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1. Introduction
Two UL waveforms, DFT-S-OFDM and CP-OFDM, have been supported in NR since Rel-15. Thanks to its low PAPR property, DFT-S-OFDM has lower maximum UE output power reduction (MPR) and is considered a method to improve UL coverage. As is agreed in further NR coverage enhancement work item[1], coverage enhancements include: 
· Specify enhancements to support dynamic switching between DFT-S-OFDM and CP-OFDM (RAN1)
[bookmark: OLE_LINK8]In this contribution, we discuss the assistance information for gNB to trigger dynamic UL waveform switching, incompatible configuration, and the impact of power sharing of intra-band UL CA on dynamic waveform switching.
2. Discussion
2.1 [bookmark: OLE_LINK9]Assistance information for switching waveforms
After a gNB is aware of a UE’s UL coverage issue, e.g., by a rising UL BLER, it will evaluate whether UL waveform switching can improve the UE’s UL situation. A UE report of some assistance information can facilitate gNB decision on waveform switching. Regarding the assistance information, the following agreements were made with several options.
	Agreement (RAN1#111)
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
Agreement (RAN1#112b-e)
For potential enhancements to assist the scheduler in determining waveform switching, RAN1 to select 1 from the following options:
· Option 1: Reporting of power headroom information for a reference PUSCH using target waveform different from waveform of actual PUSCH.
· Details FFS.
· Note: reporting PH information for both waveforms is not precluded.
· Note: additional trigger for PH for reference PUSCH is not precluded.
· Option 2: New trigger of power headroom report based on waveform switching event.
· Details FFS.
· Option 3: Both Option 1 and Option 2.
· Details FFS.
· Option 4: No enhancement.



When a UE’s calculated PUSCH transmission power exceeds its PCMAX,f,c, namely with a negative power headroom, it is likely to suffer from UL coverage issue. A common understanding is that a UE requires a smaller power backoff for DFT-S-OFDM than CP-OFDM, but the difference of power backoff largely depends on UE implementation. If a UE is currently configured with CP-OFDM, and the gNB is unaware of the UE’s power headroom of the target waveform of DFT-S-OFDM, the waveform switching is a blind attempt, because gNB has no idea of how much the transmission power increase can be, e.g., whether it can prevent the UE from output power exhaustion, and whether it deserves a throughput degradation from multi-layer PUSCH to single-layer PUSCH transmission. As illustrated by the orange bar in Figure 1 (a), PCMAX,f,c of the new waveform DFT-S-OFDM is still smaller than the calculated PUSCH transmission power.
Observation 1 [bookmark: _Toc135039629]For waveform switching from CP-OFDM to DFT-S-OFDM, without the information of power headroom of a target waveform, gNB has no idea of how much the transmission power increase can be, e.g., whether it can prevent the UE from output power exhaustion, and whether it deserves a throughput degradation from multi-layer PUSCH to single-layer PUSCH transmission. 
Regarding the waveform switching from DFT-S-OFDM to CP-OFDM, when a UE reports a large power headroom for the current DFT-S-OFDM waveform, gNB may want to switch its waveform to CP-OFDM for higher throughput. Without the information of power headroom of a target waveform, gNB has to schedule FDRA, rank, and MCS blindly, which may not work for the UE. Reusing the same scheduling (FDRA, MCS) for the new waveform is at risk that the the UE becomes power-limited, due to a lower maximum output power for the new waveform, as shown by the orange bar in Figure 1(b). PUSCH transmission may not be able to be received successfully, affecting both coverage and throughput.
Observation 2 [bookmark: _Toc135039630]For waveform switching from DFT-S-OFDM to CP-OFDM, without the information of power headroom of a target waveform, gNB may not be able to schedule FDRA, rank, and MCS probably, at the risk that UE is power-limited and PUSCH transmission may not be able to be received successfully.
For both directions of waveform switching, if the information of target waveform is available in advance, gNB can schedule the PUSCH transmission with a new waveform properly and balance between coverage and throughput for the UE.
Observation 3 [bookmark: _Toc135039631]For both directions of waveform switching, with the information of target waveform available in advance, gNB can schedule the PUSCH transmission with a new waveform properly and balance between coverage and throughput for the UE.
Proposal 1 [bookmark: _Toc135039633]Support UE report of power headroom related information based on PCMAX,f,c of a target waveform 

 
Figure 1, scenarios where a UE is power-limited after waveform switching

In NR up to Rel-17, a UE reports Type 1 power headroom, which is the gap between PCMAX,f,c and UE required PUSCH transmission power, according to the following equation. It can be reused to calculate the power headroom of the target waveform, where  is based on the target waveform.
[image: ] 
Proposal 2 
[bookmark: _Toc135039634]The legacy Type 1 power headroom based on actual PUSCH transmission can be reused for calculation of power headroom of the target waveform, where  is based on the target waveform.
In NR up to Rel-17, power headroom and PCMAX,f,c can be reported in a PHR MAC CE. The existing triggering events include expiry of timers, path loss variation, etc. The question “What input would the gNB would use to decide to change the waveform and how often does this input change?” was discussed in RAN1#110b. A common understanding is the assistance information is not supposed to change very frequently. Therefore, in our view, the existing triggering events and PHR report in MAC CE are sufficient for the assistance information for dynamic waveform switching and can be reused.
Proposal 3 [bookmark: _Toc135039635]The existing triggering events and PHR report in MAC CE are sufficient for the assistance information for dynamic waveform switching and can be reused.
2.2 Incompatible configuration with dynamic waveform switching
[bookmark: _Toc127532703][bookmark: _Toc127532747][bookmark: _Toc127533421][bookmark: _Toc127532705][bookmark: _Toc127532749][bookmark: _Toc127533423]A legacy scheduling restriction is that resource allocation type 0 and DMRS type2 are not supported for DFT-S-OFDM. Since these are RRC configured, with Rel-18 dynamic waveform switching, a problem may arise if the RRC configuration is incompatible with the waveform dynamically indicated in DCI.
	Agreement
For PUSCH scheduled by DCI format 0_1/0_2 with dynamic waveform switching indication field configured, and useInterlacePUCCH-PUSCH is not configured, downselect between following options:
· Option 1 (configuration restriction with error case handling):
· UE does not expect resourceAllocation set to resourceAllocationType0.
· If DFT-S-OFDM is indicated and resourceAllocation set to dynamicSwitch, UE does not expect MSB of FDRA field set to 0. 

· Option 2 (UE only uses resourceAllocation if CP-OFDM is indicated):
· If DFT-S-OFDM is indicated, UE applies type 1 resource allocation.
· If CP-OFDM is indicated, UE applies resource allocation according to resourceAllocation IE.
· Size of FDRA field is aligned between size for type 1 resource allocation and size according to resourceAllocation IE.

Agreement
For PUSCH scheduled by DCI format 0_1/0_2 with dynamic waveform switching indication field configured, downselect between following options:
· Option 1 (configuration restriction with error case handling):
· UE does not expect dmrs-Type to be set to type2.

· Option 2 (UE only uses dmrs-Type if CP-OFDM is indicated):
· If DFT-S-OFDM is indicated, UE applies DMRS type 1.
· If CP-OFDM is indicated, UE applies DMRS type according to dmrs-Type.



[bookmark: OLE_LINK22][bookmark: OLE_LINK12][bookmark: OLE_LINK27]Frequency domain allocation type is configured by a higher layer parameter resourceAllocation as type 0, type 1, or dynamicSwitch. With Rel-18 dynamic waveform switching, a problem may arise if resourceAllocation is configured to be type 0, and DCI indicates the waveform as DFT-S-OFDM. A simple solution is that the configuration of both dynamic waveform switching and resource allocation type 0 is an error case. Of course, other option can work without adding new restrictions, e.g., resource allocation type is also dynamically switched to be compatible with the dynamic waveform. But this has larger standard impact and implementation complexity. 
Proposal 4 [bookmark: _Toc134697838][bookmark: _Toc135039636][bookmark: _Toc134697839][bookmark: _Toc135039637][bookmark: _Toc134697840][bookmark: _Toc135039638][bookmark: _Toc134697860][bookmark: _Toc135039658][bookmark: _Toc135039659]If Rel-18 dynamic waveform switching is configured, it is an error case that resource allocation type is configured as Type 0 or dmrs-Type is configured as type2.
2.3 [bookmark: _Toc127532609][bookmark: _Toc127532714][bookmark: _Toc127532755][bookmark: _Toc127533429][bookmark: _Toc127532427][bookmark: _Toc127532611][bookmark: _Toc127532820][bookmark: _Toc127532846]Impact of power sharing of intra-band UL CA on dynamic waveform switching
[bookmark: _Hlk134695309]One discussion point in Rel-17 Coverage Enhancement WI is whether to support coverage enhancement features together with UL CA. It was argued that UL CA is not supposed to be used in cell edge, and there is no need to support the combination. However, such discussion is more about implementation. With the outcome of RAN1#110b, all Rel-17 Coverage Enhancements features can be supported in UL CA scenario. The same conclusion can be made for Rel-18 dynamic waveform switching. There is no restriction of applying the feature in UL CA scenario, unless some technical obstacles can’t be overcome. 
Proposal 5 [bookmark: _Toc135039660][bookmark: _Hlk127353883]UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome. 
[bookmark: _Toc131766969]If a UE uses a single PA architecture for the UL carriers of intra-band CA, the power sharing between UL carriers is up to UE implementation. In other words, it is up to UE to allocate PCMAX,f,c for each carrier, which is unknown by gNB. When a gNB identifies UL coverage issue for a UE in one of the two UL carriers, it indicates waveform switching for PUSCH transmission in the UL carrier, expecting UL coverage issue can be solved by higher UE transmission power. But it may fail, for instance if more power has been allocated for the simultaneous UL transmission in another UL carrier by the UE. It needs study how to prevent the problem.
Observation 4 [bookmark: _Toc135039632]For a single PA architecture for intra-band UL CA, it is up to UE to allocate PCMAX,f,c for each carrier. 
Proposal 6 [bookmark: _Toc135039661]Study how to prevent the problem, where a gNB expects higher UE transmission power with waveform switching in an UL carrier, which is prevented by UE allocating more power for the simultaneous UL transmission in another UL carrier.
3. Summary
In this contribution, we have discussed issues related to dynamic UL waveform switching including:
· Assistance information for gNB to trigger dynamic UL waveform switching
· Incompatible configuration for dynamic waveform switching
· Impact of power sharing of intra-band UL CA on dynamic waveform switching
In the previous sections we made the following observations: 
Observation 1	For waveform switching from CP-OFDM to DFT-S-OFDM, without the information of power headroom of a target waveform, gNB has no idea of how much the transmission power increase can be, e.g., whether it can prevent the UE from output power exhaustion, and whether it deserves a throughput degradation from multi-layer PUSCH to single-layer PUSCH transmission.
Observation 2	For waveform switching from DFT-S-OFDM to CP-OFDM, without the information of power headroom of a target waveform, gNB may not be able to schedule FDRA, rank, and MCS probably, at the risk that UE is power-limited and PUSCH transmission may not be able to be received successfully.
Observation 3	For both directions of waveform switching, with the information of target waveform available in advance, gNB can schedule the PUSCH transmission with a new waveform properly and balance between coverage and throughput for the UE.
Observation 4	For a single PA architecture for intra-band UL CA, it is up to UE to allocate PCMAX,f,c for each carrier.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Support UE report of power headroom related information based on PCMAX,f,c of a target waveform

Proposal 2	The legacy Type 1 power headroom based on actual PUSCH transmission can be reused for calculation of power headroom of the target waveform, where  is based on the target waveform.
Proposal 3	The existing triggering events and PHR report in MAC CE are sufficient for the assistance information for dynamic waveform switching and can be reused.
Proposal 4	If Rel-18 dynamic waveform switching is configured, it is an error case that resource allocation type is configured as Type 0 or dmrs-Type is configured as type2.
Proposal 5	UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome.
Proposal 6	Study how to prevent the problem, where a gNB expects higher UE transmission power with waveform switching in an UL carrier, which is prevented by UE allocating more power for the simultaneous UL transmission in another UL carrier.
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