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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.
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.
In RAN1#111, RAN1 agreed to support dynamic waveform switching indication from UL scheduling DCI for DCI-based solution. RAN1 further took a working assumption to support a new 1-bit field for dynamic waveform indication from UL scheduling DCI.
In RAN1#112, RAN1 agreed that dynamic waveform switching is not applicable to PUSCH transmissions with a Type 1 configured grant. In addition, there is no consensus to support switching for PUSCH transmissions with a Type 2 configured grant. The cases of PUSCH DCI format 0_0 and PUSCH scheduled by RAR are not yet decided.
DCI format 0_0 (except by TC-RNTI)
The motivation for supporting this case is 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.
Msg3 PUSCH and PUSCH scheduled by TC-RNTI
Since configuring DFT-S-OFDM semi-statically at cell level is already possible, the potential benefit for supporting switching for the RACH case is that the network would not be forced to configure msg3 PUSCH and its retransmissions assuming the worst-case channel conditions for all UEs. Some UEs that are in good channel conditions could transmit using CP-OFDM instead of DFT-S-OFDM. However, considering that msg3 payload is typically relatively small, the resulting gain in resource utilization from system perspective may not be very big. One hurdle for applying switching to msg3 PUSCH or its retransmissions is that it requires early indication of UE capability and thus additional PRACH partitioning. Therefore, for this release it does not seem that the benefit of supporting this case outweigh the effort.
Proposal 1: Dynamic waveform switching is not applicable to PUSCH scheduled by DCI format 0_0 in R18.
Proposal 2: Dynamic waveform switching is not applicable to PUSCH scheduled by random access response in R18.
Indication of dynamic waveform switching
DCI size alignment
In RAN1#112, there were extensive discussions on how to achieve DCI size alignment when dynamic waveform switching is configured in DCI format 0_1 or 0_2. The following issues and considerations were discussed:
· Potential impact to UE implementation for PDCCH validation of configured grant type 2, e.g. in case position of NDI field would depend on indicated waveform;
· Potential impact to network implementation that does not already implement per-field alignment;
· Handling of DCI addressed to CS-RNTI;
· Forward compatibility in case new fields specific to DFT-S-OFDM are introduced.
The basic options discussed are (1) per-format alignment and (2) per-field alignment. Several variants and sub-options were developed to address the various concerns. Such are summarized in FL proposal 2-4r2 [2]. 
	FL proposal 2-4r2: 
RAN1 to select one of the following Options for DCI size alignment when DWS indication is configured in DCI format 0_1 or 0_2:

Option 1: Per-format alignment
· Step 1: Determine field sizes of DCI addressed to C-RNTI based on the waveform indicated by DWS field. 
· Step 2: If DCI is addressed to CS-RNTI, align field sizes to that of DCI addressed to C-RNTI based on the waveform indicated by DWS field using the existing C-RNTI/CS-RNTI alignment clause.
· Select between:
· Alt. A:
· By specification, at least one field preceding NDI has size that depends on waveform (e.g. FDRA).
· Note: This implies DWS field must be decoded before finding position of NDI field.
· Note: This implies DWS field must be positioned before the first field that depends on waveform.
· Impact on procedure for PDCCH validation of CG type 2: if DWS field value does not match waveform RRC-configured in ConfiguredGrantConfig for the CG, and NDI=0, it is an error case.
· Alt. B: 
· By specification, no field preceding NDI has size that depends on waveform.
· Note: It seems that it is currently the case for DCI format 0_1/0_2 in R17 (may need further checking)
· Note: This means DWS field does not need to be decoded before finding position of NDI field.
· Note: This means DWS field can be positioned after NDI, but before the first field that depends on waveform.
· No impact on procedure for PDCCH validation of CG type 2. UE can ignore value of DWS field in the validation.
· Step 3: Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
Option 2: Per-field alignment
· Step 1: For C-RNTI, apply padding to each field, if necessary, to match the size of the largest field size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
· Step 2: If DCI is addressed to CS-RNTI, align field sizes to those of C-RNTI according to existing alignment clause between CS-RNTI and C-RNTI.
· Note: DWS field does not need to be decoded before finding position of NDI field or any other field.
· Note: No constraint on position of DWS field in DCI (but positioning before any field that has waveform-dependent interpretation may help implementation).
Option 3: Per-field alignment only for fields preceding NDI field
· Step 1: For fields preceding NDI, apply per-field alignment as per Steps 1 and 2 of Option 2.
· Note: This means DWS field does not need to be decoded before finding position of NDI field.
· Step 2: For fields following NDI, determine field sizes based on DWS as per Steps 1 and 2 of Option 1.
· Step 3: Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
· Note: Option 3 has same features as Option1/Alt-B with respect to impact on PDCCH validation and positioning of DWS field. In case all fields preceding NDI are guaranteed to have size independent of waveform by specification, Option 3 may not be relevant.
Option 4: Per-field alignment only for DCI addressed to CS-RNTI
· For DCI addressed to C-RNTI:
· Step 1: Determine size of fields based on DWS indication.
· Note: This implies DWS field must be positioned before the first field that depends on waveform.
· Step 2: Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).
· For DCI addressed to CS-RNTI:
· Apply padding to each field, if necessary, to match the size of the corresponding field for the DCI addressed to C-RNTI and (DWS=CP-OFDM).
· Note: This means DWS field does not need to be decoded before finding position of NDI field in the case of CS-RNTI.
· Note: Field introduced in future specs needs to have size for CP-OFDM at least equal to size for DFT-S-OFDM, or otherwise cannot be used for CS-RNTI and NDI=1. 


In case of per-format alignment (Option 1), one concern is that it can potentially affect the position of the NDI field within the DCI, which would require changes to implementation for PDCCH validation of configured type 2. However, if it can be ensured no field preceding the NDI field has a waveform-dependent size, the concern is eliminated. This could be achieved by specifying a generic per-field alignment procedure in the specification for these fields only (Option 3). However, in current specification it appears that the condition is already satisfied, such that one only needs to avoid making a change that would introduce the dependency (Option 1 Alt. B). Option 4 is another way to avoid impact to PDCCH validation by applying different handling between C-RNTI and CS-RNTI.
In case of Option 2, there is no issue with respect to impact to UE implementation for PDCCH validation. The main concern for this Option is that although per-field alignment is already specified, it is so far only necessary to implement for a gNB that utilizes scheduling using CS-RNTI. A gNB that does not utilize CS-RNTI needs to implement a new per-field alignment procedure to support dynamic waveform switching, which may somewhat raise the required effort/cost.
So far, all existing fields with DFT-S-OFDM have equal to or smaller size than with CP-OFDM, which means that all Options are equivalent from the perspective of DCI payload. However, in current or future release it is possible that new field(s) are introduced that are only relevant or applicable to DFT-S-OFDM. If this happens, Option 1 would naturally result in a minimal DCI payload without special handling. Option 2 would result in increased DCI size unless some special handling is defined, such as re-purposing some fields that are larger for CP-OFDM than for DFT-S-OFDM. Option 4 would also result in increased DCI size unless a scheduling restriction is introduced for the case of CS-RNTI and NDI=1. Thus, with respect to this aspect there seems to be a small benefit for Option 1.
In view of all above aspects, per-format alignment with provision that position of NDI field is independent on indicated waveform (Option 1 Alt. B) is slightly preferred. Option 2 is also an acceptable solution. With respect to remaining solutions, Option 3 seems unnecessary and the non-unified handling between C-RNTI and CS-RNTI introduced with Option 4 is undesirable.
Proposal 3: Adopt the following for DCI size alignment between CP-OFDM and DFT-S-OFDM:
· Size of each field is determined from the waveform indicated by dynamic waveform switching (DWS) field.
· Any field before “New data indicator” field is assumed to have same size irrespective of the dynamic waveform switching field.
· Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).

Handling of frequency domain resource allocation type
In R17, uplink resource allocation in frequency domain for PUSCH can be type 0, type 1 or type 2. Type 1 and type 2 are supported for both CP-OFDM and DFT-S-OFDM while type 0 is supported for CP-OFDM only [38.214 section 6.1.2.2].
When parameter useInterlacePUCCH-PUSCH is configured for the BWP, the UE uses type 2 resource allocation regardless of the setting of resourceAllocation IE in PUSCH-Config.
When parameter useInterlacePUCCH-PUSCH is not configured for the BWP, the UE uses:
· Type 0 if resourceAllocation is set to resourceAllocationType0, or if resourceAllocation is set to dynamicSwitch and MSB of FDRA field is set to 0;
· Type 1 if resourceAllocation is set to resourceAllocationType1, or if resourceAllocation is set to dynamicSwitch and MSB of FDRA field is set to 1.
When useInterlacePUCCH-PUSCH is not configured, the size of the FDRA field depends on the configuration of resourceAllocation. If it is set to dynamicSwitch then the size is 1 bit more than the maximum between the sizes obtained with resourceAllocationType0 and resourceAllocationType1.
In R18, the scenario where the UE is configured/indicated to use type 0 resource allocation while being indicated DFT-S-OFDM by the dynamic waveform switching field of the DCI needs to be discussed. This issue was raised by a few companies in contributions for RAN1#111 and two basic approaches could be identified, e.g.:
Alt. 1: Error case handling, i.e. if DWS field is configured in the DCI:
· resourceAllocation set to resourceAllocationType0 is error case;
· MSB of FDRA set to 0 with resourceAllocation set to dynamicSwitch when DWS field indicates DFT-S-OFDM is error case.

Alt. 2:  UE uses type 1 resource allocation regardless of how resourceAllocation is set, when DWS field indicates DFT-S-OFDM
A third alternative would be that an additional RRC parameter is configured for the case of DFT-S-OFDM but since there is no other option than type 1 resource allocation, the benefit is unclear. It would also be possible to consider hybrid approaches, e.g. error case handling for the case of dynamicSwitch but assuming Type 2 for DFT-S-OFDM if resourceAllocation is set to 0.
Either approach would be relatively simple to specify but there are some differences. If Alt. 1 is adopted, the network must set resourceAllocation to dynamicSwitch even if it wants to schedule CP-OFDM using type 0 allocation all the time. This requires an additional bit in DCI that may otherwise not have been needed. If Alt. 2 is adopted, the network can configure resourceAllocation to resourceAllocationType0. The size of the FDRA field can be set to the maximum between the sizes obtained with resourceAllocationType0 and resourceAllocationType1 (i.e. without the additional 1-bit for indicating resource allocation type) to ensure alignment between waveforms. In view of the above, Alt. 2 is slightly preferred.
Proposal 4: If dynamic waveform switching field indicates DFT-S-OFDM, the UE uses type 1 resource allocation and uses Ntype1 LSB bits of FDRA field:
· 
Ntype1 is the number of bits for resource allocation type 1 in 38.212, i.e.
· If resourceAllocation is set to resourceAllocationType0 and dynamic waveform switching field is configured for the DCI, the size of the FDRA field is set to the maximum between Ntype1 and NRBG.

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.
As a starting point, the case where reference PUSCH has same RB allocation as the actual PUSCH can be supported at least when the RB allocation is compatible with the target waveform. If the RB allocation is not compatible, one solution could be to report assuming a compatible RB allocation that has similar frequency occupancy, or alternatively such case may not be supported.
Proposal 5: Support reporting of power headroom information applicable to a reference PUSCH using a target waveform different from waveform of actual PUSCH.
· Support at least the case where reference PUSCH has same RB allocation and modulation order as actual PUSCH.
Additional triggering conditions for PHR would also be required to ensure that the information is available at the network at the right time. The agreement from RAN1#111 identifies a few possibilities. Allowing network to request PHR containing the additional information seems useful from the perspective of scheduler flexibility. 
Existing PHR triggers can also be reused for the inclusion of assistance information along with existing power headroom report. To avoid excessive overhead, it may be beneficial to specify conditions for the inclusion of the assistance information only when the information is needed:
· If PH of current waveform is below a threshold;
· If PH difference between actual PUSCH and reference PUSCH is higher than a threshold.
Proposal 6: Support following triggers/conditions for the transmission of PH assuming waveform different from actual PUSCH transmission:
· Indication (e.g. MAC CE) by the network
· PH becomes lower (higher) than a threshold
· PH difference between actual PUSCH and PUSCH transmitted with alternate waveform is higher than threshold. 


Configuration aspects
This section discusses aspects related configurability at RRC.

Configurability by UE or bandwidth part
In R17, waveform is semi-statically configured by IE transformPrecoder within PUSCH-Config IE. PUSCH-Config IE is configured per BWP. Since waveform is already configurable per BWP in R17, it seems natural to enable configurability of dynamic waveform switching per BWP as well. Handling of different field sizes between source and target BWP can be handled using existing procedure.
Proposal 7: Dynamic waveform switching is configurable by bandwidth part.
Configurability of dynamic waveform switching field by DCI format
Another aspect is whether the presence of dynamic waveform switching field is configurable separately for each of DCI format 0_1 and DCI format 0_2, or if a single parameter is used for both. Considering motivation for using DCI format 0_2, i.e. enable use of DCI with smaller payload, and the fact that introducing dynamic waveform switching field can potentially significantly increase payload because of size alignment, it seems reasonable to not constrain both DCI formats to include the field (or not) at the same time. It can also be noted that most parameters controlling the presence and size of fields are already configurable in R17.
Proposal 8: Presence of dynamic waveform switching field is separately configurable for DCI format 0_1 and DCI format 0_2.


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 scheduled by DCI format 0_0 in R18.
Proposal 2: Dynamic waveform switching is not applicable to PUSCH scheduled by random access response in R18.
Proposal 3: Adopt the following for DCI size alignment between CP-OFDM and DFT-S-OFDM:
· Size of each field is determined from the waveform indicated by dynamic waveform switching (DWS) field.
· Any field before “New data indicator” field is assumed to have same size irrespective of the dynamic waveform switching field.
· Apply padding at the end of the DCI, if necessary, to match the size of the largest DCI size between (DWS=CP-OFDM) and (DWS=DFT-S-OFDM).

Proposal 4: If dynamic waveform switching field indicates DFT-S-OFDM, the UE uses type 1 resource allocation and uses Ntype1 LSB bits of FDRA field:
· 
Ntype1 is the number of bits for resource allocation type 1 in 38.212, i.e.
· If resourceAllocation is set to resourceAllocationType0 and dynamic waveform switching field is configured for the DCI, the size of the FDRA field is set to the maximum between Ntype1 and NRBG.

Proposal 5: Support reporting of power headroom information applicable to a reference PUSCH using a target waveform different from waveform of actual PUSCH.
· Support at least the case where reference PUSCH has same RB allocation and modulation order as actual PUSCH.

Proposal 6: Support following triggers/conditions for the transmission of PH assuming waveform different from actual PUSCH transmission:
· Indication (e.g. MAC CE) by the network.
· PH becomes lower (higher) than a threshold.
· PH difference between actual PUSCH and PUSCH transmitted with alternate waveform is higher than threshold. 

Proposal 7: Dynamic waveform switching is configurable by bandwidth part.
Proposal 8: Presence of dynamic waveform switching field is separately configurable for DCI format 0_1 and DCI format 0_2.
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Appendix: Previous agreements
RAN1#112
Agreement
For single TB scheduled by single DCI, support new 1-bit field for dynamic waveform indication from UL scheduling DCI.
Note: no change of the current size alignment procedure between UL DCI and DL DCI.


Conclusion
There is no consensus to support “Dynamic waveform switching to PUSCH transmissions with a Type 2 configured grant” in R18.

Agreement
Dynamic waveform switching in R18 is not applicable to PUSCH transmissions with a Type 1 configured grant.

Conclusion
The dynamic waveform indication in a DCI containing a dynamic uplink grant applies only to PUSCH transmission(s) corresponding to the dynamic uplink grant.

RAN1#111
Agreement
For DCI based solution, 
· For supported dynamically scheduled PUSCH, support dynamic waveform switching indication from UL scheduling DCI
Note: “Supported dynamically scheduled PUSCH” is to be confirmed in further discussion 
Note: It does not imply that the waveform switching indication applies to other transmission or not
· Indication from non-UL scheduling DCI is not supported.
Note: the working assumption made in RAN1#110b-e for “Support at least one of the following options for the dynamic waveform indication in R18” does not need to be confirmed

Working Assumption
[bookmark: _Hlk127399401]Support new 1-bit field for dynamic waveform indication from UL scheduling DCI
· Note: no change of the current size alignment procedure between UL DCI and DL DCI


Agreement
Study the necessity of the following potential enhancements to assist the scheduler in determining waveform switching:
· Reporting power headroom related information based on PCMAX,f,c applicable to a target waveform 
· Target waveform can be same or different from waveform of an actual PUSCH transmission
· FFS target RB allocation and/or target modulation order can be same or different from respective properties of an actual PUSCH transmission 
· FFS determination of target waveform, target RB allocation, target modulation order
· FFS details, e.g. report PCMAX,f,c or Type 1 power headroom for a waveform, or difference thereof between waveforms
· PHR triggering enhancements, e.g.
· Network-triggered PHR
· PH becomes lower (higher) than a threshold
· PHR triggered by waveform switching
· Reporting of recommended waveform or request to switch waveform
· Other solutions not precluded

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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