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[bookmark: _Ref513464071]Introduction
RAN approved a WI on further coverage enhancements for NR [1]. The WI includes the following objective:
· Specify enhancements to support dynamic switching between DFT-S-OFDM and CP-OFDM (RAN1)
The WI also includes corresponding justification point:
· DFT-S-OFDM waveform is beneficial for UL coverage limited scenario because of its lower PAPR compared with CP-OFDM waveform. Currently, UL waveform is configured via RRC and this limitation imposes a large barrier to switch over to DFT-S-OFDM waveform for cell-edge UEs practically.
This contribution discusses what enhancements should be specified to support this functionality.
Transform precoding for PUSCH in R17
Enabling/disabling transform precoding
DFT-S-OFDM means that transform precoding is enabled for a transmission. In R17, RRC configures transform precoding for a PUSCH transmission using the following IEs (38.214, section 6.1.3):
· msg3-transformPrecoder, applicable to msg3 and its retransmissions, dynamic grant received in DCI format 0_0;
· msgA-TransformPrecoder, applicable to msgA;
· transformPrecoder in PUSCH-Config, applicable to dynamic grant or semi-persistent CSI on PUSCH received/activated in a DCI format other than 0_0;
· transformPrecoder in configuredGrantConfig, applicable to configured grants.
In case the network does not provide msgA-TransformPrecoder, transformPrecoder in PUSCH-Config or configuredGrantConfig for the applicable transmission, the UE follows configuration from msg3-transformPrecoder.
Configuration of MCS table
RRC configures the MCS table using the following IEs:
· mcs-TableTransformPrecoder and mcs-Table in configuredGrantConfig for MCS table applicable to a configured grant with transform decoding enabled or disabled, respectively;
· mcs-TableTransformPrecoder and mcs-Table in PUSCH-Config for MCS table applicable to a dynamic grant scheduled by DCI format 0_0 or 0_1 with transform decoding enabled or disabled, respectively;
· mcs-TableTransformPrecoderDCI-0-2 and mcs-TableDCI-0-2 in PUSCH-Config for MCS table applicable to a dynamic grant scheduled by DCI format 0_2 with transform decoding enabled or disabled, respectively;

Configuration of DM-RS and PT-RS
· RRC configures DM-RS applicable to transform precoding enabled or disabled using IEs transformPrecodingEnabled and transformPrecodingDisabled respectively within DMRS-UplinkConfig.
· RRC configures PT-RS applicable to transform precoding enabled or disabled using IEs transformPrecodingEnabled and transformPrecodingDisabled respectively within PTRS-UplinkConfig.

Applicability of dynamic waveform switching
In RAN1#110bis-e, RAN1 started discussions on the types of PUSCH transmissions to which dynamic waveform switching is applicable. RAN1 agreed that dynamic waveform switching is applicable at least to PUSCH dynamically scheduled by DCI format 0_1/0_2, while other cases including configured grant PUSCH and PUSCH dynamically scheduled by DCI format 0_0 are left for further discussion.
DCI format 0_0
In RAN1#110bis-e, companies had diverse views on whether dynamic waveform indication should be applicable to DCI format 0_0. From the perspective of feasibility, multiple solutions seem workable although one could expect the need for further technical discussions to define behaviour for different sub-cases (e.g. when scrambled by TC-RNTI, in common search space, etc.). 
The situation is not so clear when it comes to the motivation and benefit for this case. The main motivation seems to be that the scheduler may use DCI format 0_0 more frequently when coverage is limited since it has smaller payload and is therefore more robust. However, the original purpose of DCI format 0_0 (fallback format) is not for coverage enhancement but rather to provide a robust solution for scheduling PUSCH when the UE-specific configuration is not known or uncertain. Since dynamic waveform switching is a UE-specific configuration aspect, the application of this feature to PUSCH scheduled by DCI format 0_0 would clearly go against this design principle and needs to be justified by strong motivation. This does not seem to be the case here since one straightforward solution to address the scenario where poor radio conditions warrant the use of DCI format 0_0 for PDCCH is to semi-statically configure DFT-S-OFDM for PUSCH scheduled by this DCI format.
Observation: DCI format 0_0 is designed to schedule PUSCH when the UE-specific configuration is not known or uncertain.
Proposal 1: Dynamic waveform switching is not applicable to PUSCH dynamically scheduled by DCI format 0_0.
Configured grant type 1
CG type 1 is originally designed such that all transmission parameters of PUSCH (including transform precoding) are semi-statically configured. One motivation to deviate from this principle in R18 (and apply dynamic waveform switching) is that when the configured grant is used to carry URLLC traffic, maintaining robustness of this transmission is important and dynamic switching to a more robust waveform should be allowed when the UE radio conditions degrade. Another motivation is that if the UE switches waveform for another type of PUSCH, it would be logical that it continues with the same waveform for subsequent PUSCH instead of switching back and forth between waveforms. On the other hand, given that the power headroom difference between waveform is also dependent on the frequency allocation, it is indeed possible that back-to-back PUSCH transmissions with different frequency allocations do not need require the same waveform.
To support dynamic switching for the CG type 1, the UE would need to follow the latest waveform switching indication from a DCI, assuming switching by MAC CE is not supported. The configuration of the CG may also need to include two sub-configurations (at least for some parameters) corresponding to each waveform. Supporting the feature for CG type 1 thus introduces some additional complexity, and if URLLC application requires such feature a better candidate may be to enhance the CG type 2 since an activation command is available. If RAN1 agrees to support dynamic waveform switching for CG type 1, this aspect should be configurable on a CG basis to provide the option of keeping the same waveform independent of dynamic signaling.
Proposal 2: RAN1 to select between two following options:
· Alt. 1: Dynamic waveform switching is not applicable to CG type 1
· Alt. 2: Configuration of CG type 1 indicates if waveform of CG type 1 follows latest waveform indication or is semi-statically configured.

Configured grant type 2
CG type 2 is designed so that a subset of transmission parameters of PUSCH can be included in the activation DCI. If the waveform switching indication is carried by a DCI, reusing the same solution for the activation DCI seems relatively straightforward. It would also offer a solution for traffic type that requires high level of reliability and benefits from CG mechanism.
Proposal 3: Dynamic waveform switching is applicable to CG type 2.
Proposal 4: Dynamic waveform switching indication can be included in DCI activating CG type 2.
Indication of dynamic waveform switching
In RAN1#110bis-e, RAN1 reached working assumption on a set of candidate solutions for dynamic waveform indication. RAN1 also had initial discussion on the benefits of drawbacks of each solution [2]. In the following, these candidate solutions are briefly reviewed leading to a proposal for down-selection.
Alt 1-A: New field in scheduling DCI
This solution has the clear benefit of simplicity and flexibility. The main concern seems to be the added overhead of 1-bit. However, in many scenarios the uplink DCI anyway needs to be padded to match the size of the downlink DCI, such that the added overhead does not exist. It can also be argued that the capability of indicating a different waveform for every transmission is overkill given that radio conditions do not change so frequently. However, as noted in previous section the power headroom of a waveform is highly dependent on frequency allocation due to variations in required power reduction. It is conceivable that a scheduler would use CP-OFDM in a slot with a frequency allocation in the inner portion of the carrier, and in the next slot decide to use DFT-S-OFDM with a frequency allocation close to the carrier edge. It is suggested to keep this solution in the set of down-selected solutions.
Alt 1-B-1: Explicit indication by repurposing field
This solution is also relatively straightforward but there is some additional complexity and RRC overhead compared to Alt 1-A to configure the waveform associated to each value of the field, and some loss of scheduler flexibility for a given field size. An interesting candidate is the TDRA field since in that case all that would be needed is an additional sub-IE within PUSCH-Allocation. The number of entries does not need to be duplicated if the scheduler intends to not use certain combinations such as CP-OFDM with many repetitions. It is suggested to keep this solution in the set of down-selected solutions.
Alt 1-B-2: Implicit determination from condition(s) on scheduling information
This set of solutions enable indication of waveform with no additional overhead except possibly at RRC. However, there is a bigger loss of scheduler flexibility since the implicit determination ties the property of the PUSCH with the waveform in a rigid way. To mitigate this problem, it has been suggested to introduce additional conditions for the application of implicit determination such as receiving the PDCCH in a certain search space. However, these additional conditions introduce additional complications from scheduler perspective. If RAN1 decides to pursue this approach, a better solution could be to control the application of implicit determination using MAC CE signaling. Considering the sensitivity of Pcmax to the location of frequency allocation in the carrier, one possibility could be that waveform is selected based on whether the frequency allocation is contained within the inner portion of the carrier or not, with boundaries of this inner portion signaled by MAC CE. Another possibility is that MAC CE indicates MCS threshold if the waveform is selected based on MCS.
Alt 2: Indication from a non-UL scheduling DCI
Indication from a non-UL scheduling DCI is only useful if RAN1 agrees to apply dynamic waveform switching to CG type 1 and (possibly) DCI format 0_0. Otherwise, a more straightforward solution is to indicate the waveform from the scheduling DCI or the activation DCI. In case the indication would be in a DL DCI, explicit indication using a new field or repurposing existing field could be workable solutions. Another possibility would be to define a DCI format without DL assignment using same approach as for indication of unified TCI state in Rel-17. Given the additional specification impact and the fact that switching for CG type 1 (if agreed) could anyway also be supported by previously received UL DCI, it is recommended to not include this solution in the set of down-selected solutions.
Proposal 5: RAN1 to support one of the following solutions for dynamic waveform indication:
· Explicit indication from new field in scheduling DCI (Alt 1-A)
· Explicit indication from TDRA field (Alt 1-B-1)
· Implicit indication from MCS or RB allocation (Alt 1-B-2) activated by MAC CE
Power headroom reporting enhancement
In RAN1#110bis-e, RAN1 agreed to study and if necessary, specify, enhancements to assist the scheduler in determining waveform switching.
Dynamic waveform indication provides benefit by allowing the network to make the change of waveform at the right moment. For this functionality to be fully enabled, the network also needs to have information to determine when the change is warranted. Power headroom reporting, which informs the network on how close the UE is to applying power scaling with current transmission, can be an important tool to achieve this.
[bookmark: _Hlk115442544]However, R17 power headroom reporting is limited in that it only allows reporting for the current (RRC-configured) waveform. The network does not get information on the change of PHR (due to change of Pcmax) that would occur if the UE transmitted PUSCH using the other waveform. The network can of course attempt to estimate it, but the actual value would depend on implementation aspects that can only be accurately determined by the UE. Therefore, supporting power headroom reporting for PUSCH transmission using alternate (not currently used) waveform seems to be a useful enhancement for dynamic waveform switching.
Another aspect that needs to be considered for the power headroom reporting enhancements is the sensitivity of the power reduction to RB allocation. As shown in e.g. section 6.2.2 of [3], the maximum power reduction for either CP-OFDM and DFT-S-OFDM is higher for edge RB or outer RB allocations than for inner RB allocations. Therefore, whether the UE should use CP-OFDM or DFT-S-OFDM depends not only on the current absolute transmission power but also on which portion of the carrier the UE is scheduled. The exact dependency of Pcmax to frequency allocation for a given UE and waveform is also not known to the scheduler. Reporting PHR under assumption of a certain position of the frequency allocation within the carrier would then also be useful for helping scheduler determine appropriate waveform and frequency allocation.
Proposal 6: Support reporting of power headroom assuming a waveform and/or frequency allocation different from actual PUSCH transmission. 
Conclusion
This contribution discussed what enhancements should be specified to support dynamic switching between DFT-S-OFDM and CP-OFDM, and proposed the following:
Observation: DCI format 0_0 is designed to schedule PUSCH when the UE-specific configuration is not known or uncertain.
Proposal 1: Dynamic waveform switching is not applicable to PUSCH dynamically scheduled by DCI format 0_0.
Proposal 2: RAN1 to select between two following options:
· Alt. 1: Dynamic waveform switching is not applicable to CG type 1
· Alt. 2: Configuration of CG type 1 indicates if waveform of CG type 1 follows latest waveform indication or is semi-statically configured.

Proposal 3: Dynamic waveform switching is applicable to CG type 2.
Proposal 4: Dynamic waveform switching indication can be included in DCI activating CG type 2.
Proposal 5: RAN1 to support one of the following solutions for dynamic waveform indication:
· Explicit indication from new field in scheduling DCI (Alt 1-A)
· Explicit indication from TDRA field (Alt 1-B-1)
· Implicit indication from MCS or RB allocation (Alt 1-B-2) activated by MAC CE

Proposal 6: Support reporting of power headroom assuming a waveform and/or frequency allocation different from actual PUSCH transmission. 
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Appendix: Previous agreements
RAN1#110bis-e
Agreement
Dynamic waveform switching enhancement in R18 is only applicable to PUSCH channel.

Working Assumption
Support at least one of the following options for the dynamic waveform indication in R18:
Alt 1: Indication from an UL scheduling DCI
· Alt 1-A: New field in scheduling DCI
· Alt 1-B: Reuse existing field in scheduling DCI
· Alt 1-B-1: Explicit indication by repurposing field, e.g.
· Add one column to TDRA table
· Add one column to MCS table(s)
· Other solutions not precluded
· Alt 1-B-2: Implicit determination from condition(s) on scheduling information, e.g.
· RA type, MSB of RA
· Number of RBs (below threshold or multiple of 2,3,5)
· Location of RB allocation within carrier and the associated MPR
· MCS below threshold
· Number of PUSCH repetitions (or whether PUSCH repetition is used) and/or TBoMS
· Number of DMRS CDM group(s) without data
· Precoding information and number of layers
· SRI
· Condition over multiple types of scheduling information
· Other types of scheduling information not precluded
· Indicated waveform applies at least to the scheduled PUSCH transmission
· FFS: Whether it also applies to subsequent transmissions, and of which type
· FFS: DCI formats can contain the indication 
· FFS: Indication applies only if condition(s) are satisfied (e.g. PDCCH occasion, /RNTI, /Search space of the scheduling DCI, latest PHR reported by the UE, etc.)
Alt 2: Indication from a non-UL scheduling DCI
· FFS: DCI formats that can provide the indication (e.g. Downlink DCI, UE-group common DCI)
· FFS: Types of subsequent transmissions to which indication is applicable

Agreement 
To study and if necessary, specify, enhancements to assist the scheduler in determining waveform switching, such as:
· Reporting power headroom related information 
· Other solutions are not precluded

Agreement
Dynamic waveform switching enhancement in R18 is applicable to PUSCH scheduled by DCI format 0_1 or 0_2 in PDCCH with CRC scrambled with C-RNTI, MCS-C-RNTI, or CS-RNTI with NDI=1.
· Note: The above does not imply that dynamic switching enhancement in R18 is applicable or not applicable to other cases of PUSCH (e.g. PUSCH transmission with a Type 1 or Type 2 configured grant, PUSCH scheduled by DCI format 0_0).
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