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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)
In this contribution, we discuss the signaling, timeline and the rationale for gNB to trigger dynamic UL waveform switching.
2. Discussion
2.1 [bookmark: OLE_LINK9]Signaling to support dynamic UL waveform switching
UL waveform for PUSCH transmission is configured by RRC, and therefore UL waveform switching can be based on RRC reconfiguration. To support dynamic UL waveform switching, the new signaling was discussed in RAN1#106 bis [2] and as follows.
	To support dynamic switching of UL waveform, few alternatives can be considered. 
Alt1: DCI signaling based dynamic UL waveform switching, it could be implicit or explicit 
Alt1-1: Explicit signaling, e.g. by introducing 1 bit in DCI to indicate CP-OFDM or DFT-s-OFDM waveform to be used for PUSCH
Alt1-2: Implicit signaling, e.g. CP-OFDM or DFT-s-OFDM waveform to be used for PUSCH is identified by certain condition on the scheduling information in the DCI without changing DCI format. 
Alt2: MAC CE signaling based dynamic UL waveform switching

Options of implicit signaling of UL waveform switching without changing DCI format:
Opt.1: waveform is DFT-S-OFDM if contiguous PRB allocation and multiple value of 2, 3, 5, else CP-OFDM. 
Opt.2: waveform is DFT-S-OFDM if MCS is lower than threshold, else CP-OFDM.
Opt.3: waveform is CP-OFDM if PUSCH and DMRS is FDMed (based on ‘Number of DMRS CDM group(s) without data’), else DFT-S-OFDM.
Opt.4: waveform is CP-OFDM if more than one layer/rank are indicated, else DFT-S-OFDM.
One or multiple conditions can be used to determine whether the UE applies DFT-s-OFDM waveform in UL transmission. 


Option 1, 3 and 4 of Alt1-2 depend on the scheduling restrictions specific to DFT-S-OFDM. Since DFT-S-OFDM supports a subset of all configurations supported by CP-OFDM, the rationale of proposed options is that DFT-S-OFDM is implicitly indicated if the subset of configurations is indicated by gNB. These options prevent the subset of configurations from being configured for CP-OFDM. Namely, 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. Option 2 of Alt1-2 prevents low MCS indexes from being configured for CP-OFDM. In a summary, all listed options of Alt1-2 reduces gNB scheduling flexibility. 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. 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 1-1, an explicit DCI bit to indicate UL waveform switching is simple and straightforward. Note that the UL waveform for PUSCH transmission scheduled by DCI format 0_0 is determined by higher layer configured parameter msg3-transformPrecoder. There is no strong motivation to add the new DCI bit to the fallback DCI format. Therefore, Alt 1-1, an explicit DCI bit to indicate UL waveform switching can be considered for DCI format 0_1 and 0_2 only.
Since DFT-S-OFDM works with a subset of all configurations supported by CP-OFDM, the UE should expect that the target waveform of the switching is compatible with configurations including the number of consecutive PRBs, DMRS configuration type and rank. Otherwise, it is a gNB misconfiguration.
Proposal 1 [bookmark: _Hlk115364155]The UE should expect that the target waveform of the switching is compatible with configurations including the number of consecutive PRBs, DMRS configuration type and rank.
One aspect of the feature is whether and how dynamic waveform switching can apply to Type 1 CG-PUSCH. In NR up to Rel-17, Type 1 configured grant PUSCH is configured and activated by RRC configuration. A UE scheduled with Type 1 CG-PUSCH monitors PDCCH with CS-RNTI for the only purpose of retransmission. Type 2 configured grant PUSCH is activated by a DCI command. With explicit DCI signaling, a new purpose, UL waveform switching, would be added to PDCCH monitoring for Type 1 CG-PUSCH with CS-RNTI, and the dividing line between Type 1 and Type 2 CG-PUSCH is blurry. This can be avoided by Alt 2 MAC CE signaling. What’s more, Alt 2 has the merits of no change of DCI overhead and no scheduling restrictions. 
1. If the explicit DCI signaling of UL waveform switching is applied to Type 1 CG-PUSCH, a new purpose, UL waveform switching, would be added for PDCCH monitoring with CS-RNTI.
Proposal 2 [bookmark: _Hlk115364158]Further study explicit DCI signaling for DCI format 0_1 and 0_2 only and MAC CE signaling to indicate UL waveform switching.
2.2 Timeline of applying a new UL waveform
The two UL waveforms exhibit different PAPR characteristics, and thus a UE may have different techniques to cope with these two waveforms, such as clipping and digital pre-distortion. These correspond to different UE implementation in baseband and possibly RF frontend. When a UE is instructed to change the waveform, it may take some time to enable the circuit to transmit the respective waveform. Considering the UL waveform switching time, gNB can schedule UL transmission with the new waveform with a sufficient k2 value, so that the new waveform can apply to the PUSCH transmission of a new TB. However, if a UE is in the middle of a multi-slot PUSCH transmission, e.g., PUSCH repetitions, there may be no gap between PUSCH repetitions. In other words, if a UE changes UL waveform during a multi-slot PUSCH transmission, it may have to drop part of the UL transmission to perform waveform switching, which is undesirable.
Proposal 3 [bookmark: _Hlk115364180]When a UE receives an UL waveform switching indication, the new waveform will not take effect in the middle of a multi-slot PUSCH transmission.
2.3 Rationale for gNB to trigger UL waveform switching
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 2 [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.


Figure 1: PCMAX vs. required UE transmission power
The following table of MPRWT, quoted from 38.101-2, shows lower MPR for DFT-S-OFDM than those of CP-OFDM in different configurations. A gross estimation of PCMAX,f,c increase introduced by waveform switching can depend on the difference of MPR between the two waveforms. For example, for QPSK and inner RB allocations, there is a 3.5dB MPR difference between the two waveforms, thus gNB can estimate that UE transmission power will be increased by 3.5dB if the waveform is switched to DFT-S-OFDM.
Table 6.2.2.3-1 MPRWT for power class 3, BWchannel ≤ 200 MHz
	Modulation
	MPRWT, BWchannel ≤ 200 MHz

	
	Inner RB allocations,
Region 1
	Edge RB allocations


	DFT-s-OFDM
	Pi/2 BPSK
	0.0
	≤ 2.0

	
	QPSK
	0.0
	≤ 2.0

	
	16 QAM
	≤ 3.0
	≤ 3.5

	
	64 QAM
	≤ 5.0
	≤ 5.5

	CP-OFDM
	QPSK
	≤ 3.5
	≤ 4.0

	
	16 QAM
	≤ 5.0
	≤ 5.0

	
	64 QAM
	≤ 7.5
	≤ 7.5


Note that MPR determines the lower bound of PCMAX,f,c as follows. A UE sets its configured maximum output power PCMAX,f,c in accordance with the actual power backoff it requires, which may be smaller than MPR, if the UE has implemented PAPR reduction techniques. If for example, the actual power backoff a UE needs for CP-OFDM with QPSK and inner RB allocation is 1dB, smaller than MPR 3.5dB, the transmission power increase from waveform switching is only 1dB. Therefore, gNB will overestimate the gain of waveform switching for the UE by referring to MPR to estimate PCMAX,f,c of the target waveform.
	The configured UE maximum output power PCMAX,f,c for carrier f of a serving cell c shall be set such that the
corresponding measured peak EIRP PUMAX,f,c is within the following bounds
PPowerclass + ΔPIBE – MAX(MAX(MPRf,c, A- MPRf,c,) + ΔMBP,n, P-MPRf,c) – MAX{T(MAX(MPRf,c, A- MPRf,c,)), T(PMPRf,c)} ≤ PUMAX,f,c ≤ EIRPmax


Observation 3 gNB may overestimate the power increase introduced by waveform switching, if it relies on MPR to estimate PCMAX,f,c of the target waveform, given the actual power backoff a UE requires may be different from MPR.
Proposal 4 [bookmark: _Hlk115364204][bookmark: _Hlk114833109]Study solutions to provide gNB with power information about the target waveform, with the actual power backoff taken into account.
The actual power backoff is determined by UE itself, so possible solutions can include UE report of PCMAX,f,c of the target waveform assuming certain modulation order and RB allocation or power headroom between the required transmission power and PCMAX,f,c of the target waveform.
One discussion point in Rel-17 Coverage Enhancement WI is whether to support DMRS bundling for UL CA. The same discussion may happen to Rel-18 dynamic waveform switching as well. 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. Technically speaking, there is no restriction of apply the feature in CA scenario, unless some technical obstacles can’t be overcome. 
Proposal 5 [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
· Timeline of applying a new UL waveform
· Rationale for gNB to trigger UL waveform switching
Based on the discussion, we make the following proposals:
Proposals:
1. The UE should expect that the target waveform of the switching is compatible with configurations including the number of consecutive PRBs, DMRS configuration type and rank.
1. Further study explicit DCI signaling for DCI format 0_1 and 0_2 only and MAC CE signaling to indicate UL waveform switching.
1. When a UE receives an UL waveform switching indication, the new waveform will not take effect in the middle of a multi-slot PUSCH transmission.
1. Study solutions to provide gNB with power information about the target waveform, with the actual power backoff taken into account.
1. UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome. 
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