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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 signaling and the assistance information for gNB to trigger dynamic UL waveform switching.
2. Discussion
2.1 [bookmark: OLE_LINK9]Signaling to support dynamic UL waveform switching
An UL waveform for PUSCH transmission is configured by RRC. To support dynamic UL waveform switching, the new signaling was discussed in RAN1#110 bis, as follows.
	Working Assumption
Support at least one of the following options for the dynamic waveform indication in R18:
[bookmark: OLE_LINK4]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.)
[bookmark: OLE_LINK1]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



With Alt 1 of the working assumption, one DCI schedules both an UL grant and an UL waveform for PUSCH transmission. Alt 1-B-1 repurposes the existing DCI fields, such as TDRA or MCS, by adding a new column of waveform to TDRA or MCS table. 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.
1. Alt 1-B-1 may restrict gNB scheduling flexibility with the current maximum number of entries of a TDRA table or MCS table is enlarged. There is no justification for an extension of the number of entries in TDRA or MCS table.
Alt 1-B-2 relies on existing or new difference between scheduling configurations for the two UL waveforms. It prevents some configurations from being used together with CP-OFDM. For an example of existing difference, gNB can’t schedule a certain number of contiguous PRBs, DMRS Configuration Type 1 and rank 1 for UEs with UL waveform of CP-OFDM, though all have been supported since NR Rel-15. An example of new difference is gNB is prohibited to configure low MCS indexes for CP-OFDM. This 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. Alt 1-B-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.
Alt 1-A, a new DCI bit to indicate UL waveform switching, is simple and straightforward without gNB scheduling restriction. Although the one-bit increase of DCI payload size is insignificant for DCI formats, it is not desirable to change the size of fallback DCI format 0_0. Therefore, Alt 1-A can be considered for DCI format 0_1 and 0_2 only.
1. Alt 1-A doesn’t impose gNB scheduling restriction with a new DCI field. Since it changes DCI payload size, it doesn’t apply to PUSCH scheduled by DCI format 0_0.
Proposal 1 [bookmark: _Hlk118712975]Support Alt 1-A for PUSCH scheduled by DCI format 0_1 and 0_2. 
Some DCI fields have different sizes for CP-OFDM and DFT-S-OFDM, as the following shows. Anyway, their lengths are larger if the UL waveform is CP-OFDM. 
	Precoding information and number of layers
…
-	1 or 3 bits according to Table7.3.1.1.2-5 for 2 antenna ports, if txConfig = codebook, ul-FullPowerTransmission is not configured or configured to fullpowerMode2 or configured to fullpower, and according to whether transform precoder is enabled or disabled, and the values of higher layer parameters maxRank and codebookSubset; 
-	DMRS sequence initialization – 0 bit if transform precoder is enabled; 1 bit if transform precoder is disabled. 


[bookmark: OLE_LINK7]If UL waveform switching is configured for a UE by RRC, upon receiving DCI command 0_1 and 0_2, it needs to determine the DCI payload size and the length of each field. A simple solution is that the length of each existing field is determined according to the corresponding length of CP-OFDM, and the total DCI payload size is added with the length of the new DCI field of waveform indication. If the new bit of waveform indicates the UL grant is for DFT-S-OFDM, the UE will ignore the excess MSB of a field, if any. For example, for 2 antenna port, the UE assumes 3-bit Precoding information and number of layers and 1-bit DMRS sequence initialization. If the waveform indicated in the DCI is DFT-S-OFDM, it only treats the 1 LSB of the former and ignore the 1-bit DMRS sequence initialization.
Proposal 2 [bookmark: OLE_LINK3]For Alt 1-A, the length of each existing field is determined according to the corresponding length of CP-OFDM, and the total DCI payload size is added with the length of the new DCI field of waveform indication. If the new bit of waveform indicates the UL grant is for DFT-S-OFDM, the UE will ignore the excess MSB of a field, if any.
2.2 Assistance information for switching waveform
After a gNB realizes a UE’s UL coverage issue, e.g., by BLER, it will evaluate whether UL waveform switching can improve the UE’s UL issue. A UE report of some assistance information can facilitate gNB decision on waveform switching. Later the waveform switching command can be indicated together with an UL grant. Regarding the assistance information, the following agreement was made in RAN1#110b. In this section, we will discuss what detailed information is needed.
	[bookmark: _Hlk117258501]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



A UE determines the PUSCH transmission power  in a PUSCH transmission occasion  as follows. 
[image: ] [dBm]
PUSCH transmission power is bounded by UE configured maximum output power,  If the required PUSCH transmission power determined by  is larger than  of the current UL waveform CP-OFDM, the UE is power limited. In order to evaluate whether UL waveform switching can improve the UE’s UL coverage, gNB needs the information about the target waveform DFT-S-OFDM, e.g., if PCMAX,f,c of DFT-S-OFDM is larger than the required PUSCH transmission power. As illustrated in Figure 1, the solid line shows the required PUSCH transmission power, higher than PCMAX,f,c of CP- OFDM. The two bars on its right side show two possible PCMAX,f,c of DFT-S-OFDM. The orange bar is lower than the required PUSCH transmission power, so the UE would still be power limited after waveform switching. The green bar is higher than the UE required PUSCH transmission power, and the UL waveform switching can improve UL coverage.
Observation 3 [bookmark: _Hlk114755612]In order to evaluate whether UL waveform switching should be triggered, gNB needs information about the target waveform, e.g., if PCMAX,f,c of the target waveform is larger than the required PUSCH transmission power.

[image: ]
Figure 1: PCMAX vs. required UE transmission power

[bookmark: OLE_LINK2]In NR up to Rel-17, a UE reports Type 1 power headroom (PH), which is the gap between PCMAX,f,c and UE required PUSCH transmission power. The following equation shows the calculation of PH based on an actual PUSCH transmission. It can be reused to estimate if PCMAX,f,c of the target waveform is larger than the required PUSCH transmission power, where  is based on the target waveform.
[image: ] (Equation 1) 
Proposal 3 
[bookmark: _Hlk118712985]The legacy Type 1 power headroom based on actual PUSCH transmission can be reused for the assistance information, where  is based on the target waveform.


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. When 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 
Inner/outer/edge RB allocation and modulation order are needed for UE to calculate of a target waveform. 
Proposal 4 
of the target waveform is based on inner/outer/edge RB allocation and modulation order of the actual PUSCH transmission in transmission occasion i.
Type 1 power headroom can be based on a reference PUSCH transmission as the following equation shows. 

(Equation 2)

It can be 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 PH based on a reference PUSCH transmission doesn’t fit the requirement of assistance information for waveform switching.
Observation 5 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 5 [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.
[bookmark: _Hlk114833109]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 6 [bookmark: _Hlk115364245]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.
Based on the discussion, we make the following proposals:
Proposals:
1. Support Alt 1-A for PUSCH scheduled by DCI format 0_1 and 0_2. 
1. For Alt 1-A, the length of each existing field is determined according to the corresponding length of CP-OFDM, and the total DCI payload size is added with the length of the new DCI field of waveform indication. If the new bit of waveform indicates the UL grant is for DFT-S-OFDM, the UE will ignore the excess MSB of a field, if any.
1. 
The legacy Type 1 power headroom based on actual PUSCH transmission can be reused for the assistance information, where  is based on the target waveform.
1. 
of the target waveform is based on inner/outer/edge RB allocation and modulation order of the actual PUSCH transmission in transmission occasion i.
1. The existing triggering events and PHR report in MAC CE are sufficient for the assistance information for dynamic waveform switching and can be reused.
1. UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome. 
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