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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 DCI signaling, the assistance information for gNB to trigger dynamic UL waveform switching, and applicability of the feature.
2. Discussion
2.1 [bookmark: OLE_LINK9]Signaling to support dynamic UL waveform switching
2.1.1 Waveform indication
Up to NR Rel-17, an UL waveform for PUSCH transmission is configured in RRC. To support dynamic UL waveform switching, the signaling was discussed in RAN1#111. For DCI based solution, a working assumption was agreed that a dynamic waveform is indicated by a new field from UL scheduling DCI. 
	[bookmark: _Hlk127192475]Working Assumption
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


A concern about the working assumption is that apart from the new DCI field, the dynamic waveform can also be indicated by reusing an existing DCI field. The first option is to repurpose an existing DCI field, such as TDRA or MCS, by adding a new column of waveform to TDRA or MCS table. But this will reduce the number of entries in the table for each waveform and thus gNB scheduling flexibility. Meanwhile, this doesn’t justify to further increase the total number of entries of a TDRA or MCS table. Another option is to implicitly indicate a waveform based on some scheduling restrictions. For example, gNB can’t schedule a certain number of contiguous PRBs, DMRS Configuration Type 1, rank 1, or low MCS indexes for UEs with UL waveform of CP-OFDM, though all have been supported since NR Rel-15. These may impact the proprietary gNB implementation on a combined usage of waveform, MCS, and layers to improve UL transmissions. Some existing schemes of UL transmissions would be disabled, for example switching from 2-layer PUSCH with CP-OFDM to 1-layer PUSCH with CP-OFDM. In our view, tradeoffs between DFT-S-OFDM and CP-OFDM operation are often a function of dynamic parameters, such as cell load, scheduling / link adaptation, fading, and/or antenna blockage, which can’t be directly represented by the aspects of the options of implicit signaling.
1. [bookmark: _Toc127532703][bookmark: _Toc127532747][bookmark: _Toc127533421][bookmark: _Toc127533422]Repurposing TDRA or MCS fields may restrict gNB scheduling flexibility with the current maximum number of entries of a TDRA table or MCS table. There is no justification for an extension of the number of entries in TDRA or MCS table.
1. [bookmark: _Toc127532705][bookmark: _Toc127532749][bookmark: _Toc127533423][bookmark: _Toc127533424]Implicit signaling of UL waveform switching may restrict gNB scheduling flexibility by preventing gNB from scheduling a certain number of contiguous PRBs, DMRS Configuration Type 1, rank 1 and low MCS indexes for CP-OFDM, though all have been supported since NR Rel-15. It may impact the proprietary gNB implementation on a combined usage of waveform, MCS and layers.
Proposal 1 [bookmark: _Toc127532844][bookmark: _Hlk127353789]Confirm the working assumption of a new 1-bit DCI field for dynamic waveform indication from UL scheduling DCI.
2.1.2 DCI size alignment
A UE determines the UL DCI format size before decoding it. Some DCI fields, such as Precoding information and number of layers, have different bit widths for CP-OFDM and DFT-S-OFDM. For Rel-18 dynamic waveform switching, a UE is unaware of which UL waveform is indicated in the DCI, when it decodes it. It is a common understanding that padding bits are added to keep DCI size alignment between the two UL waveforms. An open issue is how padding bits are added in DCI. 
There are two existing options of adding padding bits as captured below. For DCI size alignment between CS-RNTI and C-RNTI, padding bits are added to keep per-field alignment. For alignment between single PUSCH and multiple PUSCHs, all padding bits are added in the end of the DCI format with smaller size. 
	[bookmark: _Hlk127266221]38.212
A UE does not expect that the bit width of a field in DCI format 0_1 with CRC scrambled by CS-RNTI is larger than corresponding bit width of same field in DCI format 0_1 with CRC scrambled by C-RNTI for the same serving cell. If the bit width of a field in the DCI format 0_1 with CRC scrambled by CS-RNTI is not equal to that of the corresponding field in the DCI format 0_1 with CRC scrambled by C-RNTI for the same serving cell, a number of most significant bits with value set to '0' are inserted to the field in DCI format 0_1 with CRC scrambled by CS-RNTI until the bit width equals that of the corresponding field in the DCI format 0_1 with CRC scrambled by C-RNTI for the same serving cell. 
If the number of information bits in DCI format 0_1 scheduling a single PUSCH prior to padding is not equal to the number of information bits in DCI format 0_1 scheduling multiple PUSCHs for the same serving cell, zeros shall be appended to the DCI format 0_1 with smaller size until the payload size is the same for scheduling a single PUSCH and multiple PUSCHs.  


1. [bookmark: _Toc127533425]In NR till Rel-17, there are two existing options of adding padding bits, 
· [bookmark: _Toc127533426]adding padding bits to the DCI fields which have smaller bit widths, and 
· [bookmark: _Toc127533427]adding all padding bits in the end of the DCI format with smaller payload size.
By adapting the two existing options for Rel-18 dynamic waveform switching, we have the following two options.
· Option 1 per-field alignment, adding padding bits to the DCI fields which have smaller bit widths between the two UL waveforms
· Option 2 total size alignment, adding all padding bits in the end of the DCI for the UL waveform, which has smaller payload size.
In NR up till now, a fact is that all DCI fields have larger bit width for CP-OFDM than that for DFT-S-OFDM, if different. An example is given in Table 1 that when Rel-18 dynamic waveform switching is not configured, two DCI fields have different bit widths for the two waveforms, resulting in different total DCI payload sizes. The payload size for CP-OFDM is larger, with 10 bits.
[bookmark: OLE_LINK5]If Rel-18 dynamic waveform switching is configured with the 1-bit waveform indicator, the total DCI payload size is 11 bits. The two options of adding padding bits are shown in Table 2. With Option 1, the bit width and the position of a DCI field are independent from the indicated waveform. While with Option 2, both depend on the indicated waveform.
Table 1: Bit widths and DCI payload size of two UL waveforms, when Rel-18 dynamic waveform switching is not configured
	UL waveform
	Bit width
	Total payload size

	
	Field 1
	Field 2
	

	CP-OFDM
	5
	5
	10

	DFT-S-OFDM
	3
	3
	6


Table 2: Options of adding padding bits, when Rel-18 dynamic waveform switching is configured
	DCI size alignment options
	Bit width
	#Padding bits in the end of DCI
	Total payload size

	
	WF indicator, which indicates 
	Field 1
	Field 2
	
	

	Option 1, per-field alignment
	1, CP-OFDM
	5
	5
	NA
	11

	
	1, DFT-S-OFDM
	2 padding bits+3 information bits
	2 padding bits+3 information bits
	NA
	11

	Option 2, total size alignment
	1, CP-OFDM
	5
	5
	0
	11

	
	1, DFT-S-OFDM
	3
	3
	4
	11


1. [bookmark: _Toc127533428]With per-field alignment, the bit width and the position of a DCI field are independent from the indicated waveform. By adding all padding bits in the end of the DCI signaling with smaller size, the bit width and the position of a DCI field depend on the indicated waveform.
2.2 Assistance information for switching waveform
After a gNB realizes 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 agreement was made in RAN1#111. In this section, we will discuss what detailed information is needed.
	[bookmark: _Hlk117258501]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


PUSCH transmission power  in a PUSCH transmission occasion  is the minimum value between UE configured maximum output power, , and the required PUSCH transmissions power calculated based on the scheduled RB allocation and modulation order. The difference of the two is UE power headroom based on an actual PUSCH transmission.
[image: ] [dBm]

When a UE is power limited, namely with a negative power headroom, it is likely to suffer from UL coverage issue. Though switching from CP-OFDM to DFT-S-OFDM may result in a larger UE transmission power thanks to a smaller power backoff, there is no guarantee that the increased UE transmissions power can offset the negative power headroom and prevent the UE from output power exhaustion. This is illustrated in Figure 1. The reason is that of the target waveform is unknown by gNB.


Figure 1: PCMAX vs. required UE transmission power


of the target waveform is determined based on UE power class and the actual power backoff. The actual power back depends on PUSCH scheduling information, namely inner/outer/edge RB allocation and modulation order. If a UE reports the power headroom for the target waveform in PUSCH transmission occasion i, it is natural that of the target waveform is based on inner/outer/edge RB allocation and modulation order of the actual PUSCH transmission in transmission occasion i.
Observation 4 
[bookmark: _Toc127532714][bookmark: _Toc127532755][bookmark: _Toc127533429][bookmark: _Toc127533430]Inner/outer/edge RB allocation and modulation order are needed for UE to calculate of a target waveform. 
Proposal 2 
of the target waveform is based on inner/outer/edge RB allocation and modulation order of the actual PUSCH transmission in transmission occasion i.

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 3 
[bookmark: _Toc127532427][bookmark: _Toc127532611][bookmark: _Toc127532820][bookmark: _Toc127532846][bookmark: _Toc127532847][bookmark: _Hlk127353810]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.
Legacy Type 1 power headroom can also be based on a reference PUSCH transmission, as the following equation shows. 



It is used when there is no definite UL grant of RB allocation, where  is computed assuming MPR=0 dB, A-MPR=0 dB, P-MPR=0 dB. However, this assumption of MPR=0 removes the difference between actual power backoff of two waveforms, and therefore power headroom based on a reference PUSCH transmission doesn’t fit the requirement of assistance information for waveform switching.
Observation 5 [bookmark: _Toc127533431]Type 1 power headroom based on a reference PUSCH transmission doesn’t fit the requirement of report of the waveform, because MPR=0 is assumed.
[bookmark: OLE_LINK11]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 4 [bookmark: _Toc127532848][bookmark: _Hlk118713003]The existing triggering events and PHR report in MAC CE are sufficient for the assistance information for dynamic waveform switching and can be reused.
2.3 Applicability of dynamic waveform switching
According to the following agreements, made in RAN1#110bis and RAN1#111, one issue is to whether dynamic waveform switching can apply to some additional types of PUSCHs. 
	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).
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


The benefit of waveform switching comes from the reduced actual power backoff for a waveform different from what is being used and thus the increased configured UE maximum output power PCMAX,f,c. Both are up to UE implementation, and an effective waveform switching relies on UE report of these information for the target waveform. Before Msg3 transmission, there may be no chance for a UE to transmit such report. Thus, switching UL waveform for Msg3 transmission, for instance by adding a waveform indicator in RAR, is a blind decision by gNB and likely to be ineffective.
1. [bookmark: _Toc127533432]Before Msg3 transmission, there may be no chance for a UE to report PCMAX,f,c or power headroom for the target waveform. Thus, switching UL waveform for Msg3 transmission, for instance by adding a waveform indicator in RAR, is a blind waveform switching by gNB.
Proposal 5 [bookmark: _Toc127532849][bookmark: _Hlk127353869]Do not support dynamic waveform switching for Msg3 transmission. 
When Rel-18 dynamic waveform switching is configured, a new field of waveform indicator will increase DCI format size of PDCCH. But it is not desirable for fallback DCI format 0_0. Therefore, there is no strong motivation to support dynamic waveform switching for PUSCH scheduled by fallback DCI format 0_0.
1. [bookmark: _Toc127533433]The new 1-bit field for dynamic waveform indication will increase DCI payload size of PDCCH.
Proposal 6 [bookmark: _Toc127532850][bookmark: _Hlk127353876]Do not support dynamic waveform switching for PUSCH scheduled by fallback DCI format 0_0.
One discussion point in Rel-17 Coverage Enhancement WI is whether to support coverage enhancement feature 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 7 [bookmark: _Toc127532851][bookmark: _Hlk127353883][bookmark: _Toc127532852]UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome. 
3 Summary
In this contribution, we have discussed issues related to dynamic UL waveform switching including:
· Signaling to support dynamic UL waveform switching
· Assistance information for gNB to trigger dynamic UL waveform switching
· Applicability of dynamic UL waveform switching
In the previous sections we made the following observations: 
Observation 1	Repurposing TDRA or MCS fields may restrict gNB scheduling flexibility with the current maximum number of entries of a TDRA table or MCS table. There is no justification for an extension of the number of entries in TDRA or MCS table.
Observation 2	Implicit signaling of UL waveform switching may restrict gNB scheduling flexibility by preventing gNB from scheduling a certain number of contiguous PRBs, DMRS Configuration Type 1, rank 1 and low MCS indexes for CP-OFDM, though all have been supported since NR Rel-15. It may impact the proprietary gNB implementation on a combined usage of waveform, MCS and layers.
Observation 3	In NR till Rel-17, there are two existing options of adding padding bits,
 adding padding bits to the DCI fields which have smaller bit widths, and
 adding all padding bits in the end of the DCI format with smaller payload size.
Observation 4	With per-field alignment, the bit width and the position of a DCI field are independent from the indicated waveform. By adding all padding bits in the end of the DCI signaling with smaller size, the bit width and the position of a DCI field depend on the indicated waveform.

Observation 5	Inner/outer/edge RB allocation and modulation order are needed for UE to calculate of a target waveform.
Observation 6	Type 1 power headroom based on a reference PUSCH transmission doesn’t fit the requirement of report of the waveform, because MPR=0 is assumed.
Observation 7	Before Msg3 transmission, there may be no chance for a UE to report PCMAX,f,c or power headroom for the target waveform. Thus, switching UL waveform for Msg3 transmission, for instance by adding a waveform indicator in RAR, is a blind waveform switching by gNB.
Observation 8	The new 1-bit field for dynamic waveform indication will increase DCI payload size of PDCCH.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Confirm the working assumption of a new 1-bit DCI field for dynamic waveform indication from UL scheduling DCI.

Proposal 2	of the target waveform is based on inner/outer/edge RB allocation and modulation order of the actual PUSCH transmission in transmission occasion i.

Proposal 3	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 4	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 5	Do not support dynamic waveform switching for Msg3 transmission.
Proposal 6	Do not support dynamic waveform switching for PUSCH scheduled by fallback DCI format 0_0.
Proposal 7	UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome.
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