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Introduction
A work item on further NR coverage enhancements has been approved for Rel.18 [1]. One of objectives is to specify enhancements to support dynamic switching between DFT-s-OFDM and CP-OFDM. This document provides our view on dynamic switching between DFT-s-OFDM and CP-OFDM.

Discussion
DFT-s-OFDM waveform is beneficial for UL coverage limited scenario because of its lower PAPR compared with CP-OFDM waveform. While CP-OFDM is beneficial for higher SINR scenario because of more friendly realization of MIMO (= more than rank 1 transmission). In the current NR specification, more than rank 1 transmission is supported only for CP-OFDM and UL waveform is configured via RRC. Therefore, to use more than rank 1 in cell-edge UEs is difficult and such restriction is inefficient. Instead of supporting more than rank 1 for DFT-s-OFDM waveform, which requires more complexity in the standardization and implementation, RAN decided to support dynamic switching between DFT-s-OFDM and CP-OFDM [1]. 

Background (Rel.15 ~ Rel.17 behavior)
For a PUSCH scheduled by RAR UL grant, or for a PUSCH scheduled by fallbackRAR UL grant, (i.e., for Msg.3 PUSCH initial transmission), or for a PUSCH scheduled by DCI format 0-0 with CRC scrambled by TC-RNTI (i.e., for Msg.3 PUSCH retransmission), the UE shall use the waveform either DFT-s-OFDM or CP-OFDM according to the higher layer parameter msg3-transformPrecoder. For a Msg.A PUSCH, the UE shall use the waveform either DFT-s-OFDM or CP-OFDM according to the higher layer configured parameter msgA-TransformPrecoder. If higher layer parameter msgA-TransformPrecoder is not configured, the UE shall use the waveform either DFT-s-OFDM or CP-OFDM according to the higher layer configured parameter msg3-transformPrecoder.
For PUSCH transmission scheduled by a PDCCH with CRC scrambled by CS-RNTI with NDI = 1, C-RNTI, or MCS-C-RNTI or SP-CSI-RNTI (e.g., DG-PUSCH)
· In case DCI format 0-0, the UE shall use the waveform according to the higher layer configured parameter msg3-transformPrecoder.
· In case DCI format 0-1/0-2
· If the UE is configured with the higher layer parameter transformPrecoder in pusch-Config, the UE shall use the waveform according to this parameter.
· If the UE is not configured with the higher layer parameter transformPrecoder in pusch-Config, the UE shall use the waveform according to the higher layer configured parameter msg3-transformPrecoder.
For PUSCH transmission with a configured grant (i.e., CG-PUSCH)
· If the UE is configured with the higher layer parameter transformPrecoder in configuredGrantConfig, the UE shall use the waveform according to this parameter.
· If the UE is not configured with the higher layer parameter transformPrecoder in confifugredGrantConfig, the UE shall use the waveform according to higher layer configured parameter msg3-transformPrecoder.
The above Rel.15 to Rel.17 waveform determination behavior can be summarized as follows.
	
	If higher layer parameter is configured
	If higher layer parameter is not configured

	Msg.3 PUSCH
	Based on msg3-transformPrecoder
	N/A

	Msg.A PUSCH
	Based on msgA-TransformPrecoder
	Based on msg3-transformPrecoder

	DG-PUSCH scheduled by DCI format 0-0
	Based on msg3-transformPrecoder

	DG-PUSCH scheduled by DCI format 0-1/0-2
	Based on transformPrecoder in pusch-Config
	Based on msg3-transformPrecoder

	CG-PUSCH
	Based on transformPrecoder in configuredGrantConfig
	Based on msg3-transformPrecoder


In the current specification, UL waveform is configured via RRC as described above. On the other hand, dynamic waveform switching depending on which DCI format is used is supported, for example, DFT-s-OFDM for DCI format 0-0 and CP-OFDM for DCI format 0-1. However, in this case, PUSCH using DFT-s-OFDM is always scheduled by DCI format 0-0, and then, PUSCH using DFT-s-OFDM transmission will be restrictive from the scheduling flexibility point of view, e.g., no carrier indicator, no BWP indicator, no precoding / antenna port indication, no CBG transmission, etc. Therefore, the necessity function should be that both DFT-s-OFDM and CP-OFDM are supported for a single DCI format such as DCI format 0-1 and 0-2.
Observation 1: In the current specification, dynamic switching between DFT-s-OFDM and CP-OFDM depending on which DCI format is used is supported. For example, DFT-s-OFDM for DCI format 0-0 and CP-OFDM for DCI format 0-1 is already possible.
Observation 2: The necessity function is that both DFT-s-OFDM and CP-OFDM are supported for a single DCI format such as DCI format 0-1 and 0-2.

Applicability to PUSCH scheduled by dynamic grant
In RAN1#110bis-e, it was agreed that dynamic waveform switching enhancement in Rel.18 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. One of remaining issues is the applicability of dynamic waveform switching to PUSCH scheduled by DCI format 0-0. For DG-PUSCH scheduled by DCI format 0-0, in order to utilize DCI format 0-0 regardless of RRC reconfiguration and to keep the same payload size in common search space, no change should be applied. Therefore, our view is that dynamic waveform switching is not supported for DG-PUSCH scheduled by DCI format 0-0.
Proposal 1: DG-PUSCH scheduled by DCI format 0-0 does not support dynamic switching enhancement.

Applicability to CG-PUSCH
For Type 1 CG-PUSCH, there is no dynamic indication mechanism in the current specification. Potential solution for the support of dynamic waveform switching for Type 1 CG-PUSCH is to follow the waveform used for DG-PUSCH. For example, all subsequent PUSCHs after indication are switched to a new waveform. In our view, to support Type 1 CG-PUSCH would be only benefit from MAC CE based indication, which is precluded as working assumption in RAN1#110bis-e. If indication for all subsequent PUSCHs from a non-UL scheduling DCI is used, depending on false/miss-detection of DCI, the waveform of Type 1 CG-PUSCH is changed. This increases the complexity of gNB for blind detection. In addition, Type 1 CG-PUSCH should be rather used as conservatively as no change of the resource allocation. We don’t see the specific merit only to change waveform but the other parameters are same. The same function can be basically achieved by Type 2 CG-PUSCH. Therefore, our view is that dynamic waveform switching is not supported for Type 1 CG-PUSCH.
For Type 2 CG-PUSCH, if dynamic switching is supported for DCI format 0-1/0-2, to support dynamic waveform switching via activation DCI with the unified indication mechanism would be not specific issue. Therefore, instead of Type 1 CG-PUSCH, dynamic switching between DFT-s-OFDM and CP-OFDM for Type 2-CG PUSCH should be supported
Proposal 2: Type 1 CG-PUSCH does not support dynamic switching.
Proposal 3: Dynamic switching between DFT-s-OFDM and CP-OFDM is supported for Type 2 CG-PUSCH.

Applicability to Msg.3 PUSCH
For Msg.3 or Msg.A PUSCH, the suitable waveform could be different among UEs, for example CP-OFDM for cell-center UEs while DFT-s-OFDM for cell-edge UEs. Therefore, to have flexibility for the waveform might be beneficial even for UL transmissions for initial access at least for Msg.3 PUSCH. Potential specification impact would be signaling design, especially indication of waveform shall not impact the legacy UE interpretation of the RAR or DCI format 0-0 with CRC scrambled by RA-RNTI respectively. It would require more PRACH resource for the identification of its UE capability of dynamic waveform switching. Therefore, we think it should be lower priority discussion compared to DG-PUSCH scheduled by DCI format 0-1/0-2.
Proposal 4: Dynamic switching between DFT-s-OFDM and CP-OFDM for Msg.3 PUSCH should be lower priority.

Dynamic waveform indication mechanism
Before the actual dynamic waveform switching, to enable or disable dynamic waveform switching itself needs to be configured via RRC as dynamic waveform switching should be supported only when enabled. Following two options are considered.
· Option 1: transformPrecoder in pusch-Config has new value like “dynamicSwitch’.
· Option 2: New RRC parameter transformPrecoderDynamicis introduced in pusch-Config.
In Option 1, if higher layer parameter transformPrecoder in pusch-Config is set to ‘dynamicSwitch’, the UE shall determine whether DFT-s-OFDM or CP-OFDM is used as defined by the dynamic manner. In Option 2, if higher layer parameter transformPrecoderDynamic is configured in pusch-Config, transformPrecoder in pusch-Config is not valid (i.e., UE ignore this parameter) and the UE shall determine whether DFT-s-OFDM or CP-OFDM is used as defined by dynamic manner. Option 1 and Option 2 are no difference of physical layer behavior but only how RRC signaling is designed. In our view, since Option 2 does not require the change for the existing parameter transformPrecoder, Optio 2 is more reasonable approach for backward compatibility signaling reason. However, RRC design could be up to RAN2 discussion.
Proposal 5: Dynamic waveform switching is per-UE indication.
Proposal 6: Dynamic switching between DFT-s-OFDM and CP-OFDM is enabled or disabled via RRC.

For DCI format 0-1/0-2, the field size of some DCI fields depends on the applied waveform for PUSCH (e.g., FDRA, frequency hopping flag, precoding information and number of layers, antenna ports, PTRS-DMRS association, and DMRS sequence initialization). The payload size is deterministic before the detection of the DCI is important as multiple DCI sizes increases the number of blind detections. The field size for CP-OFDM is larger than the case for DFT-s-OFDM, therefore, the simplest way is that the field size should be based on CP-OFDM, which is larger or equal payload size with DFT-s-OFDM.
Proposal 7: When dynamic switching between DFT-s-OFDM and CP-OFDM is enabled, the each of DCI field size is determined based on CP-OFDM which is larger or equal payload size with DFT-s-OFDM.

For the dynamic waveform indication, following alternatives were identified in RAN1#110bis-e.
· Alt.1: Indication from an UL scheduling DCI
· Alt.1-A: New field in scheduling DCI
· Alt.1-B: Reusing existing field in scheduling DCI
· Alt.1-B-1: Explicit indication by repurposing field
· Alt.1-B-2: Implicit determination from condition(s) on scheduling information
· Alt.2: Indication from a non-UL scheduling DCI
Alt.1-A is straightforward way and flexible waveform switching with other scheduling parameters is possible. On the other hand, the potential concern is DCI overhead increase. Especially, DCI format 0-2 is intended for URLLC usage and smaller payload size (result in higher reliability) would be desirable. 
Alt.1-B has the merit that dynamic waveform switching without increasing DCI payload size is possible. Implicit indication examples are summarized as follows.
	Alt.1-B-1
	Waveform determination factor
	Indication example

	Option B-1-1: Joint indication with TDRA
	TDRA field value
	Waveform indication is jointly coded with SLIV in TDRA table, by adding an additional column for the waveform.

	Alt.1-B-2
	
	

	Option B-2-1: Joint indication with FDRA
	Resource allocation type 
	DFT-s-OFDM is applied if resource allocation type 1 is used, while CP-OFDM is applied if resource allocation type 0 is used.

	Option B-2-2: Joint indication with MCS index
	MCS index value
	The UE is configured with threshold.
If the index indicated by MCS field is lower than the threshold, DFT-s-OFDM is applied; otherwise, CP-OFDM is applied.

	Option B-2-3: Joint indication with the number of layers
	Number of layers
	1-layer transmission is always based on DFT-s-OFDM, while 2 or more layers transmission is based on CP-OFDM.


On Option B-1-1, similar to dynamic indication of repetition, waveform indication can also be jointly coded with SLIV in TDRA table, by adding an additional column for the waveform.
On Option B-2-1, DFT-s-OFDM only supports resource allocation type 1. Therefore, implicit indication using FDRA such as, DFT-s-OFDM is applied if resource allocation type 1 is used, while CP-OFDM is applied if resource allocation type 0 is used, is possibility. 
On Option B-2-2, the UE is configured with threshold. In low MCS, DFT-s-OFDM would be more suitable, while in high MCS (and multiple rank transmission), CP-OFDM is more suitable. 
On Option B-2-3, waveform is determined based on the number of layers. Since the main reason to support dynamic switching between DFT-s-OFDM and CP-OFDM is that higher rank operation in good SINR is limited when semi-static DFT-s-OFDM configuration, the necessary functionality should be to support dynamic switch between 1-layer transmission with DFT-s-OFDM and 2 or more layers transmission with CP-OFDM. Then, just to support the implicit indication based on number of layers would be the most straightforward design.
In Alt.2, UE needs to store the state of waveform and depending on false/miss-detection of DCI, there might be misalignment of the state between gNB and UE. This increases the complexity of gNB for blind detection. Therefore, we think state-less design, i.e., Alt.1 should be taken.
Proposal 8: Support Alt.1, i.e., indication from an UL scheduling DCI for for the dynamic waveform indication in Rel.18.
Proposal 9: Discuss the indication mechanism for dynamic switching between DFT-s-OFDM and CP-OFDM. Following options are further discussed.
· Alt.1-A: New field in scheduling DCI, i.e., new DCI field (1 bit) for dynamic waveform switching is introduced.
· Alt.1-B: Reusing existing field in scheduling DCI
· Alt.1-B-1: Explicit indication by repurposing field
· Joint indication with TDRA
· Alt.1-B-2: Implicit determination from condition(s) on scheduling information
· Joint indication with FDRA
· Joint indication with MCS index
· Joint indication with the number of layers

Conclusion
In this contribution, we provide our view on dynamic switching between DFT-s-OFDM and CP-OFDM for NR coverage enhancement. We made following observations and proposals.
Observation 1: In the current specification, dynamic switching between DFT-s-OFDM and CP-OFDM depending on which DCI format is used is supported. For example, DFT-s-OFDM for DCI format 0-0 and CP-OFDM for DCI format 0-1 is already possible.
Observation 2: The necessity function is that both DFT-s-OFDM and CP-OFDM are supported for a single DCI format such as DCI format 0-1 and 0-2.
Proposal 1: DG-PUSCH scheduled by DCI format 0-0 does not support dynamic switching enhancement.
Proposal 2: Type 1 CG-PUSCH does not support dynamic switching.
Proposal 3: Dynamic switching between DFT-s-OFDM and CP-OFDM is supported for Type 2 CG-PUSCH.
Proposal 4: Dynamic switching between DFT-s-OFDM and CP-OFDM for Msg.3 PUSCH should be lower priority.
Proposal 5: Dynamic waveform switching is per-UE indication.
Proposal 6: Dynamic switching between DFT-s-OFDM and CP-OFDM is enabled or disabled via RRC.
Proposal 7: When dynamic switching between DFT-s-OFDM and CP-OFDM is enabled, the each of DCI field size is determined based on CP-OFDM which is larger or equal payload size with DFT-s-OFDM.
Proposal 8: Support Alt.1, i.e., indication from an UL scheduling DCI for for the dynamic waveform indication in Rel.18.
Proposal 9: Discuss the indication mechanism for dynamic switching between DFT-s-OFDM and CP-OFDM. Following options are further discussed.
· Alt.1-A: New field in scheduling DCI, i.e., new DCI field (1 bit) for dynamic waveform switching is introduced.
· Alt.1-B: Reusing existing field in scheduling DCI
· Alt.1-B-1: Explicit indication by repurposing field
· Joint indication with TDRA
· Alt.1-B-2: Implicit determination from condition(s) on scheduling information
· Joint indication with FDRA
· Joint indication with MCS index
· Joint indication with the number of layers
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Appendix: Agreements in previous meetings
RAN1#110bis-e
Agreement:
· Dynamic waveform switching enhancement in Rel.18 is only applicable to PUSCH channel.

Agreement:
· Dynamic waveform switching enhancement in Rel.18 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 Rel.18 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).

Working assumption:
· Support at least one of the following options for the dynamic waveform indication in Rel.18.
· Alt.1: Indication from an UL scheduling DCI
· Alt.1-A: New field in scheduling DCI
· Alt.1-B: Reusing 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.,
· Resource allocation type, MSB of resource allocation
· 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.
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