3GPP TSG-RAN WG1 Meeting #114	R1-2307846
Toulouse, France, August 21st – August 25th, 2023

Agenda Item:	9.12.3
Source:	Ericsson
Title:	Discussion on Dynamic UL Waveform Switching
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 as 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, the impact of UL CA on dynamic waveform switching, and application of dynamic waveform switching to MCE.
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 can evaluate whether UL waveform switching from CP-OFDM to DFT-S-OFDM can improve the UE’s UL coverage. Similarly, the switching from DFT-S-OFDM to CP-OFDM, especially together with multi-layer PUSCH scheduling, can improve UE throughput. If a gNB has no way to know UE’s PCMAX, configured maximum output power, of the target waveform, it has to schedule PUSCH transmission in the target waveform based on its estimation, which may lead to improper scheduling. To solve the issue, a potential enhancement on UE report of power headroom related information of the target waveform has been agreed for study since RAN1#111, with which a gNB can properly determine whether to switch the UE’s UL waveform and how to schedule PUSCH with the target waveform. A concern on the necessity of such UE report was expressed in RAN#100. We provide some simulation results in this section. 
	RP-231498 (RAN#100)
Proposal #2
· RAN provide guidance to RAN1/2 on dynamic waveform switching objective as below
· RAN1 will decide whether to define any PHR enhancement for dynamic waveform switching and to provide the details to RAN2 by August meeting
· [bookmark: OLE_LINK5]RAN2 will not work on PHR triggering procedure for dynamic waveform switching in Rel-18 UL Coverage enh WI 

Agreement (RAN1#113)
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: Any MAC CE related decision is up to RAN2
Option 4: No enhancement.
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
 


A common understanding is that a UE usually has larger transmission power for DFT-S-OFDM than CP-OFDM. Waveform switching from CP-OFDM to DFT-S-OFDM can take advantage of higher UE transmission power. However, if not for MIMO, the benefit of waveform switching from DFT-S-OFDM to CP-OFDM is flexible scheduling without the constraints of particular numbers of PRBs and contiguous RB allocation. It can be a middle-step toward multi-layer PUSCH transmission. Therefore, we consider the two directions of waveform switching in our simulation. We assume all UEs have a single antenna, and the legacy PHR of the current waveform is always available. We consider two PUSCH transmission occasions. With legacy PHR, gNB schedules the first PUSCH transmission according to reported UE PCMAX of the current waveform. The second PUSCH transmission is scheduled with another waveform. In Case 1, only the legacy PHR is available, and gNB schedules the PUSCH based on its estimated PCMAX of the target waveform, while in Case 2, the PHR of two waveforms are available, so that gNB can schedule PUSCH transmission based on UE actual PCMAX. 
For the switching from DFT-S-OFDM to CP-OFDM, the scheduler assumptions and UE’s actual PCMAX can be found in Table 1, and others are in Section 5. We assume UE’s actual PCMAX of DFT-S-OFDM is 23 dBm, and that of CP-OFDM is in a range from 21 to 23dBm. In Case 1, gNB may overestimate or underestimate PCMAX of CP-OFDM as 23 or 21 dBm.
Table 1, PUSCH scheduled power and actual PCMAX for waveform switching from DFT-S-OFDM to CP-OFDM
	 
	1st PUSCH transmission with DFT-S-OFDM, where UEs' Pcmax of DFT-S-OFDM is 23dBm
	2nd PUSCH transmission with CP-OFDM, where UEs' actual Pcmax of CP-OFDM is in the range of 21~23 dBm

	
	
	Case 1, with legacy PHR only
	Case 2, with PHR of two waveforms

	PUSCH scheduled power
	PUSCH scheduled with 23dBm
	PUSCH scheduled with 23dBm 
(0~2dB overestimation of Pcmax of target WF) 
	PUSCH scheduled with a power in the range of 21~23 dBm, equal to UE’s actual Pcmax of CP-OFDM

	
	
	PUSCH scheduled with 21dBm 
(0~2dB underestimation of Pcmax of target WF)
	


Figure 1 shows the 50-percentile and 5-percentile user throughput. It can be observed that proper scheduling with power headroom information of both waveforms outperforms a 0~2dB overestimation of PCMAX of target waveform by ~30% for 50 percentile UEs and ~19% for 5-percentile UEs. A 0~2dB underestimation of PCMAX of CP-OFDM can’t take full advantage of UE’s power potential. It has only ~3% performance loss compared with proper scheduling for 50-percentile UEs, which are not power-limited in the scenario studied. Nevertheless, underestimation strongly affects the data rate of 5-percentile UEs, which are power-limited, ~26% lower than that of proper scheduling.
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(a) 50-percentile UEs
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(b) 5-percentile UEs
Figure 1, UE throughput with waveform switching from DFT-S-OFDM to CP-OFDM
For the switching from CP-OFDM to DFT-S-OFDM, the simulation assumptions can be found in Table 2. We assume UE’s actual PCMAX of CP-OFDM is 21dBm, and that of DFT-S-OFDM is in the range of 22~23 dBm, based on MPR of ≤1dB for QPSK, outer RB allocation, and DFT-S-OFDM in 38.101. gNB may overestimate or underestimate PCMAX of DFT-S-OFDM as 23 or 22 dBm. 
Table 2, PUSCH scheduled power and actual PCMAX for waveform switching from CP-OFDM to DFT-S-OFDM
	 
	1st PUSCH transmission with CP-OFDM, where UEs' Pcmax of CP-OFDM is 21dBm
	2nd PUSCH transmission with DFT-S-OFDM, where UEs' actual Pcmax of DFT-S-OFDM is in the range of 22~23 dBm

	
	
	Case 1, with legacy PHR only
	Case 2, with PHR of two waveforms

	PUSCH scheduled power
	PUSCH scheduled with 21dBm
	PUSCH scheduled with 23dBm (0~1dB overestimation of Pcmax of target WF) 
	PUSCH scheduled with a power in the range of 22~23 dBm, equal to UE's actual Pcmax of DFT-S-OFDM

	
	
	PUSCH scheduled with 22dBm (0~1dB underestimation of Pcmax of target WF  )
	


The 5-percentile UE throughput of the second PUSCH with target waveform is shown in Figure 2. Proper scheduling outperforms that of a 0~1dB overestimation of PCMAX of target waveform by 7.3% for 5 percentile UEs and that of 0~1dB underestimation by 13%.
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Figure 2, 5%-tile UE throughput with target waveform of DFT-S-OFDM
Observation 1 [bookmark: _Toc142658233]For both directions of waveform switching, proper scheduling with power headroom information of both waveforms outperforms scheduling of a target waveform with legacy PHR only. 
· [bookmark: _Toc142658234]For 5-percentile UEs, 0~1dB and 0~2dB overestimation of PCMAX of target waveform respectively causes 7.3% and 19% lower throughput, in the comparison with proper scheduling. The same amount of underestimation causes 13% and 26% lower throughput. 
· [bookmark: _Toc142658235][bookmark: _Toc142569438][bookmark: _Toc142658236][bookmark: _Toc142569439][bookmark: _Toc142658237][bookmark: _Toc142569440][bookmark: _Toc142658238][bookmark: _Toc142569441][bookmark: _Toc142658239][bookmark: _Toc142569442][bookmark: _Toc142658240][bookmark: _Toc142569443][bookmark: _Toc142658241][bookmark: _Toc142569444][bookmark: _Toc142658242][bookmark: _Toc142569445][bookmark: _Toc142658243][bookmark: _Toc142569446][bookmark: _Toc142658244][bookmark: _Toc142569447][bookmark: _Toc142658245][bookmark: _Toc142569448][bookmark: _Toc142658246][bookmark: _Toc142569449][bookmark: _Toc142658247][bookmark: _Toc142569450][bookmark: _Toc142658248][bookmark: _Toc142569451][bookmark: _Toc142658249][bookmark: _Toc142569452][bookmark: _Toc142658250][bookmark: _Toc142569453][bookmark: _Toc142658251][bookmark: _Toc142569454][bookmark: _Toc142658252][bookmark: _Toc142569455][bookmark: _Toc142658253][bookmark: _Toc142569456][bookmark: _Toc142658254][bookmark: _Toc142569457][bookmark: _Toc142658255][bookmark: _Toc142569458][bookmark: _Toc142658256][bookmark: _Toc142569459][bookmark: _Toc142658257][bookmark: _Toc142569460][bookmark: _Toc142658258]For 50-percentile UEs, 0~2dB overestimation of PCMAX of target waveform causes 30% lower throughput. The same amount of underestimation causes 3% lower throughput.
Proposal 1 [bookmark: _Toc142658283]Support UE report of power headroom related information based on PCMAX,f,c of a target waveform 
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 2 [bookmark: _Toc134697838][bookmark: _Toc135039636][bookmark: _Toc134697839][bookmark: _Toc135039637][bookmark: _Toc134697840][bookmark: _Toc135039638][bookmark: _Toc134697860][bookmark: _Toc135039658][bookmark: _Toc142658284]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 UL CA on dynamic waveform switching
[bookmark: _Toc142569461]Applicability of dynamic waveform switching to UL CA was discussed in RAN1#113. One concern is about simultaneous PUSCH transmissions with different waveforms in intra-band UL carriers. On the one hand, the concern doesn’t exist, if the same waveform is indicated for both UL carriers of intra-band UL CA. On the other hand, configuration of different UL waveforms for intra-band UL CA carriers has been supported since NR Rel-15.
Observation 2 [bookmark: _Toc142658259]Configuration of different UL waveforms for intra-band UL CA carriers has been supported since NR Rel-15. 
Proposal 3 [bookmark: _Toc142569466][bookmark: _Toc142658272][bookmark: _Toc142658285][bookmark: _Toc142569470][bookmark: _Toc142658276][bookmark: _Toc142658289][bookmark: _Toc142569471][bookmark: _Toc142658277][bookmark: _Toc142658290][bookmark: _Toc142569472][bookmark: _Toc142658278][bookmark: _Toc142658291][bookmark: _Toc142658292][bookmark: _Hlk127353883]UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome. 
[bookmark: _Toc131766969]In legacy network, when a UE is configured with UL CA, a UE would reduce transmission power of a physical channel/signal in a carrier according to a priority order, so that total UE transmit power on serving cells in a frequency range would not exceed PCMAX. When a gNB identifies UL coverage issue for a UE in one of the two UL carriers, it indicates waveform switching from CP-OFDM to DFT-S-OFDM for PUSCH transmission in the UL carrier, expecting higher UE transmission power in the carrier. But it may fail, for instance if more power has been allocated to the simultaneous UL transmission in another UL carrier, which has higher priority. In an example illustrated in Table 3, PUSCH transmission power in CC2 after waveform switching becomes even lower due to the simultaneous UL transmission in CC1. It needs study how to prevent the problem.
Table 3, PUSCH transmission power when UL CA is configured
	 
	PUSCH transmission occasion 1
	PUSCH transmission occasion 2

	CC1
	NA
	100mW

	CC2 (UL coverage issue)
	126mW with CP-OFDM
	100mW with DFT-S-OFDM

	Total power of PCMAX
	21dBm, 126mW
	23dBm, 200mW



Proposal 4 [bookmark: _Toc142569474][bookmark: _Toc142658280][bookmark: _Toc142658293][bookmark: _Toc142658294]Study how to prevent the problem, where a gNB expects higher UE transmission power with waveform switching to DFT-S-OFDM in an UL carrier, which is prevented by UE allocating more power for the simultaneous UL transmission in another UL carrier.
2.4 Application of dynamic waveform switching to MCE
CR to 38.212 for Rel-18 MCE WI R1-2306313 was endorsed, where 1 bit DMRS sequence initialization is specified for DCI format 0_3 as follows. It implies that CP-OFDM is configured for all scheduled cells and imposes an unnecessary scheduling restriction. What’s more, it can’t work with dynamic waveform switching, where DFT-S-OFDM may be dynamically indicated for one or more of the scheduled cells.
DMRS sequence initialization – 1 bit. This field is applied to all the scheduled cells indicated by Scheduled cells indicator field or Frequency domain resource assignment field independently.   
Therefore, we suggest the following, with which the field only applies to cells which are semi-statically or dynamically configured with CP-OFDM.
DMRS sequence initialization – 1 bit. This field is applied to all the scheduled cells for which transform precoding is not enabled indicated by Scheduled cells indicator field or Frequency domain resource assignment field independently.
Observation 3 [bookmark: _Toc142658260]1-bit DMRS sequence initialization field in DCI 0_3 applying to all the scheduled cells prevents the use of dynamic waveform switching in one or more of the scheduled cells.
Proposal 5 [bookmark: _Toc142658295]1-bit DMRS sequence initialization field in DCI 0_3 is applied to all the scheduled cells for which transform precoding is not enabled indicated by Scheduled cells indicator field or Frequency domain resource assignment field independently.
Another issue is how to add the new dynamic waveform switching indicator field in DCI 0_3. An early agreement allows the feature to be configured separately for each BWP. Similarly, the feature can be configured separately for each of the scheduled cells. Then a fundamental issue is whether different waveforms can be dynamically indicated for the scheduled cells configured with dynamic waveform switching. If yes, the field would consist of separate waveform indications for the scheduled cells configured with dynamic waveform switching. Otherwise, a single common field would suffice.
	Agreement
Dynamic waveform switching is configured separately for each BWP, within PUSCH-Config.
FL proposal 2-1: 
Value “0” of dynamic waveform switching indicator field maps to transform precoding enabled.
Value “1” of dynamic waveform switching indicator field maps to transform precoding disabled.


Observation 4 [bookmark: _Toc142658261][bookmark: _Toc142658262][bookmark: _Toc142658263][bookmark: _Toc142658264][bookmark: _Toc142658265][bookmark: _Toc142658266][bookmark: _Toc142658267][bookmark: _Toc142658268][bookmark: _Toc142658269]Design of dynamic waveform switching indicator field in DCI 0_3 depends on whether different waveforms can be dynamically indicated for the scheduled cells configured with dynamic waveform switching. If yes, the field would consist of separate waveform indications for these scheduled cells. Otherwise, a single common field would suffice.
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 UL CA on dynamic waveform switching
· Application of dynamic waveform switching to MCE
In the previous sections we made the following observations: 
Observation 1	For both directions of waveform switching, proper scheduling with power headroom information of both waveforms outperforms scheduling of a target waveform with legacy PHR only.
-	For 5-percentile UEs, 0~1dB and 0~2dB overestimation of PCMAX of target waveform respectively causes 7.3% and 19% lower throughput, in the comparison with proper scheduling. The same amount of underestimation causes 13% and 26% lower throughput.
-	For 50-percentile UEs, 0~2dB overestimation of PCMAX of target waveform causes 30% lower throughput. The same amount of underestimation causes 3% lower throughput.
Observation 2	Configuration of different UL waveforms for intra-band UL CA carriers has been supported since NR Rel-15.
Observation 3	1-bit DMRS sequence initialization field in DCI 0_3 applying to all the scheduled cells prevents the use of dynamic waveform switching in one or more of the scheduled cells. 
Observation 4	Design of dynamic waveform switching indicator field in DCI 0_3 depends on whether different waveforms can be dynamically indicated for the scheduled cells configured with dynamic waveform switching. If yes, the field would consist of separate waveform indications for these scheduled cells. Otherwise, a single common field would suffice.
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	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 3	UL CA is assumed to be supported with dynamic waveform switching, unless some technical obstacles can’t be overcome.
Proposal 4	Study how to prevent the problem, where a gNB expects higher UE transmission power with waveform switching to DFT-S-OFDM in an UL carrier, which is prevented by UE allocating more power for the simultaneous UL transmission in another UL carrier.
Proposal 5	1-bit DMRS sequence initialization field in DCI 0_3 is applied to all the scheduled cells for which transform precoding is not enabled indicated by Scheduled cells indicator field or Frequency domain resource assignment field independently.

4. References
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5. Annex
	System-level simulation parameters

	Number of sites
	19

	UE distribution
	80% indoor and 20% outdoor

	Handover margin
	3 dB

	Carrier frequency
	3.5 GHz 

	Bandwidth
	100 MHz (273PRBs/sector), 3 sectors per cell

	Subcarrier spacing
	30 kHz

	Scenario
	UMa with 500m ISD

	gNB antenna configuration
	(, , , , , , ) = (8, 8 ,2, 1, 1, 4, 8) with (, ) = (0.5, 0.8)

	UE antenna configuration
	2 Tx: Two cross polarized antenna elements

	MIMO scheme
	Fixed rank 1

	gNB antenna height
	25 m 

	gNB noise figure
	5 dB

	UE antenna height
	According to 36.873

	UE transmit power
	According to configuration

	Number of UE
	10000

	Power control
	, SNR target=10 dB

	Modulation
	Up to 256 QAM

	Traffic model
	Bursty buffer
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