is skipped or not, which is 1-bit information, via transmitting a nominal DMRS or special DMRS on SPS DMRS OFDM symbols. On UE side, UE detect nominal DMRS vs special DMRS, which is a two hypotheses detection via sequence correlation, to obtain the 1-bit information. Performance-wise, this scheme is the best scheme to deliver 1-bit info with a given power.  
In summary, there are two options for empty SPS indication. 
· Option 1: Explicit DCI indicating multiple empty (‘skipped’) SPS PDSCH occasions.
· Option 2: send a special DMRS sequence on nominal DMRS OFDM symbols in a SPS occasion to indicate the SPS occasion is empty. 

In our view, both options can be supported for SPS enhancement for URLLC, in different use cases depends on base station’s scheduler operation mode. For a use case where base station knows the DL SPS traffic in future occasions, which is the case in several IIOT scenarios, base station can apply option 1 to cancel multiple future SPS occasions in advance. For a use case where base station does not know future DL SPS traffic and has to make cancellation decision on the fly, option 2 can be applied to indicate skip current SPS occasion. 
Based on the above analysis, we make the following proposal. 
Proposal 2: Study the following two options for empty SPS indication.
· Option 1: Explicit DCI indicating a single or multiple empty (‘skipped’) SPS PDSCH occasions.
· Option 2: send a special DMRS sequence on nominal DMRS OFDM symbols in a SPS occasion to indicate the SPS occasion is empty. 
Dynamic bundling with PUCCH repetition enhancements  
PUCCH repeating is a technique which can improve reliability of UCI transmission by transmit the UCI payload with multiple copies in multiple repetitions. In general, there are two types of PUCCH repetition, namely the slot based repetition and mini-slot based repetition. However, regardless of which type of repetition is applied, one issue comes with PUCCH repetition, especially for HARQ-ACK repetition, is the payload size of HARQ-ACK grows with the number of repetitions. This issue can be illustrated with an example as shown in Fig 6. Given a DL/UL TDD configuration of DDDDDDDSUU, following an assumption that K1 is indicated as in Fig 6, without PUCCH repetition, the 8 bits HARQ-ACKs for the 7 DL slots and the one special slot are evenly distributed in the two UL slots. Each PUCCH in one slot carries only 4 bits HARQ-ACK. Now, assuming for higher reliability, gNB configures repetition factor of 2 for PUCCH. However, due to the fact that the UE still needs to support the same amount of DL traffic and 8 bits HARQ-ACK need to be fed back in the two UL slots. Now, a single PUCCH is repeated over two UL slots. But the repeated PUCCH needs to carry doubled payload which are 8 bits HARQ-ACK feedback. Therefore, effectively, the coding rate and energy per bit for HARQ-ACK feedback does not increase and no reliability enhancement can be expected, with a plain PUCCH repetition. 
 To make PUCCH repetition really beneficial for HARQ-ACK reliability improvement, dynamic bundling/compression of the HARQ-ACK payload size should be considered. Follow the same example, as shown in Fig 7, if UE bundle/compress the 8 bits HARQ-ACK payload to 4 bits payload, with a PUCCH repetition, the performance of PUCCH can be improved by ~3dB, which fully explores the repetition gain. 
There are two approaches to enabled/disable the dynamic bundling/compression of PUCCH. One approach is adding 1 bit in DCI to let gNB have the full flexibility to explicitly enable/disable bundling based on UL channel conditions and UE power headroom. Another approach is implicitly disable/enable it based on payload size of PUCCH. For example, gNB can preconfigure a threshold of the payload size for a PUCCH with repetition. If the payload size is smaller than the threshold, bundling/compression is disabled by default. Once PUCCH payload size reaches or exceeds the threshold, bundling/compression is automatically enabled. 
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[bookmark: _Ref53864351]Fig 6: HARQ-ACK payload size grows with PUCCH repetitions
[image: ]
[bookmark: _Ref53865824]Fig 7: PUCCH repetition with dynamic UCI bundling/compression
Proposal 3: Support dynamic bundling/compression of UCI.
Retransmission of cancelled HARQ-ACK 
In the case of uplink cancellation indication (CI) transmission, the network can request the transmission of the cancelled SPS HARQ feedback. The network can request explicit feedback for cancelled SPS HARQ feedback by issuing a request for this modified HARQ Codebook Type 3, which is described in Section 2. Fig 8 shows an example in which SPS HARQ feedback is cancelled and feedback is deferred and transmitted via a modified HARQ Codebook Type 3 message. The discussion here focuses on SPS, since SPS and CG are anticipated to be the main allocation mechanisms for URLLC/IIOT applications. The proposal can be extended to cancelled HARQ for DG transmission as well. In this case the network can request feedback for ALL HARQ Processes within a given time window. In the case of modified codebook type 3 for cancelled HARQ, the modified codebook type 3 can contain HARQ feedback for either SPS or DG PDSCH. This is the difference with the modified codebook type 3 HARQ transmitted in case of deferred SPS PUCCH A/N (the last one containing HARQ feedback for SPS only).


[bookmark: _Ref54100578]Fig 8: Example of modified HARQ Codebook Type 3 message transmission carrying feedback for previously cancelled SPS PUCCH HARQ.
Proposal 4: Support modified HARQ-ACK codebook Type 3 for retransmission of cancelled HARQ-ACK.
SPS HARQ payload size reduction and/or skipping for ‘non-skipped’ SPS PDSCH 
HARQ-ACK payload size reduction is an effective solution to improve the reliability of HARQ-ACK feedback. One straightforward way to reduce HARQ-ACK payload size is source message compression by taking the advantage that the probability of ACK and NACK are very asymmetric in a cellular system, especially for URLLC services. For eMBB services, normally, the probability UE feedback a ACK for PDSCH is 90%, while the probability of NACK feedback for a PDSCH is 10%, as gNB normally targeting 10% BLER performance for PDSCH. For URLLC service, the probability of ACK vs NACK feedback is even more asymmetric, even for first transmission, it is reasonable to assume the probability of ACK is >99% while probability of NACK is <1%. For reTx of URLLC PDSCH, the asymmetry can be even larger. 
Given the factor of asymmetry of ACK and NACK occurrence probability in a HARQ-ACK codebook, for a K bits original HARQ-ACK codebook, UE can compress multiple messages with small probability into a single message, which can reduce the total number of messages from 2^K to a much less number, hence reducing the HARQ-ACK feedback payload size.  
The approach to do source message compression can be illustrated by an example as shown in Fig 9. In this example, it is assumed the original HARQ-ACK codebook size is K bits. It is also assumed that the probability of ACK feedback for a bit is p, while probability of NACK feedback for a bit is q, where p is much larger than q, i.e., p>>q, for URLLC services. With K bits codebook, in total, there are 2^K possible messages. The messages can be partitioned into groups. The first group contains messages with “0 NACK”. It is clear that there is only a single of such message and the probability of this message is . The second group contains messages with “1 NACK”. It is clear that there are =K of such message and the probability of each of such message is . Without of loss of generality, it can be proven that in a group of messages with “i NACKs”, there are  of such messages and probability of each message is . Finally, the last group contains messages with “all NACKs”. It is clear that there is only a single of such message and the probability of this message is . 
Because of the fact that p>>q, it is straightforward that the probability of messages with more NACKs decreases very fast, (actually exponentially) with number of NACKs. For example, if K=10, p=0.99, and q=0.01, the probability of a message with i-NACKs is . For different values of i, this probability is listed in following Table 2. Apparently, the more NACKs occurrence in the message, the rare the probability of the message is. A UE can, for example, compress the messages with two or more NACKs into a single message. With this compression, the total messages UE needs to feedback are one “0 NACK” message, K of “1 NACK” messages, and the compressed single message (which represents two or more NACKs). The number of messages after compression is reduced from 2^K to K+2. With K+2 messages, only log2(K+2) bits are needed to do HARQ-ACK feedback. In the end, with this compression technique, UE can reduce the original K bits HARQ-ACK payload to log2(K+2) bits, which is a significant reduction. In this particular example, the original 10-bits payload can be reduced to log2(12) ~ 4-bits payload. With 2.5 factor of payload size reduction, energy per bit increased by 4dB which should directly translate into 4dB BLER improvement. 
Of course, it is observed that the above compression is a lossy compression, meaning some information is lost in compression. For example, if UE compresses all messages with two or more NACKs into a single message, once UE feedback this message, gNB does not know how many bits in the codebook are NACK and the location of those NACKs. A reasonable gNB will treat the feedback effectively as “ALL NACKs” and retransmit all K PDSCHs, which comes with a cost of unnecessary DL retransmission. Fortunately, the probability of the compressed messages is very small. Hence the unnecessary DL retransmission occurs very rarely, and the cost is acceptable. Furthermore, gNB can configure the compression probability threshold to control the trade-off between UCI compression level vs DL retransmission cost. 
[bookmark: _Ref61863672]Table 2. probability of message with i-NACKs in 10 bits codebook (assume prob of ACK 0.99)
	# NACKs 
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Message prob
	0.9044			
	0.0091
	9.2e-05
	9.3e-07	
	9.4e-09
	9.5e-11
	9.6e-13
	9.7e-15
	9.8e-17
	9.9e-19
	1.0e-20
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[bookmark: _Ref53868865]Fig 9: HARQ-ACK payload size reducing by source message compression
Based on the above analysis, we have the following proposal. 
[bookmark: _Hlk53918092]Proposal 5: Support compress multiple messages in HARQ-ACK codebook with small probability into a single message, to reduce HARQ-ACK payload size. 
Another way to reduce feedback in URLLC/IIOT is to skip transmitting ACK, considering that URRLC/IIOT traffic is very reliable and ACK is expected at least 99.99% of the time. Therefore, it is suggested that the UE transmits only NACK and upon successful PDSCH decoding, the UE does not transmit anything. Fig 10 shows an example of NACK-only HARQ operation. The NACK only feedback can save both UL interference and UE power consumption. 
[image: ]
[bookmark: _Ref54101824]Fig 10: NACK-only HARQ – example
If needed, the reliability of NACK can be further improved via additional mechanism. In some cases, especially in FR 2, upon beam blocking, NACK might be blocked and hence not at all detected at the gNB. In this case, the gNB misinterprets DTX as ACK. In order to mitigate this misinterpretation, UE is transmitting NACK by applying uplink beam sweeping, especially at FR 2.
Proposal 6: Support NACK only HARQ-ACK feedback in which only NACK transmission takes place and ACK is skipped.
PUCCH carrier switching for HARQ feedback 
In NR Rel-15/16, PUCCH can only be transmitted on PCC (or PUCCH-SCC) in a PUCCH group in UL CA. This restriction imposes some unnecessary extra latency and reliability reduction, especially in TDD spectrum.  As shown in Fig 11, in am example of TDD + FDD CA, the PDSCH in the first “DL” slot has to wait until the “S” slot to feedback HARQ-ACK at the earliest, due to HARQ-ACK can only be transmitted on PUCCH.  
[image: ]
[bookmark: _Ref53916391]Fig 11: Example of a TDD + TDD UL CA with PUCCH only allowed on PCC
However, if the restriction of PUCCH only allowed on PCC is lifted, HARQ-ACK can be feedback on any CC in a PUCCH group. A UE can feedback HARQ-ACK earlier by utilizing the PUCCH resources configured on other CCs, which can reduce the HARQ-ACK delay for URLLC, as shown in Fig 12. The second benefit of HARQ-ACK carrier is allowing UE to use the CC with more reliability to feedback the HARQ-ACK. 
[image: ]
[bookmark: _Ref53917152]Fig 12: Example of a TDD + TDD UL CA with PUCCH allowed on PCC and SCC
In summary, HARQ-ACK carrier switch is a very simple scheme that can offer much smaller latency and more reliability, which fit perfect into the use cases of URLLC and IIOT. The benefits of the scheme are simplicity, latency reduction, and higher reliability.   
If this feature is supported, one important open issue needs to be studied is how to indicate carrier switch for HARQ-ACK. Roughly speaking, there are two approaches, dynamic and explicit indication in DCI and implicit derivation based on certain static rules. The dynamic/explicit indication in DCI of course has the largest flexibility. However, the reliability of such indication is a concern. Because each DCI can update the carrier where the HARQ-ACK codebook is transmitted, due to the missing DCI issue, gNB does not know that on which CC the HARQ-ACK is transmitted and has to perform multiple blind detections. With UCI multiplexing on PUSCH, the issue of missing DCI is more severe, if dynamic/explicit indication is applied for this feature. One should notice that this is a bigger issue than ambiguity of HARQ-ACK codebook size due to missing DCI. For HARQ-ACK codebook size, there is DAI mechanism introduced to resolve this issue (at least for most of the scenarios except that all DL DCI on all DL CCs are missed in a monitor occasion).    
On the other hand, if the indication is based on certain static rules implemented in RAN1 specification, the indication is much more robust. One simple rule could be the following as shown in Fig 13. UE still following K1 (referenced to PCC numerology) to determine the slot to feedback HARQ-ACK. In the determined slot, the first CC has enough UL OFDM symbol to accommodate the HARQ-ACK PUCCH resource is used to transmit HARQ-ACK. The first CC is determined following a predefined ordering of CCs such as PCC first, then SCC1, SCC2, etc.  
[image: ]
[bookmark: _Ref60930965]Fig 13: An example of HARQ-ACK CC switch based on a static rule
[bookmark: _Hlk53920445]Proposal 7: With PUCCH carrier switch, similar to Rel-15, the slot to transmit HARQ-ACK follows the K1 indicated in DCI, and the granularity of K1 follows the numerology of PCC.  
[bookmark: _Hlk54363888]Proposal 8: With PUCCH carrier switch, the following static rule is applied to determine the CC to transmit HARQ-ACK, in a given slot.
· The lowest indexed CC which has enough UL OFDM symbols to accommodate the HARQ-ACK PUCCH resource is selected to transmit the HARQ-ACK. 

If this PUCCH carrier switch feature is supported, another important open issue is whether support a HARQ-ACK on multiple CCs simultaneous, or only support transmit HARQ-ACK on a single CC while allowing switch on different CCs. If gNB does not know UL channel conditions, simultaneous HARQ-ACK feedback on multiple CCs can bring frequency diversity gain. If gNB knows UL channel conditions, carrier switch is actually better than simultaneous transmission because UE can put all power on the best CC determined by gNB. From spec impact perspective, simultaneous HARQ-ACK feedback on multiple CCs has more spec impact, because of the complication on CC indication and power split among CCs. 
Based on the above discussion, to reduce the scope of this feature and minimize the spec impact, the following proposal is made. 
Proposal 9: In Rel-17, do not support simultaneous HARQ-ACK transmission on multiple CCs.  
Dynamic switch between sub-slot configuration 
Rel-16 allows more than 1 HARQ-ACK feedback per UL slot, by introducing HARQ-ACK feedback per sub-slot, which allows fast HARQ-ACK feedback for URLLC. The HARQ-ACK feedback timeline K1 follows the sub-slot granularity. The PUCCH resource is confined within a sub-slot. In other words, if a sub-slot has 2 OFDM symbol in duration, the PUCCH resource for HARQ-ACK transmission is limited by 2 OFDM symbols. In case of deep fading, such as antenna is blocked by hand in FR2, HARQ-ACK may have reliability issue with short sub-slot. On the other hand, short sub-slot can enable faster HARQ-ACK feedback. Therefore, there is a motivation to allow UE to switch between short and long sub-slot duration to explore the best trade-off between HARQ-ACK reliability and latency. In Rel-16, the switch is only available via RRC reconfiguration, which is too slow (typically ~10ms delay from RRCReconfiguration reception to RRCReconfigurationComplete transmission) to meet the URLLC latency requirement. To enhance the URLLC HARQ-ACK performance, more flexible switch between different sub-slot configurations is needed.  
There are two ways to do dynamic switch between different sub-slot configurations. One way is via DCI, the other way is via MAC-CE, to switch. If using DCI to switch, then each individual DL DCI can indicate a different sub-slot configuration for its HARQ-ACK feedback. This essentially requires UE to maintain multiple HARQ-ACK codebooks for URLLC, one codebook for each sub-slot configuration. The complexity of this approach is unnecessarily high. If using MAC-CE to switch, as illustrated by following Fig 14, at one time, there is only one sub-slot configuration UE has to following. UE can switch to another sub-slot configuration (following what is indicated by a MAC_CE) 3ms after UE send ACK to confirm the MAC-CE is received. With MAC-CE based switch, the delay of switch between different sub-slot configuration is reduced from ~10ms to 3ms. 
[image: ]
[bookmark: _Ref1122285][bookmark: _Hlk47478071]Fig 14: MAC-CE based sub-slot configuration switch
Proposal 10: Use MAC-CE to switch between multiple sub-slot configurations for HARQ-ACK feedback. 
Sub-slot based Type-1 HARQ-ACK codebook generation
In NR Rel-16, sub-slot based HARQ-ACK reporting is supported only for Type-2 HARQ-ACK codebook. Type-1 HARQ-ACK codebook construction for sub-slot based HARQ-ACK reporting was also discussed. However, it is not supported in NR Rel-16 due to lack of time. In our view, most of the procedures for slot based Type-1 HARQ-ACK codebook construction can be reused for the sub-slot case. However, there is one critical piece missing from the NR rel-16 design, that is how to determine the association between a PDSCH time-domain resource allocation (TDRA) and a UL sub-slot. In particular, a PDSCH TDRA may overlap with multiple UL subslots, and it’s unclear how the association can be determined in such cases. 

To solve this issue, we noticed that, during Rel-16 discussion on sub-slot based PUCCH, the following agreement is made.  
Agreements:
For sub-slot-based HARQ-ACK feedback procedure, K1 is the number of sub-slots from the sub-slot containing the end of PDSCH to the sub-slot containing the start of PUCCH.
· Use UL numerology to define the sub-slot grid for PDSCH-to-sub-slot association.
· FFS: The configurable value range of K1 needs to be extended, and impact to related DCI field bitwidth.
· Note: It has been agreed that K1 is defined following R15 approach but in unit of sub-slot.

In view of the above agreement, a straightforward approach to determine the PDSCH TDRA to UL subslot association is to associate a PDSCH TDRA with the UL sub-slot containing the end of the PDSCH. 

Consider the example illustrated in Fig 15. The PDSCH cell and the PUCCH cell are of the same numerology, and a PUCCH slot contains two subslots, where each subslot consists of 7 OFDM. In the PDSCH cell, the TDRA table contains 3 TDRA candidates as illustrated in the figure. Furthermore, dl-DataToUL-ACK for DCI format 1_1 contains 3 K1 values {1,2,3}. In this case, for a HARQ-ACK reporting in UL subslot , the UE may construct Type-1 HARQ-ACK codebook as follows:
· In UL subslot , one PDSCH occasion can be determined (i.e., PDSCH occasion labeled by 1 in the figure), which corresponds to 1 bit HARQ-ACK
· In UL subslot , there’re two PDSCH occasions that ends in this subslot (i.e., PDSCH occasion labeled by 2 and 3 in the figure), and they are non-overlapping to each other. Therefore, the UE shall determine two HARQ-ACK bits for this subslot.
· In UL subslot , there is one PDSCH occasion, corresponding to 1 HARQ-ACK bit.
Overall, the UE shall generate 4 bit HARQ-ACK in this case for HARQ-ACK reporting in UL subslot . Notice that, the PDSCH occasion 2 overlaps with both subslot  and . However, according to the proposed rule, this occasion is only counted once in subslot . As such, there is no redundancy in reporting HARQ-ACK for type 1 codebook. 
In this example, the PDSCH occasion 2 overlaps with two UL subslots, and it is associated with the later PUCCH sub-slot. The proposal works generally for the case in which the PDSCH overlaps with more than 2 UL subslots. 
[image: ]
[bookmark: _Ref61470319]Fig 15: Sub-slot based Type-1 HARQ-ACK codebook construction
Based on the discussion above, we make the following proposal. 
Proposal 11: Support sub-slot based Type-1 HARQ-ACK codebook construction in NR Rel-17. A PDSCH occasion (i.e., time-domain resource allocation) is associated with an uplink sub-slot that contains the end of the PDSCH occasion.  
Conclusions
In summary, we make the following proposals for HARQ-ACK feedback enhancement for Rel-17 IOT and URLLC. 
Proposal 1: gNB explicitly requests via DCI for a UE to transmit modified HARQ-ACK codebook Type 3, in which the UE reports #N (a number N of) HARQ-ACK feedback for #N SPS HARQ-IDs occurring after a time instant t0.
Proposal 2: Study the following two options for empty SPS indication.
· Option 1: Explicit DCI indicating a single or multiple empty (‘skipped’) SPS PDSCH occasion.
· Option 2: send a special DMRS sequence on nominal DMRS OFDM symbols in a SPS occasion to indicate the SPS occasion is empty. 

Proposal 3: Support dynamic bundling/compression of UCI.
Proposal 4: Support modified HARQ-ACK codebook Type 3 for retransmission of cancelled HARQ-ACK.
Proposal 5: Support compress multiple messages in HARQ-ACK codebook with small probability into a single message, to reduce HARQ-ACK payload size. 
Proposal 6: Support NACK only HARQ-ACK feedback in which only NACK transmission takes place and ACK is skipped.
Proposal 7: With PUCCH carrier switch, similar to Rel-15, the slot to transmit HARQ-ACK follows the K1 indicated in DCI, and the granularity of K1 follows the numerology of PCC.  
Proposal 8: With PUCCH carrier switch, the following static rule is applied to determine the CC to transmit HARQ-ACK, in a given slot.
· The lowest indexed CC which has enough UL OFDM symbols to accommodate the HARQ-ACK PUCCH resource is selected to transmit the HARQ-ACK. 

Proposal 9: In Rel-17, do not support simultaneous HARQ-ACK transmission on multiple CCs.  
Proposal 10: Use MAC-CE to switch between multiple sub-slot configurations for HARQ-ACK feedback. 
Proposal 11: Support sub-slot based Type-1 HARQ-ACK codebook construction in NR Rel-17. A PDSCH occasion (i.e., time-domain resource allocation) is associated with an uplink sub-slot that contains the end of the PDSCH occasion.  
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