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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#112bis-e [1], the agreement on dynamic waveform switching for coverage enhancement was approved, which is given as follows. 
	Agreement
For DCI format 0_1/0_2 containing dynamic waveform indication, bit width of each field is set to the maximum between the bit width of the field if transform precoding is disabled and the bit width of the field if transform precoding is enabled, if different.
· If, for the waveform indicated in the DCI, the bit width N of a field would be smaller than the bit width of the field set as per the above, UE decodes the field using N least significant bits. If N=0, the UE ignores the field for the indicated waveform.
Agreement
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.

Conclusion
For PUSCH transmission scheduled by C-RNTI with DCI format 0_0, UE considers transform precoding enabled or disabled according to msg3-transformPrecoder as in legacy.
Agreement
Dynamic waveform switching is configured separately for each BWP, within PUSCH-Config.
Agreement
For UE configured with multi-PUSCH scheduling in time domain in a carrier (i.e. pusch-TimeDomainAllocationListForMultiPUSCH), DCI format 0_1 supports 1-bit field for dynamic waveform switching indication.
· When configured, 1-bit field indicates waveform for all scheduled PUSCH transmissions.
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.
Agreement
For configuration of 1-bit dynamic waveform switching indication in DCI format 0_1/0_2 per a carrier, downselect between following options:
· Option 1: Separate configuration of presence of dynamic waveform switching field for DCI format 0_1 and DCI format 0_2.
· Option 2: Common configuration of presence of dynamic waveform switching field for DCI format 0_1 and DCI format 0_2.



2. Discussion on dynamic waveform switching
2.1 Indication signaling
2.1.1 Indication signaling
[bookmark: _Hlk114506090]New 1-bit field for dynamic waveform indication in R-18 is agreed by 3GPP TSG RAN WG1 #112-bis-e [1]. It is preferred that the straightforward approach of using bit ‘0’ to indicate one waveform and bit ‘1’ to indicate the other waveform.
2.1.2 Configuration of FDRA and DMRS type
The configuration of FDRA and DMRS type should satisfy the requirement of DFT-S-OFDM, which requires following handlings.  
· Handling of FDRA type
Given that FDRA resource allocation type 0 is not feasible for DFT-S-OFDM, some alternatives to handle FDRA type configuration are required when dynamic waveform switching is configured. It was agreed last meeting:
	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.


[bookmark: _Toc131693297]Both Option 1 and Option 2 can handle FDRA problem. 
For Option 1, the resourceAllocation only can be set to resourceAllocationType1 or dynamicSwitch even for CP-OFDM. The only way to enable CP-OFDM with type 0 is the MSB of FDRA field which is only applicable to the optional UE feature dynamicSwitch. Therefore, it does not reduce any UE implementation complexity but add unnecessary scheduling restriction to gNBs.  
For Option 2, the behavior of UEs that are indicated to use DFT-S-OFDM is predefined, they are required to ignore the value of resourceAllocation and apply type 1 resource allocation directly. 

Observation 1: In Option 1, using the MSB of FDRA field to indicate RA type requires that a gNB has to set resourceAllocation to dynamicSwitch, the flexibility of CP-OFDM applying type 0 or type 1 is still subject to an optional UE capability. In Option 2, type 1 resource allocation is directly applied to UEs that are indicated with DFT-S-OFDM.
Proposal 1: The Option 2 that UE applies type 1 resource allocation when DFT-S-OFDM is indicated and UE applies resource allocation according to resourceAllocation IE when CP-OFDM is indicated, should be supported.
· Handling of DMRS type 
Considering that DMRS type 2 is not supported for DFT-S-OFDM, the handling of DMRS type when dynamically waveform switching indication is configured are given:
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.

For Option 1, the dmrs-Type only can be set to type1 even for CP-OFDM. Since dmrs-Type cannot be set to type2, the maximum number of supported antenna port becomes small, which reduces user capacity and throughput. 
For Option 2, the behavior of UEs that are indicated to use DFT-S-OFDM is predefined, i.e. ignore the value of dmrs-Type and apply DMRS type 1. 

Observation 2: Option 1 reduces the maximum number of supported antenna port, reducing user capacity and throughput.  

Proposal 2: The Option 2 that UE applies DMRS type 1 when DFT-S-OFDM is indicated and UE applies DMRS type according to dmrs-Type IE when CP-OFDM is indicated, should be supported.

2.1.3 Presence of DWS field in DCI format 0_1/0_2
When DCI format 0_2 is used in URLLC, the payload of DCI format 0_2 is expected to be as small as possible to improve the reliability of data transmission. Considering DCI payload size is increased much by DCI size alignment between two waveforms compared to that for DFT-s-OFDM waveform, gNB should be allowed to configure no DWS for DCI 0_2 in order to have smaller DCI payload size, while configure DWS for DCI 0_1 for the flexibility of waveform switching. In other words, supporting the separate configuration of presence of fields for DCI format 0_1 and DCI format 0_2, facilitates the payload controlling of DCI format 0_2. If support the separate configuration, the separate RRC configuration to control the activation/deactivation of DWS of DCI format 0_1 and DCI format 0_2 should be considered.
[bookmark: _GoBack]
Proposal 3: Separate configuration of presence of dynamic waveform switching field for DCI format 0_1 and DCI format 0_2 should be supported. The separate RRC configuration to control the activation/deactivation of DWS of DCI format 0_1 and DCI format 0_2 should be considered.

2.2 Waveform switching enhancements 
2.2.1 MCS and RB allocation in waveform switching

The difference of maximum transmission power between two waveforms is typically varying among different UEs. It closely depends on UE implementation. For example, the maximum transmission powers of two waveforms are very close to each other when UEs adopt the advanced techniques to reduce the PAPR of CP-OFDM, such as advanced clipping [2][3]. Some UEs can obtain 2-2.5 dB power boosting for the same modulation and 6 dB power boosting at most for the different modulation when switch waveform from CP-OFDM to DFT-s-OFDM [4]. The variation of power boosting is close to 6 dB. 
If gNB has information about power boosting, it can indicate proper indication of PRBs, MSC and transmit power control can make the best use of power change to improve performance as soon as possible. 
If gNB has no information about power boosting, it has to estimate power boosting. The estimation accurate is closely associated with the performance improvement of waveform switching. When gNB estimates a power larger than capability of UE, it could result in the failure of data transmission. To avoid data transmission outage, it’s the best choice for gNB to use conservative power estimation that is smaller than capability of UE to decide resource allocation, i.e., when switch CP-OFDM to DFT-s-OFDM use the same number of PRBs, MSC and transmission power control as CP-OFDM, when switch DFT-s-OFDM to CP-OFDM use the minimum power among history observations to decide the number of PRBs and MSC.
Compared to gNB has information about power boosting, it could result in performance degradation, which closely depends on the number of scheduled PUSCH transmission during the time interval between the waveform switching and the first PHR after waveform switching. Usually, during such time interval, more scheduled PUSCH transmissions means a larger performance loss. If PHR is reported with the first PUSCH transmission, the performance loss can be ignored, which is analyzed with more details as follows.  
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[bookmark: _Hlk126056270]Figure 1: Illustration of MCS selection and RB allocation strategies with and without power information to avoid data transmission outage when UE switches CP-OFDM to DFT-s-OFDM.  

[bookmark: _Hlk127455342]Figure 1 illustrates the strategies of MCS and RB allocation with and without power boosting information when switch CP-OFDM to DFT-s-OFDM. From Figure 1, with power boosting information, original MCS and suitable RB allocation could be indicated to achieve performance improvement. Without power boosting information, the original RB, original MCS are assigned to avoid communication outage due to overusing the increased power. It reduces the performance gain from power boosting until gNB knows the power headroom by PHR. To obtain performance gain from power boosting quickly, a timely PHR after waveform switching is very helpful, it limits the performance loss to occur only on the first scheduled PUSCH transmission. The performance loss of the first scheduled PUSCH transmission after waveform switching can be acceptable as waveform switching only occurs once for a long time. 

[image: ]
Figure 2: Illustration of MCS selection and RB allocation strategies with and without power information when UEs switch waveform from DFT-s-OFDM to CP-OFDM.  

Figure 2 illustrates the strategies of MCS and RB allocation with and without power reduction information when switch DFT-s-OFDM to CP-OFDM. Without the power reduction information, assigning the original RB, MCS could result in the failure of data transmission. It’s best for gNB to use radical estimation of power reduction to decide resource allocation, such like the minimum RB and MCS, which can avoid communication outage. However, since UE is not coverage-limited when switches DFT-s-OFDM to CP-OFDM, its suitable MCS and RB allocation are larger than the minimum one, which results in performance loss. A timely PHR after waveform switching is very helpful to reduce performance loss. It limits the performance loss to the first scheduled PUSCH transmission after waveform switching, and such loss can be acceptable as waveform switching occurs once for a long time.
 
Observation 3: Without power information before waveform switching, a timely PHR after waveform switching can make the performance loss due to unsuitable MCS and RB assignment only occur on the first scheduled PUSCH transmission. With power information before waveform switching, a suitable MCS and RB allocation assignment can avoid the performance loss of the first scheduled PUSCH transmission after waveform switching. The performance loss of one scheduled PUSCH transmission due to waveform switching can be acceptable as waveform switching only occurs once for a long time.

Considering that waveform switching only occurs once for a long time, the performance improvement of the first scheduled PUSCH transmission by reporting power information to assist waveform switching decision can be ignored. Moreover, reporting power information to assist waveform switching decision may require bigger size of PHR MAC CE fields, e.g. reporting PH and PCMAX,f,c for two waveforms. It has significant RAN2 impacts to report two PH within one PHR occasion as it requires a new size of MAC-CE for single entry/multi-entry PHR. Although two-PHR mode has been introduced by multi-TRP in Rel-17, but its RAN2 impacts are significant. More importantly, it is unclear how to keep backward compatibility to the feature of multi-TRP if another new two-PHR mode is introduced by DWS. 

Observation 4: It’s an overoptimization to extend PHR MAC CE fields to report PH and PCMAX,f,c for multiple waveforms to eliminate the performance loss of the first PUSCH transmission due to waveform switching.

Proposal 4: No new field should be introduced in PHR MAC CE to report the PH or PCMAX,f,c for multiple waveforms. It’s unnecessary to report the power headroom of target waveform to gNB before waveform switching to facilitate MCS selection and RBs assignment more precisely. 

2.2.2 PHR triggering enhancement 

Without the power change information before waveform switching, to reduce the performance loss of unsuitable MCS and RB allocation, a timely PHR after waveform switching is very helpful. 
· Current PHR triggering 
Current PHR is triggered periodically or by events. The period of PHR can be configured from 10 ms to 1000 ms or even greater. The triggering event is that the pathloss change exceeds the configured threshold that can be set to 1, 3, 6 dB, or even greater. Generally, it is hard for current PHR triggering to guarantee a timely PHR for waveform switching. Relying on periodical PHR triggering could be impossible under some cases. For example, when PHR period is configured to 1000 ms, gNB cannot make best use of power boosting to improve coverage performance, until about 500 ms on average after waveform switching. Such large delay makes waveform switching meaningless. Event triggering is unreliable as the pathloss change beyond its threshold and waveform switching cannot always occur simultaneously. Reduce PHR period to 10 ms or reduce event triggering threshold to 1dB can relief this problem by increasing the frequency of PHR for all UEs, which increases the overhead of resource of power and time-frequency. Even if ignore the increased overhead of frequent PHR, it still cannot guarantee a timely PHR for waveform switching, where unmoved UEs are scheduled multiple times during one frame. To deal with this problem, the PHR triggering should be enhanced.  
Observation 5: Current PHR triggering cannot guarantee a timely PHR after waveform switching, requires enhancement. 
· Enhanced PHR triggering 
[bookmark: _Hlk134276252]Waveform switching triggered PHR reuses waveform switching signaling to trigger PHR, which limits performance loss to the first scheduled PUSCH transmission. It has a small resource overhead as waveform switching occurs once for a long time and it only reports PHR once for each waveform switching.
Waveform switching triggered PHR is illustrated in Figure 3, where UE computes PHR normally and reports PHR to gNB at once it has uplink resource after waveform switching.  

[image: ]
Figure 3: Illustration of PHR triggering enhancements.
 
Observation 6: A PHR triggered by waveform switching event limits the performance loss of unsuitable MCS and RB allocation to the first scheduled PUSCH transmission. It has a small resource overhead as waveform switching occurs once for a long time and it only reports PHR once for each waveform switching.

Proposal 5: A PHR triggered by waveform switching event should be supported.

3. Conclusion
With the discussion above, we have the following observations and proposals.

Observation 1: In Option 1, using the MSB of FDRA field to indicate RA type requires that a gNB has to set resourceAllocation to dynamicSwitch, the flexibility of CP-OFDM applying type 0 or type 1 is still subject to an optional UE capability. In Option 2, type 1 resource allocation is directly applied to UEs that are indicated with DFT-S-OFDM.
Observation 2: Option 1 reduces the maximum number of supported antenna port, reducing user capacity and throughput.  
Observation 3: Without power information before waveform switching, a timely PHR after waveform switching can make the performance loss due to unsuitable MCS and RB assignment only occur on the first scheduled PUSCH transmission. With power information before waveform switching, a suitable MCS and RB allocation assignment can avoid the performance loss of the first scheduled PUSCH transmission after waveform switching. The performance loss of one scheduled PUSCH transmission due to waveform switching can be acceptable as waveform switching only occurs once for a long time.
Observation 4: It’s an overoptimization to extend PHR MAC CE fields to report PH and PCMAX,f,c for multiple waveforms to eliminate the performance loss of the first PUSCH transmission due to waveform switching.
Observation 5: Current PHR triggering cannot guarantee a timely PHR after waveform switching, requires enhancement.  
Observation 6: A PHR triggered by waveform switching event limits the performance loss of unsuitable MCS and RB allocation to the first scheduled PUSCH transmission. It has a small resource overhead as waveform switching occurs once for a long time and it only reports PHR once for each waveform switching.

Proposal 1: The Option 2 that UE applies type 1 resource allocation when DFT-S-OFDM is indicated and UE applies resource allocation according to resourceAllocation IE when CP-OFDM is indicated, should be supported.
Proposal 2: The Option 2 that UE applies DMRS type 1 when DFT-S-OFDM is indicated and UE applies DMRS type according to dmrs-Type IE when CP-OFDM is indicated, should be supported.
Proposal 3: Separate configuration of presence of dynamic waveform switching field for DCI format 0_1 and DCI format 0_2 should be supported. The separate RRC configuration to control the activation/deactivation of DWS of DCI format 0_1 and DCI format 0_2 should be considered.
Proposal 4: No new field should be introduced in PHR MAC CE to report the PH or PCMAX,f,c for multiple waveforms. It’s unnecessary to report the power headroom of target waveform to gNB before waveform switching to facilitate MCS selection and RBs assignment more precisely. 
Proposal 5: A PHR triggered by waveform switching event should be supported.
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