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1. Introduction
3GPP RAN1#122bis saw 43 contributions submitted to agenda item 11.3.1 6G waveforms. In addition one document was submitted to agenda item 11.3, but moved to 11.3.1 [4]. Altogether these 44  contributions totalled 433 pages, 226 observations and 233 proposals. The observations and proposals can be found in the attachment:


This document summarizes and organizes the proposals and acts as a platform to further facilitate the related discussion.
	
	Tdoc#
	Title
	Source

	[1]
	R1-2506752
	Waveform for 6G Radio Air Interface
	Nokia

	[2]
	R1-2506815
	Discussion on waveform for 6GR
	Spreadtrum, UNISOC

	[3]
	R1-2506899
	Discussion on Waveform for 6GR air interface
	vivo

	[4]
	R1-2506905
	Discussion on waveform for 6GR air interface
	THALES, University of Bologna, CTTC, DLR, ESA

	[5]
	R1-2506919
	Views on the waveform for 6G
	ZTE Corporation, Sanechips

	[6]
	R1-2506952
	Considerations for 6GR DL waveform 
	Kyocera

	[7]
	R1-2506990
	Discusson on 6GR Waveform
	Xiaomi

	[8]
	R1-2507015
	Discussion on the waveform design for 6G radio
	CMCC

	[9]
	R1-2507028
	Discussions on 6G Waveforms
	Lekha Wireless Solutions

	[10]
	R1-2507052
	Waveform design for 6GR air interface
	Tejas Network Limited

	[11]
	R1-2507059
	Waveform for 6GR air interface
	Huawei, HiSilicon

	[12]
	R1-2507118
	Discussions on waveform for 6GR
	CATT

	[13]
	R1-2507131
	On waveforms for 6GR
	Beijing University of Posts and Telecommunications (BUPT)

	[14]
	R1-2507177
	Discussion on waveform and multiple access for 6G Radio
	OPPO

	[15]
	R1-2507185
	Discussion on waveform for 6GR
	LG Electronics

	[16]
	R1-2507254
	Discussion on waveform for 6GR
	Samsung

	[17]
	R1-2507344
	Waveform for 6GR air interface
	InterDigital, Inc.

	[18]
	R1-2507368
	Waveform for 6GR Air Interface
	Cohere Technologies

	[19]
	R1-2507381
	Discussion on Uplink Waveform Enhancements in 6G
	KT Corp.

	[20]
	R1-2507412
	Discussion on 6G Waveform
	NEC

	[21]
	R1-2507418
	Discussion on waveform for 6GR air interface
	Panasonic

	[22]
	R1-2507468
	Discussion on waveform for 6GR air interface
	Ofinno

	[23]
	R1-2507482
	Discussion on 6GR Waveform 
	Lenovo

	[24]
	R1-2507507
	Discussion on 6GR waveform
	ETRI, University of Surrey

	[25]
	R1-2507513
	On 6G waveforms
	Ericsson

	[26]
	R1-2507521
	Waveform for 6GR Air Interface
	Google

	[27]
	R1-2507526
	New waveform for 6GR
	Shanghai Jiao Tong University, NERCDTV

	[28]
	R1-2507545
	Discussion on Waveforms of 6GR Air Interface
	Rakuten Mobile, Inc

	[29]
	R1-2507597
	Considerations for 6GR waveform
	Sony

	[30]
	R1-2507603
	Discussion on waveform for 6GR air interface
	Ruijie Networks Co. Ltd

	[31]
	R1-2507608
	Waveform for 6GR air interface
	MediaTek Inc.

	[32]
	R1-2507678
	Waveforms for 6GR air interface
	Apple

	[33]
	R1-2507722
	Waveforms for 6GR
	Qualcomm Incorporated

	[34]
	R1-2507747
	Requirements for 6GR Waveform Design
	AT&T

	[35]
	R1-2507767
	Discussion on waveform for 6G air interface
	Fainity Innovation

	[36]
	R1-2507771
	Study on waveform for 6GR
	Sharp

	[37]
	R1-2507816
	Discussion on Waveform
	NTT DOCOMO, INC.

	[38]
	R1-2507824
	New waveform for 6GR air interface
	NICT

	[39]
	R1-2507837
	Discussion on 6GR waveform design
	Hanbat National University

	[40]
	R1-2507886
	Considerations on waveform for 6GR air interface
	ITL

	[41]
	R1-2507896
	Discussion on Waveform for 6GR Air Interface
	Indian Institute of Tech (M)

	[42]
	R1-2507902
	Views on 6GR waveforms
	CEWiT

	[43]
	R1-2507942
	IIT Kanpur’s views on 6GR waveforms 
	IIT Kanpur

	[44]
	R1-2507951
	Waveform considerations for Uplink and Downlink
	Wisig, IITH



2. Proposals
Baseline waveform for DL for communication
	Nokia
	Proposal 1: CP-OFDM waveform as defined in 5G NR is supported for communications in 6G downlink.
· Enhancements/modifications on CP-OFDM will be studied as potential additions
· DFT-s-OFDM or any other OFDM-based waveform will be studied as a potential additional waveform for downlink

	InterDigital
	Proposal 1: CP-OFDM is the only downlink waveform for 6GR; do not support additional DL waveforms for 6GR 

	NTT DOCOMO
	Proposal 1: For 6GR study on waveform,
· Only OFDM-based waveform(s) should be considered (as described in the SID)
· Any new waveform(s), even for OFDM-based, should be justified by clear gain
· Unified design across scenarios/use cases is strongly preferred
· Following the above, RAN1 can carefully assess the need in 6GR to introduce waveform(s) beyond 5G NR, targeting, e.g., 
· Potential better coverage by better PAPR performance for uplink
· Spectrum efficiency improvement

	ITL
	Proposal 1: For baseline waveform candidates for 6GR
· CP-OFDM should be maintained as the baseline waveform for 6G downlink, ensuring backward compatibility, numerology continuity, and efficient support for MIMO/beamforming operations.
· Both CP-OFDM and DFT-s-OFDM should be retained as baseline waveforms for 6G uplink, with optional low-PAPR enhancements (e.g., FDSS, FDSS-SE, frequency-selective mapping) studied as means to improve coverage and energy efficiency, particularly for low-power devices.
· Fundamentally new waveform families should only be considered if they demonstrate clear and quantifiable performance advantages, while ensuring minimal disruption to NR compatibility and deployment feasibility.
Proposal 2: For 6GR waveform with consideration of MRSS Compatibility
· MRSS compatibility shall be a mandatory design principle for 6GR waveform development, ensuring seamless coexistence and migration with 5G.
· CP-OFDM be maintained as the common baseline waveform structure for downlink, and that uplink baseline waveforms (CP-OFDM/DFT-s-OFDM) remain fully aligned with NR grid design to support MRSS operation.
· Any optional enhancements (e.g., low-PAPR techniques) be evaluated under the condition that MRSS alignment is preserved, avoiding disruption to spectrum sharing or coexistence performance.
· Fundamentally new waveforms not aligned with MRSS shall only be considered if they demonstrate clear, quantifiable gains that justify the additional complexity and coexistence risks.

Proposal 3: For unified or multiple waveforms for 6GR
· OFDM-based waveforms be adopted as the unified baseline for 6GR, ensuring simplicity, continuity, and compatibility with NR.
· Multiple waveforms not be introduced as parallel baselines, as this would create fragmentation and increase implementation burden.
· Optional complementary waveforms may be studied for specialized scenarios (e.g., NTN, ISAC, sensing, low-power IoT), but only considered if they provide clear and quantifiable performance advantages over the baseline.



Moderator proposal(s)
Check if there is a need for strengthening the RAN1#122 agreement further
Moderator proposal: Completement the August RAN1#122 agreement with:
CP-OFDM waveform as defined in 5G NR is supported for communications in 6G downlink.

Baseline waveform for UL for communication
	Nokia
	Proposal 2: CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR are supported for communications in 6G uplink.
· Enhancements/modifications on CP-OFDM/DFT-s-OFDM will be studied as potential additions
· Other OFDM based waveforms are not precluded as potential additions.

	InterDigital
	Proposal 2: CP-OFDM and DFT-s-OFDM are the only waveforms for uplink. Study enhancements for PAPR reduction for DFT-s-OFDM.

	NEC
	Proposal 1: CP-OFDM and DFT-s-OFDM in NR are baseline as 6GR uplink waveform. 6GR could study to support dynamic waveform switching during initial access.

	NTT DOCOMO
	Proposal 1: For 6GR study on waveform,
· Only OFDM-based waveform(s) should be considered (as described in the SID)
· Any new waveform(s), even for OFDM-based, should be justified by clear gain
· Unified design across scenarios/use cases is strongly preferred
· Following the above, RAN1 can carefully assess the need in 6GR to introduce waveform(s) beyond 5G NR, targeting, e.g., 
· Potential better coverage by better PAPR performance for uplink
· Spectrum efficiency improvement

	ITL
	Proposal 1: For baseline waveform candidates for 6GR
· CP-OFDM should be maintained as the baseline waveform for 6G downlink, ensuring backward compatibility, numerology continuity, and efficient support for MIMO/beamforming operations.
· Both CP-OFDM and DFT-s-OFDM should be retained as baseline waveforms for 6G uplink, with optional low-PAPR enhancements (e.g., FDSS, FDSS-SE, frequency-selective mapping) studied as means to improve coverage and energy efficiency, particularly for low-power devices.
· Fundamentally new waveform families should only be considered if they demonstrate clear and quantifiable performance advantages, while ensuring minimal disruption to NR compatibility and deployment feasibility.
Proposal 2: For 6GR waveform with consideration of MRSS Compatibility
· MRSS compatibility shall be a mandatory design principle for 6GR waveform development, ensuring seamless coexistence and migration with 5G.
· CP-OFDM be maintained as the common baseline waveform structure for downlink, and that uplink baseline waveforms (CP-OFDM/DFT-s-OFDM) remain fully aligned with NR grid design to support MRSS operation.
· Any optional enhancements (e.g., low-PAPR techniques) be evaluated under the condition that MRSS alignment is preserved, avoiding disruption to spectrum sharing or coexistence performance.
· Fundamentally new waveforms not aligned with MRSS shall only be considered if they demonstrate clear, quantifiable gains that justify the additional complexity and coexistence risks.

Proposal 3: For unified or multiple waveforms for 6GR
· OFDM-based waveforms be adopted as the unified baseline for 6GR, ensuring simplicity, continuity, and compatibility with NR.
· Multiple waveforms not be introduced as parallel baselines, as this would create fragmentation and increase implementation burden.
· Optional complementary waveforms may be studied for specialized scenarios (e.g., NTN, ISAC, sensing, low-power IoT), but only considered if they provide clear and quantifiable performance advantages over the baseline.



Moderator proposal(s)
Check if there is a need for strengthening the RAN1#122 agreement further
Moderator proposal:
CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR are supported for communications in 6G uplink.
· Enhancements/modifications on CP-OFDM/DFT-s-OFDM will be studied as potential additions
· Other OFDM based waveforms are not precluded as potential additions.

DFT-s-OFDM for DL
	Spreadtrum, UNISOC
	Proposal 1：DL DFT-s-OFDM can be studied in 6GR for the following use cases and channel:
· Target use case: 6G IoT, NTN, ISAC
· Target channel：PDSCH

	Vivo
	Proposal 8:	Transparent solutions are the baseline of DL low-PAPR waveform for coverage/NW energy saving motivation.
Proposal 9:	Support to study DFT-s-OFDM waveform for DL wake-up signal for UE energy efficiency.

	Thales et al.
	Proposal 2: Identify the set of NTN scenarios/use cases for which is beneficial to use DFT-s-OFDM in DL.
Proposal 3: RAN1 to study the performance of DFT-s-OFDM in the downlink for non-terrestrial network (NTN)-based 6G radio access.

	Xiaomi
	Proposal 2: To support the coverage performance for NTN DL, low-PAPR waveform such as DFT-S-OFDM can be considered.
Proposal 3: To support the coverage performance for NTN DL, low-PAPR waveform can be applied to the following channels:
· PDCCH at least for CSS (except for type-3)
· PDSCH with Msg 4
· PDSCH with SIB1

	Lekha Wireless Solutions
	Proposal 1: DFT-s-OFDM has benefits in terms of PAPR and receiver performance. Due to the multi-carrier capabilities of CP-OFDM, it is more preferred in DL. However, there are use-cases like coverage-limited cells, small-cell BSs etc., where DFT-s-OFDM can help in power efficient transmission.

	Huawei
	Proposal 12: Study the DL DFT-s-OFDM (including enhancement) waveform for common channels for network energy saving and/or meeting coverage requirements.

	CATT
	Proposal 6: DFT-s-OFDM waveform for downlink is needed to increase the output power of the PA.
Proposal 7: DFT-s-OFDM waveform can be applied in NTN downlink with introducing little complexity on the UE side to achieve significant power efficiency improvement.
Proposal 8: For lager bandwidth transmission and enable scheduling flexibility, two segments DFT-S-OFDM can be studied.
Proposal 9: For improving spectrum efficiency, multiplexing between DMRS and DFT-S-OFDM PUSCH data on a symbol can be studied.

	Oppo
	Proposal 6: DFT-s-OFDM is not supported as additional DL baseline waveform for 6GR, due to limited performance gain, restriction on multiuser scheduling and extra complexity on UE side.
· DL DFT-s-OFDM for NTN can be further studied in NTN agenda.

	LGE
	Proposal 6: DFT-s-OFDM waveform is supported as the additional basis for 6GR in downlink.
· DFT transform precoding for DL is available at least for a single UE-dedicated PDSCH. 
· FFS: Whether or how the DFT transform precoding is applied to the common DL channels (e.g., PDSCH containing common signaling, SS/PBCH).
· FFS: Whether or how the DFT transform precoding is applied to multiple PDSCHs for multiple UEs.

	InterDigital
	Proposal 1: CP-OFDM is the only downlink waveform for 6GR; do not support additional DL waveforms for 6GR 

	NEC
	Proposal 6: Study the support of low PAPR waveforms like DFT-s-OFDM for 6G downlink transmissions.
Proposal 7: Study a simplified framework for DL waveform support, where a default waveform is used for initial access, and UE-specific configuration for DFT-s-OFDM is performed semi-statically via RRC signaling.
Proposal 8: Study the waveform design for PDCCH in deployments supporting DL DFT-s-OFDM, evaluating two approaches:
· The use of CP-OFDM for PDCCH to ensure implementation simplicity and compatibility.
· The feasibility of using DFT-s-OFDM for PDCCH to improve performance, including a detailed analysis of the required structural redesign, challenges in supporting multiple users, and the overall system impact.
Proposal 9: Study multi-user scheduling techniques for downlink DFT-s-OFDM, including group-based or sub-band DFT, to balance multi-user throughput with low-PAPR properties.

	Panasonic
	Proposal 9: DL DFT-s-OFDM for individual signal / channel (such as LP-WUS / LP-WUR signal) are not required to be concluded for now. The important point it whether to support DFT spreading to overall channel’s method.
Proposal 10: To support DFT spreading to overall DL channel’s method is excluded.

	Ofinno
	Proposal 6: Study DFT-s-OFDM as potential additional waveform for downlink in 6GR.  

	Lenovo
	Proposal 2: Study adopting DFT-s-OFDM for at least DL data channel (PDSCH) for low data rate MBB, IoT, NTN.
Proposal 3: For DFT-s-OFDM in DL, study adopting UE multiplexing using 
· TDM with per UE DFT
· FDM with per UE DFT 
· FDM with DFT grouping of multiple UEs 
Proposal 4: Evaluate the feasibility of DFT-s-OFDM in DL for NTN and IoT use cases, focusing on coverage enhancement, NES, and UE power saving.

	Ericsson
	Proposal 1	RAN1 to deprioritize the study of DFT-s-OFDM for downlink due to lack of any significant advantage compared to CP-OFDM even for the potential use cases such as NES, NTN and ISAC, as well as to keep the 6GR system design to a reasonable complexity.

	Google
	Proposal 1: Support DFT-s-OFDM waveform as the DL waveform with regard to the following aspects:
· To support the same coverage for FR1 and FR3
· To provide a good coverage for NTN
· Compared to other coverage enhancement techniques, e.g., to increase the number of antennas or to transmit the DL signals by multiple repetitions, using DFT-s-OFDM waveform does not require additional complexity for complicated CSI calculation, does not require large delay for beam measurement or multi-repetitions-based DL signal reception, and does not require large overhead for complicated CSI report and more DL-RSs for beam measurement.

	Ruijie Networks
	Proposal 2: Study of multi-layer DFT-s-OFDM waveform for 6GR downlink.

	Fainity
	Proposal #2: For TN-NTN integration and coverage considerations, it is suggested that the downlink waveform set should, at least, include DFT-s-OFDM for the corresponding scenarios.
Proposal #3: Regarding the study of DFT-s-OFDM enhancement, R1 is suggested to study multi-layer DFT-s-OFDM for DL transmission

	Hanbat National University
	Proposal 2: In addition to CP-OFDM, DFT-s-OFDM needs to be used as a potential additional waveform for the 6GR. 

	Indian Institute of Tech (M)
	Proposal 3: 3GPP should consider the use of DFT-s-OFDM in DL/UL at least for NTN and FR2 use-cases.

	CEWiT
	Proposal 1: Support usage of DFT-s-OFDM in DL. 

	IIT Kanpur
	Proposal 2: It is proposed to further study DFT-s-OFDM and consider it as a downlink waveform candidate for 6GR, with a focus on its potential benefits in improving energy efficiency and extending coverage.



Moderator proposal(s)
Identify the different DFT-s-OFDM use cases and solution candidates
Moderator proposal: Discuss the following alternatives
Target use cases for DFT-s-OFDM for DL:
· IoT
· NTN
· MBB (low data rates)
· FR2
· Network Energy Saving
· UE low power receiver (Wake-up signal)
· (ISAC)
Target channels
· Unicast PDSCH
· SIB1 PDSCH
· Msg4 PDSCH
· CSS PDCCH
· “Common channels”
· Wake-up signal
· Reference signals

Moderator proposal
· No need to discuss transmit processing of individual signals such as wake-up signals under the waveform agenda item

Other waveforms
	Vivo
	Proposal 6:	Support to study AI/ML-based waveform enhancements.

	ZTE
	[bookmark: _Hlk211207527]Proposal 6: DFT-s-OFDM with enhanced time domain resource multiplexing in symbol-level (i.e., eDFT-s-OFDM waveform) can be considered as a candidate waveform technology for 6G waveform design to at least improve the performance in high-speed scenario.
Proposal 7: GFB-OFDM should be considered in 6G waveform study as a scheme to support wideband transmission and flexible subband configuration.

	BUPT
	Proposal 1	Postpone the study of 6GR waveforms for high mobility enhancements for future releases.

	LGE
	Proposal 5: Study the benefits of Spread OFDM compared to CP-OFDM and DFT-s-OFDM.


	Cohere
	Proposal 1: Zak-OTFS and Zak-OTFS-over-OFDM are considered as 6G potential waveforms and are included in the 6G waveform study.

	ETRI, University of Surrey
	Proposal 1. RAN1 to consider AFDM as an additional waveform candidate for 6G radio.

	Shanghai Jiao Tong University, NERCDTV

	Proposal 1: RAN1 to study additional waveform candidate (e.g., AFDM) for 6G that stays structurally compatible with OFDM, enabling reuse of 5GNR/6GR ecosystem components, while targeting enhanced performance in sensing, high mobility, and NTN scenarios.
Proposal 2: RAN1 to investigate AFDM as a candidate waveform for 6G radio, with a specific focus on evaluating its robustness in high-mobility scenarios, high-efficiency sensing capabilities, low PAPR characteristics, and integration into an 6GR compatible system architecture.
Proposal 3: RAN1 to study and specify the design of AFDM parameters (e.g.,  and ), low-complexity receiver algorithms for communication, sensing, and PAPR reduction, and their integration into a 6G-compatible system architecture, to enhance robustness against doubly-selective channels while targeting superior performance in sensing, high-mobility, and NTN scenarios.
Proposal 4: RAN1 to investigate the implications of AFDM on MIMO channel estimation, receiver signal processing, etc., and to study low-complexity techniques to ensure the efficient integration of AFDM with existing multi-antenna systems.

	Apple
	Proposal 8: Consider DFT-s-OFDM GMSK as one of the candidate waveforms for low PAPR waveform in uplink. 

	Qualcomm
	Proposal 3: In 6GR study on waveforms, focus on enhancements to the DFT-S-OFDM family of waveforms.

	Sharp
	Proposal 1: RAN1 should study Interlace OFDM for 6GR.

	NICT
	Proposal 1: RAN1 to discuss waveforms that is to supress OOBE without affecting signal quality. 
Proposal 2: RAN1 to consider SP-DFT-s-OFDM as one of candidate UL waveforms for 6GR.
Proposal 3: RAN1 to consider SP-OFDM as one of candidate DL and UL waveforms for 6GR

	Hanbat National University
	Proposal 1: In addition to CP-OFDM and DFT-s-OFDM, RAN1 is encouraged to study additional OFDM-based waveform for diverse deployment scenarios requiring robustness against timing/frequency offsets and potential to reduce guard band requirements.

	Indian Institute of Tech (M)
	Proposal 4: Study the use of single carrier TDMA bursts in the current frame structure for NTN.

	CEWiT
	Proposal 2: Support for OFDM-OOK kind of waveforms for low end devices. 

	Wisig, IITH
	Proposal-1 (π/2-BPSK DFT-s-OFDM F0) replaces F0 with a cell-specific base sequence combined with a pi/2 BPSK orthogonal sequence set, enabling reliable multi-bit encoding over short resources while preserving near-saturation PA operation. 
Proposal-2 (π/2-BPSK DFT-s-OFDM F1) maintains the long-format structure (4–14 symbols, 2 or more bits) with TDM π/2-BPSK DM-RS, time-domain OCC for optional multi-UE multiplexing, and intra-slot frequency hopping for diversity. 
Proposal-3 (π/2-BPSK OTFDM single-symbol) time-multiplexes π/2-BPSK DM-RS and control within a single (or two) symbol(s) before DFT, enabling true one-shot UCI with optional OCC and strong spectrum shaping to minimize PAPR.



Moderator proposal(s)
List the candidate proposals for new waveforms reduction that can be considered for further studies:
· AFDM
· DFT-s-OFDM
· DFT-s-OFDM GMSK
· eDFT-s-OFDM (DFT-s-OFDM with enhanced time domain resource multiplexing in symbol-level)
· GFB-OFDM
· OFDM-OOK (for low end devices)
· OSDM
· Interlace OFDM
· Single carrier TDMA (for NTN)
· SP-DFT-s-OFDM (for UL)
· SP-OFDM (for DL and UL)
· Spread OFDM
· Zak-OTFS
· OTFDM

Low-PAPR for DFT-s-OFDM
	[bookmark: _Hlk206774055]Nokia
	Proposal 3: Net gain is used to evaluate coverage gain of waveform enhancements.
Proposal 4: RF-simulations are used to obtain Tx power gain for net gain evaluation.
Proposal 5: Frequency Domain Spectrum shaping (FDSS) and FDSS with spectrum extension (FDSS-SE) are supported in 6G Radio.
Proposal 6: Transparent filtering approach assumed for FDSS and FDSS-SE in 6G Radio.

	vivo
	Proposal 1:	Study waveform adjustments to achieve high UE power efficiency and UL coverage.
Proposal 2:	The net gain defined as the MPR gain minus the SNR loss required to maintain a target BLER of 0.1 should be evaluated to validate benefits of candidate solutions. 
Proposal 3:	Memoryless PA model defined in RAN4 can be used for MPR evaluation for 6GR.
Proposal 4:	Study the use of PAPR and DCM gains as an alternative to MPR gain in RAN1.
Proposal 5:	Support to study CFR-SE based low-PAPR waveform for 6GR UL.


	ZTE
	Proposal 1: To improve coverage, tone reservation should be considered in 6G waveform design as a low-complexity scheme to reduce PAPR along with the compatibility with both UL and DL waveforms.
Proposal 2: To improve coverage, Selected Mapping(SLM) should be considered in 6G waveform design as a low-complexity scheme to reduce PAPR along with the compatibility with both UL and DL waveforms.
Proposal 3: To improve coverage, FDSS can be considered in 6G waveform design.
· FDSS w/o SE is considered as the baseline. 
Proposal 4: To improve coverage, joint optimization of waveform and modulation can be considered in 6GR.


	CMCC
	Proposal 4. The study focuses on PAPR reduction for DFT-s-OFDM waveform.
Proposal 5. The proposed design of FDSS and tone reservation should clarify the difference and improvement comparing to the corresponding work already been done in NR.

	Lekha Wireless Solutions
	Proposal 3: UE transmit power is limited; hence uplink need waveforms with low PAPR for efficient PA usage, robust to mobility, CFO, and Doppler and need spectral efficiency and coexistence with other UL transmissions. Enhancements to current waveforms can be done using windowing and filtering techniques, CP length variations, SC-FDMA variants, and DFT-s-OFDM.
Proposal 4: Due to restricted power requirements in uplink, DFT-s-OFDM was chosen for LTE UL instead of plain OFDM because it already offers lower PAPR. Still, additional PAPR reduction techniques are desired. Some good PAPR reduction techniques include DFT precoding, sub-carrier mapping, tone reservation or injection, clipping and filtering, selective mapping, partial transmit sequence, and precoding-based techniques.

	Tejas Network
	Proposal 1: Study of DFT-s-OFDM enhancements for uplink is crucial for realizing the vision of 6GR, particularly to meet the low PAPR requirements essential for improved UL coverage.
Proposal 3: A thorough study on the integration of FDSS with DFT-s-OFDM is essential, as it directly addresses critical 6GR KPIs. Careful examination of design trade-offs such as spectral efficiency versus PAPR reduction will be necessary to optimize performance across diverse 6GR use cases.

	Huawei
	Proposal 8: Study how to utilize the signal property of frequency redundancy in the spectrum extension based schemes to enhance multi-user experience. For example, scheduled PRBs for multiple UEs are overlapped partially.
Proposal 9: Study I/Q-offset DFT-s-OFDM for lower PAPR DFT-s-OFDM enhancement.
Proposal 10: Study pruning QAM under DFT-s-OFDM (including enhancement) waveform for coverage enhancement.

	CATT
	Proposal 1: Lower PAPR schemes shall be studied due to following aspects in 6GR:
· Larger FFT size (e.g. from 4096 to 8192)
· Larger transmission channel bandwidth
· Increased downlink free space path loss in NTN due to large propagation distance.
Proposal 4: If FDSS-SE is adopted by 6GR, the scheme on spectrum efficiency improving shall be studied.
Proposal 5: It is proposed to study 32-QAM schemes for PAPR reduction for DFT-S-OFDM in 6GR.

	BUPT
	Proposal 3	Allow for non-transparent DMRS (Not necessarily the exactly same signal processing restriction between reference signal and data channel) against 5G NR at least for the evaluation purpose.

	Oppo
	Proposal 7: Postpone the study on UL PAPR reduction schemes to RAN1#124 meeting.
· Prioritize the implementation-based schemes without specification impacts.
· Study additional gain from schemes with specification impacts.


	Samsung
	Proposal 1: Study low PAPR uplink waveform based on DFT-s-OFDM for 6GR uplink coverage enhancement.
Proposal 2: Study frequency domain spectrum shaping (FDSS) on DFT-s-OFDM to reduce PAPR for 6GR uplink coverage enhancement.

	InterDigital
	Proposal 2: CP-OFDM and DFT-s-OFDM are the only waveforms for uplink. Study enhancements for PAPR reduction for DFT-s-OFDM.
Proposal 4: The following KPIs relevant for communication should be evaluated when studying PAPR reduction techniques or a new waveform: 
· Spectral efficiency (bps/Hz)
· BLER  
· Cubic metric
· PAPR

Proposal 6: Study FDSS with spectrum extension as potential candidate for uplink PAPR reduction for DFT-s-OFDM to support coverage enhancement for 6G

	KT Corp.
	Proposal 1: Study methods that improve spectral efficiency while preserving the benefits of low PAPR, with careful evaluation of trade-offs, complexity, and signaling impact.

	NEC
	Proposal 3: Study the use of Frequency Domain Spectrum Shaping (FDSS) for DFT-s-OFDM in the 6GR uplink to enhance coverage and power efficiency.
Proposal 4: The evaluation of FDSS enhancements must incorporate realistic PA models and be validated against RF conformance requirements, including ACLR and EVM.
Proposal 5: Study a non-transparent FDSS operation for 6GR, including the signaling of the applied shaping filter, to enable advanced receiver equalization and unlock greater performance benefits.

	Panasonic
	Proposal 6: At least the following evaluation criteria should be considered in the waveform evaluation.
· MRSS compatibility
· Complexity
· Flexible time and frequency domain resource allocation
· Specification impact
· MIMO capability
· Spectral efficiency
· Coverage
· Net gain
· MPR / PAPR
· BLER
Proposal 7: For MPR / PAPR analysis, how relationship with ACLR, SEM, EVM, spurious emissions, and occupied bandwidth progress will require discussion in RAN1 as PAPR only does not determine the amount of UE Tx power.
Proposal 8: RAN1 should assess the need to introduce MPR / PAPR reduction techniques targeting coverage enhancement for UL.

	Ofinno
	Proposal 1: Consider frequency domain spectrum shaping (FDSS) as a candidate scheme for PAPR reduction for DFT-s-OFDM. 
Proposal 2: Consider FDSS with spectrum extension (FDSS-SE) as a candidate scheme for PAPR reduction for DFT-s-OFDM with at least /2-BPSK and QPSK.

	Lenovo
	Proposal 5: Study and evaluate CP-OFDM waveform enhancement techniques including PAPR/CM reduction techniques such as Selected Mapping (SLM) and Tone Reservation (TR) for coverage enhancement and energy efficiency improvement, and compare to implementation-based techniques in terms of complexity, signal distortion, and spectral efficiency.
Proposal 6: Study enhancing DFT-s-OFDM waveform by incorporating PAPR/CM reduction techniques such as FDSS, DFT precoder extension, etc.
Proposal 7: The study and evaluation of waveform enhancements should focus on CM characteristic of the waveform

	Ericsson
	Proposal 2	To evaluate different coverage enhancement techniques via PAPR reduction for 6GR, RAN1 to consider MPR-based and system-level simulations.

	Sony
	Proposal 2: RAN1 should study PAPR reduction for DFT-s-OFDM when used with higher order modulation.

	MediaTek
	Proposal 1: Support O-QPSK and O-QAM modulated DFT-s-OFDM for coverage enhancement.
Proposal 2: For π/2-BPSK modulated DFT-s-OFDM, support subcarrier truncation for spectral efficiency enhancement.

	Apple
	Proposal 1: The following table details the motivations of Low PAPR waveforms for 6G
· Motivation/Information			Details
· Targeted link direction				UL
· Motivation						Uplink Coverage Enhancement, Energy Efficiency, Mitigation of PA non-linearity
· MRSS compatibility				Yes
· Target channels/signals				PUSCH
· MIMO (SU and MU-MIMO) compatibility	N/A
· Target modulations					pi/2-BPSK, QPSK
· Multi-user multiplexing/scheduling flexibility	same as baseline DFT-S-OFDM
· Multiplexing/coexistence with baseline waveforms	Yes
· Impact on synchronization and initial access			N/A
· Expected specification impact		RAN1 Specification, RAN4 Requirements
· Receiver Complexity				Transparent, Non-transparent
· Impact to power consumption		Improved PA efficiency
Proposal 6: Study UL DFT-S-OFDM with support for FDSS, FDSS-SE and GMSK approximation filters. 
Proposal 7: Study both transparent and non-transparent receivers
Proposal 9: Support specification non-transparent filtering for PAPR reduction in UL DFT-S-OFDM

	Qualcomm
	Proposal 4: For 6GR, study the family of low PAPR waveforms obtained using DFT-S-OFDM with Pi/2 BPSK and truncated mapping.
Proposal 7: For 6GR waveform study, for DFT-S-OFDM waveforms, decouple the size of allocation from the DFT size. Define any DFT size that is a product of powers of 2, 3 and 5 as a valid DFT size. 
Proposal 8: For 6GR waveform study, when considering DFT-S-OFDM waveforms, consider flexible frequency-domain mapping of the DFT output to the spectrum allocation, e.g., frequency-domain multiplexing of DMRS and data, non-contiguous mapping, etc.
Proposal 9: For 6GR waveform study, consider multi-tx enhancements for DFT-S-OFDM where different transmit ports transmit over different frequency domain allocations.
Proposal 10: For 6GR waveform study, consider feasibility to enhance spectrum utilization for small channel bandwidths using spectrum confinement techniques (e.g. WOLA) of reasonable complexity.

	Fainity
	Proposal #4: R1 is suggested to study how to enhance DFT-s-OFDM for achieving higher energy efficiency and lower PAPR.
Proposal #6: R1 is suggested to study an enhanced DFT-s-OFDM be additionally needed or the enhanced DFT-s-OFDM can replace DFT-s-OFDM for the UL waveform set.

	Indian Institute of Tech (M)
	Proposal 1: 3GPP should study the option of enabling mechanisms for PAPR reduction techniques both in CP-OFDM and DFT-s-OFDM
Proposal 2: PAPR reduction techniques such as FDSS, FDSS-SE, CFR and CFR-SE along with their specification impacts should be studied. 



Moderator proposal(s)
List the candidate proposals for DFT-s-OFDM PAPR reduction that can be considered for further studies:
Moderator proposal: The following DFT-s-OFDM PAPR reduction techniques can be considered for further studies:
· [bookmark: _Hlk211355835]Crest Factor Reduction (CFR) with spectrum extension
· DFT precoder extension
· Flexible frequency-domain mapping of the DFT output to the spectrum allocation, 
· frequency-domain multiplexing of DMRS and data, 
· non-contiguous mapping.
· Decoupling frequency allocation from the DFT size
· Flexible time-domain resource mapping of the DFT
· Frequency domain spectrum shaping (FDSS)
· FDSS with spectrum extension
· Symmetric spectrum extension
· Cyclic spectrum extension
· GMSK approximation
· I/Q-offset DFT-s-OFDM
· Interpolation-based π/2-BPSK and QAM DFT-s-OFDM
· O-QPSK and O-QAM modulated DFT-s-OFDM
· Pruning QAM (e.g. 32QAM) modulated DFT-s-OFDM
· Selected mapping (SLM)
· Tone Reservation (TR)
· Subcarrier truncation for π/2-BPSK modulated DFT-s-OFDM
· Multi-Tx enhancements: different transmit ports transmit over different frequency domain allocations.

Low-PAPR for CP-OFDM 
	ZTE
	Proposal 1: To improve coverage, tone reservation should be considered in 6G waveform design as a low-complexity scheme to reduce PAPR along with the compatibility with both UL and DL waveforms.
Proposal 2: To improve coverage, Selected Mapping (SLM) should be considered in 6G waveform design as a low-complexity scheme to reduce PAPR along with the compatibility with both UL and DL waveforms.


	Lekha Wireless Solutions
	Proposal 2: Plain OFDM works well in DL but has some limitations such as high PAPR, sensitivity to phase noise and Doppler, out-of-band emissions, and limited flexibility to mixed numerologies. Hence, enhancements and alternative OFDM-based schemes need to be explored including windowing and filtering, sub-band filtering, cyclic prefix-based enhancements, precoding and MIMO enhancements, and DFT-s-OFDM.

	CMCC
	Proposal 4. The study focuses on PAPR reduction for DFT-s-OFDM waveform.

	Tejas Network
	Proposal 2: A study on enhancing DFT-s-OFDM for downlink in NTN use case would be highly valuable, particularly when power efficiency and coverage are the primary priorities.

	CATT
	Proposal 1: Lower PAPR schemes shall be studied due to following aspects in 6GR:
· Larger FFT size (e.g. from 4096 to 8192)
· Larger transmission channel bandwidth
· Increased downlink free space path loss in NTN due to large propagation distance.
Proposal 2: If Selective Mapping (SLM) is adopted for CP-OFDM waveform in 6GR, scheme on reducing the overhead of side information shall be studied.
Proposal 3: It is proposed to study Tone Reservation (TR) for CP-OFDM waveform in 6GR.

	Lenovo
	Proposal 5: Study and evaluate CP-OFDM waveform enhancement techniques including PAPR/CM reduction techniques such as Selected Mapping (SLM) and Tone Reservation (TR) for coverage enhancement and energy efficiency improvement, and compare to implementation-based techniques in terms of complexity, signal distortion, and spectral efficiency.

	Sony
	Proposal 1: RAN1 should study PAPR reduction for CP-OFDM that can be applied to the NTN DL.



Moderator proposal(s)
List the candidate proposals for CP-OFDM PAPR reduction that can be considered for further studies:
Moderator proposal: The following CP-OFDM PAPR reduction techniques can be considered for further studies:
· Tone Reservation (TR)
· Selected Mapping (SLM)
UE power class, power boosting and PA model
	Nokia
	Proposal 7: High power class should be the baseline for 6G due to significant enhancement in coverage.
Proposal 8: Power boosting features such as the ones specified in NR should be part of the baseline for 6G.

	Huawei
	Proposal 2: For RAN1 waveform evaluations, the NR PA model recommended in R4-164542 for below 6GHz is reused at least until any new PA model is updated by RAN4.
Proposal 3: Send LS to RAN4 to ask about any updates to PA models, RF requirements and RB allocations for MPR evaluations. 

	Ofinno
	Proposal 3: Study the possibility of introducing high power UE (e.g., 26 dBm) as mandatory feature in 6GR from Day 1. 
Proposal 5: Study the possibility of reduced UE MPR. 

	Apple
	Proposal 5: Send a Liaison Statement (LS) to RAN4 to consider the appropriate high-power PA model and the associated RF requirements for a power boost feature in 6G.

	Hanbat National University
	Proposal 4: RAN1 to request RAN4 input on power class and MPR-related parameters.



[bookmark: _Hlk211261817]Moderator proposal(s)
The WID states that RAN1 is to coordinate with RAN4 early to be able to provide interim assessment on e.g. waveform evaluation by June 2026. In accordance to this, a number of companies note that a UE PA model and other RAN4 aspects should be requested from RAN4.
Moderator proposal for Monday online: 
· Send an LS to RAN4 for appropriate PA model(s) (for both UE and network side models) and other relevant RF parameters to use in waveform evaluations.



DFT-s-OFDM with Rank > 1 for UL
	Nokia
	Proposal 10: Low PAPR waveform study, if any, for multi-layers UL transmission in 6G needs to consider at least fully coherent and partially coherent UEs.
Proposal 11: For study of UL multi-layer MIMO enhancement with low PAPR DFT-s-OFDM waveform, the power-limited UEs and power non-limited UEs should be considered, and the net gain should be evaluated as follows: 
                                                   Power limited UE                                                Power non-limited UEs
MIMO Net gain [dB]          Tx power difference [dB] – Rx SINR                  Rx SINR difference for 10% BLER [dB]
                                                   difference for 10% BLER [dB]
Proposal 12: Limit UL DFT-s-OFDM to Rank=1 in 6G.

	Vivo
	Proposal 7:	Support rank 2 for DFT-s-OFDM waveform		

	ZTE
	Proposal 5: DFT-s-OFDM with rank 2 for uplink transmission can be considered in 6G waveform study.


	CMCC
	Proposal 6. The target use cases are recommended to be clarified and divided between multi-layer CP-OFDM and multi-layer DFT-s-OFDM before detailed technical study on multi-layer DFT-s-OFDM.

	Huawei
	Proposal 11: At least 2-layers uplink DFT-s-OFDM (including enhancement) waveform with observed coverage gains should be further studied in 6GR MIMO session, e.g., codebook design.

	LGE
	Proposal 2: Study the supported rank of each waveform (i.e., DFT-s-OFDM and CP-OFDM) for 6GR in uplink.
· [bookmark: _Hlk211208318]Option 1: DFT-s-OFDM is used for lower ranks (e.g., up to N, where N < 3), while CP-OFDM is used for both lower and higher ranks.
· Option 2: DFT-s-OFDM is used for lower ranks, and CP-OFDM is used for higher ranks only.
· Option 3: Both DFT-s-OFDM and CP-OFDM are used across lower and higher ranks.

	Samsung
	Proposal 3: To assess whether multi-rank DFT-s-OFDM can offer significant spectral efficiency gain, focus the study on rank-2 (two-layer uplink transmission on PUSCH)
Proposal 4: To assess whether rank-2 DFT-s-OFDM can offer significant uplink spectral efficiency gain, further investigate its performance in deployment scenarios with primarily line-of -sight channels

	Ericsson
	Proposal 3	Support multi-layer DFT-s-OFDM with at least rank 2 for uplink transmissions in 6GR.

	Google
	Proposal 2: Support the DFT-s-OFDM waveform for multiple layers for UL transmission.

	Sony
	Proposal 3: RAN1 should study multi-layer transmission with DFT-s-OFDM.	

	Ruijie Networks
	Proposal 1: Study of multi-layer DFT-s-OFDM waveform for 6GR uplink.

	Qualcomm
	Proposal 5: For 6G Radio, support multi-layer DFT-S-OFDM transmissions in uplink. 
Proposal 6: Study feasibility of using non-identity precoders for multi-layer DFT-S-OFDM transmissions with focus on the PAPR-precoding gain trade-off of using such precoders.  



Moderator proposal(s)
Moved to section 4
Waveform switching
	Nokia
	Proposal 9: Dynamic waveform switching is introduced to 6G in the first release.

	LGE
	Proposal 3: Discuss how the UE should be instructed to use a particular waveform for 6GR in uplink.
· Option 1: Waveform selection based on transmission rank.
· Option 2: Explicit waveform indication via cell-specific configuration, channel-specific, or BWP-specific configuration, including dynamic switching.
Option 3: Waveform selection based on frequency band or usage scenario.

	Xiaomi
	Proposal 4: The UL coverage enhancement mechanism in Rel-18 including power domain solution and waveform switch related solution can be taken as a starting point for UL coverage performance guarantee for both TN and NTN.


	InterDigital
	Proposal 3: Support dynamic waveform switching for the uplink for 6GR

	NEC
	Proposal 1: CP-OFDM and DFT-s-OFDM in NR are baseline as 6GR uplink waveform. 6GR could study to support dynamic waveform switching during initial access.

	Google
	Proposal 3: Postpone the dynamic waveform switching related discussion until most of the details for each waveform are finalized.

	Fainity
	Proposal #5: R1 is suggested to study simplified and smooth UL waveform switching mechanisms.

	Indian Institute of Tech (M)
	Proposal 5: 3GPP should support multiplexing of waveforms as required.

	CEWiT
	Proposal 3: Support for waveform selection for different time/frequency/physical channels/physical signals.

	IIT Kanpur
	Proposal 1: An efficient waveform multiplexing mechanism needs to be studied for 6GR. 



Moderator proposal - deprioritize
Postpone the discussion on waveform switching/selection until the waveform decisions have stabilized.
Sensing
	ZTE
	Proposal 8: Study pulse RS design using OFDM-based waveform for large sensing coverage. 
· The pulse is applicable for both monostatic and bistatic sensing.
· Study the application for communication, e.g., RSRP measurement, time/frequency tracking.

	Huawei
	Proposal 6: ISAC waveform design should consider AF (including Main lobe width, PSLR, ISLR), PAPR as sensing performance evaluation metrics. 
Proposal 7: Take Table 5 as the start point for ISAC waveform evaluation.
Proposal 13: Shared communication and sensing waveforms should be studied given the low resources overhead for the support of sensing and communication co-existence, where both communication and sensing requirements for the waveform design should be considered.
Proposal 14: The shared communication and sensing waveform study should be together with the waveform study for communication only, considering the mutual effect to each other.
Proposal 15: Study CP-OFDM enhancement such as pruning QAM by considering both communication spectral efficiency and sensing performance.
Proposal 16: Study frequency modulus ripple reduction techniques for DFT-s-OFDM (including enhancement) waveforms for sensing performance improvement.

	CATT
	Proposal 10: For supporting sensing, OFDM-based wave can be supported for both pulse wave (PW) and Continuous wave (CW):
· OFDM-based PW with larger SCS (i.e. 960 kHz or 1920 kHz) than communication
· OFDM-based CW with same SCS as communication
Proposal 11: For enhance the sensing, the new waveform different to OFDM can be studied, such as LFM (Linear Frequency Modulation), AFDM (Affine Frequency Division Multiplexing) and OCDM (Orthogonal Chirp Division Multiplexing).

	LGE
	Proposal 7: A new waveform such as FMCW is studied for sensing as well as OFDM.

	Oppo
	Proposal 2: Study waveforms to fulfil the requirement of 6G Sensing and 6G NTN (Ubiquitous Connectivity). 
· Strive for reusing the 6GR baseline waveform for 6G Sensing and 6G NTN. 
· An additional waveform can be considered if significant gain over the baseline waveform can be justified for a specific vertical scenario, but only supported by the vertical BS/UE. 

	InterDigital
	Proposal 5: Waveform for sensing is not covered in Agenda Item 11.3.1 and shall be studied separately in Agenda Item 11.14

	Ofinno
	Proposal 4: Support dynamic switching between DFT-s-OFDM and CP-OFDM from Day 1. 

	MediaTek
	Proposal 3: The 6GR communication waveform design can be a baseline for sensing, and any enhancement or sensing specific waveform design, if needed, will be discussed in sensing specific agenda, i.e., AI 11.14.

	Qualcomm
	Proposal 1: For 6G Radio waveform study, limit initial focus to waveform design for communication use cases. Waveforms and specific waveform enhancements for other use cases such as sensing to be discussed separately.

	Fainity
	Proposal #1: R1 is suggested to first focus on the communication waveform in the early stage of 6GR waveform discussions.

	Hanbat National University
	Proposal 5: RAN1 to study essential extensions of CP-OFDM/DFT-s-OFDM (e.g., windowing techniques, dedicated sensing reference signals, PAPR reduction methods) to achieve target sensing performance.

	IIT Kanpur
	Proposal 3: To support Integrated sensing and communication (ISAC) in 6G, it is proposed to study the use of OFDM–LFM as a joint waveform for sensing and high-throughput communication.



Moderator proposal - deprioritize
As the sensing agenda item 11.14 will come online on RAN1#124bis in April 2026, postpone proposals specific to sensing until then.


Requirements for 6G waveform
	Tejas Networks
	Proposal 4: A systematic study of waveform selection based on device type is essential to meet the diverse requirements of 6GR. Careful evaluation and mapping by requirements (power budget, mobility, bandwidth, MIMO) with device types to suitable waveforms will be key to achieving 6GR KPIs including spectral efficiency, coverage extension, power efficiency, and integrated sensing capabilities.

	BUPT
	Proposal 2	Strive for PAPR performance of potential additions of 6GR waveforms agnostic of modulation constellations with given modulation level.
Proposal 4	The PAPR performance of reference signal should be no worse than the associated data channel.
Proposal 7	The PAPR gain of additions of 6GR waveforms should be decent.
Proposal 8	The PAPR performance of reference signal should be no worse than the associated data channel.
Proposal 9	The spectrum efficiency loss (if occurred) of potential additions of 6GR waveforms for all MCS levels should be imperceptible (e.g. less than 0.1dB) regardless of the exact value of PAPR gain.
Proposal 10	Continue to optimize and evaluate spectrum efficiency and PAPR performance tradeoff of potential additions of 6GR waveforms with the Generic DFT-S-OFDM framework as starting point.

	Oppo
	Proposal 1: A unified 6GR baseline waveform is studied to fulfil the requirements of eMBB and 6G IoT. 
· The baseline waveform is used for 6G HRLLC.
Proposal 3: For studying the additional waveform for 6GR, evaluate waveform proposals using agreed 6GR waveform (i.e., CP-OFDM for DL and CP-OFDM/DFT-s-OFDM for UL) as the benchmark, with the consideration of following:
· Spectrum efficiency.
· Coverage.
· NW and UE side complexity.
· Compatibility and neutrality for proposals in other areas, i.e., no restriction to or bundling with specific proposals for 6G MIMO, modulation, channel coding, AI/ML enhancements, etc.
· Support flexible frequency-domain (e.g., RB-level) and time-domain (e.g., symbol-level) resource allocation.
· Support of efficient 5G/6G spectrum sharing.
Proposal 4: For studying the 6GR baseline waveform, support up to 2 waveforms in DL and up to 2 waveforms in UL, e.g., one optimized for spectrum efficiency, one optimized for coverage.
· At least 1 waveform in DL and 1 waveform in UL are mandatorily supported for all device types, e.g., CP-OFDM in DL and DFT-s-OFDM in UL.
· The 2nd waveform can be considered for 6G eMBB s which shares the processing units with the 1st waveform as much as possible.
Proposal 5: Only one DL waveform is supported for 6GR initial access procedure.
Proposal 8: Study multiple access (MA), targeting a single MA scheme for each waveform, to fulfil the requirement of all 6G usage scenarios using this waveform. 
Proposal 9: Orthogonal multiple access (OMA) is the baseline for 6GR. Evaluate OMA proposals using 5G NR as the benchmark, with the consideration of following:
· Spectrum efficiency.
· Coverage.
· NW and UE side complexity.
· Compatibility and neutrality for proposals in other areas, i.e., no restriction to or bundling with specific proposals for 6G MIMO, modulation, channel coding, AI/ML enhancements, etc.
· Support flexible frequency-domain (e.g., RB-level) and time-domain (e.g., symbol-level) resource allocation.
· Support of efficient 5G/6G spectrum sharing.


	LGE
	Proposal 1: Following principles form the foundation for the waveform study in 6GR and guide the evaluation of both continuity with 5G NR and the exploration of new waveform candidates.
· To ensure smooth evolution and coexistence with legacy networks, waveform design must maintain compatibility with 5G NR wherever possible. 
· Minimize complexity and support diverse 6G services such as TN/NTN integration and massive IoT.
· Future enhancements or new signal/channel structures should avoid significant increases in implementation complexity to ensure broad feasibility and scalability.
Proposal 4: Discuss whether reference signal design should consider commonality across CP-OFDM and DFT-s-OFDM in both uplink and downlink.


	NEC
	Proposal 2: 6GR strives for a unified waveform baseband generation and upconversion for all channels and signals including PRACH.

	Panasonic
	Proposal 1: 6GR should allow certain time / frequency resources can be different waveform for forward compatibility perspective and to support MRSS.
Proposal 2: For 6GR waveform design, time/frequency grid should be allowed to be aligned and orthogonal with NR boundary.
Proposal 3: OFDM-based waveform should be supported for 6GR.
· The definition of “OFDM-based” is to have subcarrier mapping and IFFT to generate time-domain signal.
Proposal 4: Striving for OFDM-based waveforms across all the identified use cases can be sufficient at least for 6G Day 1.
Proposal 5: Any enhancements to CP-OFDM or DFT-s-OFDM and/or any newly introduced waveform must demonstrate clear and justified advantages over 5G waveform.

	Ofinno
	Proposal 7: Study use cases which may require larger SCS and/or extended CP in conjunction with the waveforms for communication in 6GR.

	Lenovo
	Proposal 1: Study waveform enhancement techniques targeting 6GR coverage enhancement, energy efficiency improvement and support of sensing while maintaining compatibility with current waveforms’ structures, complexity constraints, and support of MRSS.

	Rakuten
	Proposal 1: In consideration of NR waveform extension and alternative candidates, RAN1 focuses on the following scenarios and channel conditions:
· High-Mobility DL Scenarios
· including assessment on the resilience to Doppler shifts and inter-carrier interference
· Fragmented Spectrum and Sparse Access
· including assessment on the adaptability for spectrum allocation in non-contiguous or opportunistic bands.
· Low-SNR and Edge-of-Cell Conditions
· including investigation on the performance in coverage-limited areas accounting for robustness and power efficiency.
· JSAC and Multi-Service Integration
· including exploration of structures supporting simultaneous sensing and communication.
Proposal 2: In consideration of NR waveform extension and alternative candidates, RAN1 studies the following aspects for the impacts on spectrum sharing and compatibility with NR:
· Waveform Coexistence and Guard Band Design
· including analysis on the coexistence of CP-OFDM and candidate waveforms within the same band. 
· Numerology and Timing Alignment
· including investigate timing and subcarrier spacing alignment across waveforms. 
· Control and Data Channel Multiplexing
· including assessment on control channel decoding, synchronization signal design, and cross-carrier scheduling impacted by waveform diversity.
Proposal 3: In consideration of NR waveform extension and alternative candidates, RAN1 studies the following aspect for the impacts on complexity and power consumption from the Physical Layer perspective:
· Power Amplifier Efficiency and PAPR Impacts
· including analysis of PA linearity and energy drain.
· Baseband Processing Load
· including assessment of computational complexity of channel estimation, equalization, and demodulation for candidate waveforms. 
· RF Front-End Duty Cycles
· including analysis of RF activity patterns.
· Note: RAN4 may be involved in
· Thermal and Energy Budget Constraints
· including analysis of power impacted of waveform processing under typical traffic loads.

	Sony
	Proposal 4: RAN1 should study multiplexing of CP-OFDM for reference signals with DFT-s-OFDM for physical channels on the same component carrier.

	Qualcomm
	Proposal 2: Design considerations for 6G waveform study for communication purposes to include: 
· new spectrum bands and associated requirements, e.g large BW
· needs for new deployment scenarios, e.g. suburban macro, FWA, etc.
· duplex operation, e.g., subband full duplex
· enhancing coverage, e.g. design of low PAPR waveforms
· Support for high power transmissions in uplink, e.g., higher power classes, MPR optimizations
· integration with use cases such as sensing and positioning
· Co-channel and adjacent channel requirements
· Support for spatial multiplexing, beamforming, multiple access
· Transceiver complexity associated with synthesis and reception; processing latency
· Energy/power efficiency
· Considerations on backward compatibility and coexistence with 5G
· Scheduling flexibility and agility

	AT&T
	Proposal 1: Proponent companies to provide details of enhancements/modifications on CP-OFDM/DFT-s-OFDM compared with CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR (for 6GR uplink)
Proposal 2: Proponent companies to provide details of enhancements/modifications on CP-OFDM compared with CP-OFDM waveform as defined in 5G NR (for 6GR downlink)
Proposal 3: Proponent companies to provide justification for the enhancements/modifications on CP-OFDM/DFT-s-OFDM, and how to satisfy 6G requirements and characteristics with acceptable performance/complexity trade-off, compared with CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR (for 6GR uplink)
Proposal 4: Proponent companies to provide justification for the enhancements/modifications on CP-OFDM, and how to satisfy 6G requirements and characteristics with acceptable performance/complexity trade-off, compared with CP-OFDM waveform as defined in 5G NR (for 6GR downlink)

	Fainity
	Proposal #1: R1 is suggested to first focus on the communication waveform in the early stage of 6GR waveform discussions.

	Sharp
	Proposal 2: To avoid excessive configurations, excessive UE capabilities and UE capabilities reporting, 6G waveforms should be applied to diverse use cases/device types.

	NTT DOCOMO
	Proposal 1: For 6GR study on waveform,
· Only OFDM-based waveform(s) should be considered (as described in the SID)
· Any new waveform(s), even for OFDM-based, should be justified by clear gain
· Unified design across scenarios/use cases is strongly preferred
· Following the above, RAN1 can carefully assess the need in 6GR to introduce waveform(s) beyond 5G NR, targeting, e.g., 
· Potential better coverage by better PAPR performance for uplink
· Spectrum efficiency improvement



Evaluation methodology
	Thales et al
	Proposal 1: RAN1 to investigate the performance of candidate waveforms under varying carrier frequency and time offsets inherent to satellite links, specifically considering scenarios with significant uncertainty in the UE’s position. This study will focus on conditions relevant to GNSS-free physical layer operation, aiming to identify robust waveform solutions suitable for environments with no GNSS availability.

	ZTE
	Proposal 9: The following aspects are recommended to be considered for the 6G waveform evaluation:
· Performance metrics: PAPR, BLER,OOBE, Net gain.
· PA modelling with more realistic assumption.

	Xiaomi
	Proposal 1: The following net gain evaluation metric is used for 6GR OFDM based waveform determination and RAN1 shall liaise with RAN4, if necessary, on RF dependent net gain assessment to identify the 6GR waveform that is coverage beneficial.
Net Gain = ΔSNR+ ΔPAPR

	CMCC
	Proposal 1. For the evaluation of PAPR reduction for OFDM waveform, cubic metric can be used.
Proposal 2. For the evaluation of link performance for each candidate OFDM waveform, the gain should be evaluated at the target data rate for cell-edge UE.
Proposal 3. The characteristics of the out-of-band emission need to be evaluated for each candidate OFDM waveform, while the detailed metric(s) should be determined by RAN4.

	Huawei
	Proposal 1: Take Table 1 and 2 as the start point for low PAPR waveform enhancement evaluations.
Proposal 2: For RAN1 waveform evaluations, the NR PA model recommended in R4-164542 for below 6GHz is reused at least until any new PA model is updated by RAN4.
Proposal 3: Send LS to RAN4 to ask about any updates to PA models, RF requirements and RB allocations for MPR evaluations. 
Proposal 4: Take Table 3 as the start point for UL multi-layer waveform evaluations.
Proposal 5: Take Table 4 as the start point for DL common channels waveform evaluation.

	BUPT
	Proposal 5	Baseline metrics for evaluation of potential additions of 6GR waveforms at least include PAPR and spectrum efficiency.
Proposal 6	FFS the other metric(s) taking into account PA modeling and implementations if they are representative.

	InterDigital
	Proposal 4: The following KPIs relevant for communication should be evaluated when studying PAPR reduction techniques or a new waveform: 
· Spectral efficiency (bps/Hz)
· BLER  
· Cubic metric
· PAPR

	Panasonic
	Proposal 6: At least the following evaluation criteria should be considered in the waveform evaluation.
· MRSS compatibility
· Complexity
· Flexible time and frequency domain resource allocation
· Specification impact
· MIMO capability
· Spectral efficiency
· Coverage
· Net gain
· MPR / PAPR
· BLER
Proposal 7: For MPR / PAPR analysis, how relationship with ACLR, SEM, EVM, spurious emissions, and occupied bandwidth progress will require discussion in RAN1 as PAPR only does not determine the amount of UE Tx power.

	Ericsson
	Proposal 2	To evaluate different coverage enhancement techniques via PAPR reduction for 6GR, RAN1 to consider MPR-based and system-level simulations.

	Sony
	Proposal 5: RAN1 should study and compare PAPR reduction techniques with respect to PAPR reduction, implementation complexity, and spectral efficiency.
Proposal 6: RAN1 should determine a method for evaluating the the efficiency of a PAPR reduction method; this method should consider both spectral efficiency, implementation complexity and PAPR reduction.

	Apple
	Proposal 2: future low PAPR waveform evaluations should adopt a multi-dimensional metric framework centered on Net Gain, spectral compliance, and realistic RF and receiver assumptions.
Proposal 3: For low PAPR waveforms, the Net Gain with a realistic PA model should be used as a metric where,  
Net Gain = Δ𝑆𝑁𝑅 + ΔPower
· Δ𝑆𝑁𝑅 = the gain or loss in SNR compared with basic DFT-S-OFDM due to the use of a low PAPR waveform at a desired BLER (typically a loss). 
· ΔPower = the gain or loss in UE output power captured by the PAPR difference with the basic DFT-S-OFDM or the Maximum Power Reduction (MPR). 
Proposal 4: For 6G waveform evaluations, particularly for coverage enhancement, MPR or PAPR should be considered as the metric. If using MPR or power gain, PA model and RF requirement has to be revisited for power boost feature in 6G. 



3. Proposals for online sessions #1
Monday/Tuesday
Moderator proposal (stable) 
Send an LS to RAN4 for appropriate PA model(s) (for both UE and network side models) and other relevant RF parameters to use in waveform evaluations.
Draft LS in R1-2508068 (Frank)

Complement the following RAN1#122 agreements (not stable)
	Agreement  [RAN1#122]
CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR are supported as the basis for 6GR for uplink
· Enhancements/modifications on CP-OFDM/DFT-s-OFDM will be studied as potential additions
· Other OFDM based waveforms are not precluded.

Agreement  [RAN1#122]
CP-OFDM waveform as defined in 5G NR is supported as the basis for 6GR for downlink
· Enhancements/modifications on CP-OFDM will be studied as potential additions
· DFT-s-OFDM or any other OFDM-based waveform will be studied as a potential additional waveform for downlink
Note: proponents to identify at least the target use cases, signals/channels to use the waveform, and how the proposal is intended (if applicable) to support multiplexing with CP-OFDM, including MRSS, and how multi-user multiplexing is supported, etc.


[bookmark: _Hlk211269513]
Moderator proposal; complement the RAN1#122 agreement with (not stable): 
CP-OFDM waveform as defined in 5G NR is supported as the basis for communication in 6GR for downlink
Moderator proposal; complement the RAN1#122 agreement with (not stable):
CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR are supported as the basis for communication in 6GR for uplink

Moderator proposal: Discuss the following alternatives on DFT-s-OFDM usage for 6GR downlink (not stable)
Target use cases for DFT-s-OFDM for DL:
· IoT
· NTN
· MBB (low data rates)
· FR2
· Network Energy Saving
· UE low power receiver (Wake-up signal)
· (ISAC)
Target channels
· Unicast PDSCH
· SIB1 PDSCH
· Msg4 PDSCH
· CSS PDCCH
· “Common channels”
· Wake-up signal
· Reference signals

Moderator proposal (not stable)
· No need to discuss transmit processing of individual signals such as wake-up signals under the waveform agenda item


4. Questions after Tuesday offline
Questions on DFT-s-OFDM with Rank > 1 for UL
These questions are not aimed to be discussed yet on Wednesday online session, but later in the week

Discuss which alternatives are seen as practical by the proponents of DFT-s-OFDM with Rank > 1 for UL
· Alt 1a: DFT-s-OFDM is used for lower ranks (e.g. 1 and 2) only, CP-OFDM is used for all ranks.
· Alt 1b: DFT-s-OFDM is used for lower ranks (e.g. 1 and 2) only, CP-OFDM is only used for ranks not used with DFT-s-OFDM
· Alt 1c: Both DFT-s-OFDM and CP-OFDM can be used across lower and higher ranks.
· Something else, please describe
Discuss which alternatives are seen as practical by the proponents of DFT-s-OFDM with Rank > 1 for UL
· DFT-s-OFDM with rank > 1 is applicable/not applicable for
· Alt 2a: applicable for all bands 
· Alt 2b: not applicable to FDD bands
· Alt 2c: not applicable to bands < X MHz,
· Alt 2d: not applicable to FR1 bands
· Something else, please describe
Company comments
	Company
	Comment

	vivo
	Alt 1a
1. We shouldn’t limit the use of CP-OFDM for all ranks. CP-OFDM should be able to work standalone.
2. Careful study should be carried out for the applicable ranks for DFT-s-OFDM. The applicable ranks should show gain compared with CP-OFDM taking MPR into account. Based on our study, we see gain on rank 2. Hence we can start with rank 1 and 2.
Alt 2a


	Ofinno
	We support:
Alt 1a, and
Alt 2a

	Ericsson
	Alt 1c as a starting point.  CP-OFDM is more compatible with fully coherent UL MIMO operation, while DFT-S-OFDM enables better use of PA power especially in non-coherent UL MIMO operation.  Power limitation effects can be even stronger with increasing number of UE antennas at higher power classes where all PAs must transmit to reach the power class.  On the other hand, the precoding gains from coherence also increase with the number of UE antenna elements.  System level simulations are needed to establish gains for a given UE antenna / transmitter configuration and should be used to decide if limitations on rank for a given waveform are justified. Therefore, during the study phase, it is natural to start with Alt 1c to obtain better understanding.
Alt 2a. MIMO UE capability generally depends on the band, rather than having specific limitations in specifications for a given MIMO feature.  For example, 8 Tx UL MIMO is not limited to FR1 today, nor is beam management limited to FR2.  Such strict limitations would greatly complicate the specification as well as restrict UE and network implementations.

	NTT DOCOMO
	We think Alt 1a and Alt 1b are more practical than Alt 1c. To avoid fragmentation, we think it would be good to try to achieve Alt 1b, while we also think it would be important to see whether there is any performance difference between CP-OFDM and DFT-s-OFDM when e.g., 2 ranks are configured. If there is a case where 2-rank with CP-OFDM is better than the one with DFT-s-OFDM, we think it should be fine to consider Alt1a.   
For the second question, we understand NR didn’t really limit # of ranks that can be implemented in the spec. Instead NR just let UE implementation decide. In our view this direction could still remain and no need to change. Hence we prefer Alt 2a in the spec, i.e., DFT-s-OFDM with rank > 1 is applicable for all bands

	QC
	Prefer Alt 1c as a starting point. Similar views as Ericsson.
Prefer Alt 2a. Can be left to a UE’s MIMO capability in any given band.

	ZTE
	We support Alt 1a: 
CP-OFDM should be supported across all transmission ranks, while DFT-s-OFDM is employed to improve coverage and energy efficiency. Our analysis indicates that even with rank > 1, DFT-s-OFDM maintains a lower PAPR than CP-OFDM, though the improvement becomes marginal beyond rank 4. Rank-2 DFT-s-OFDM for 6G uplink transmission can be considered as the most practical and prioritized extension for 6G, which offers a good balance between performance gain and implementation complexity.
We support Alt 2a: 
DFT-s-OFDM should not be limited to specific frequency bands. And our investigation show that even in FDD mode, where DFT modules will multiplex in frequency domain , DFT-s-OFDM still maintains a lower PAPR than CP-OFDM, though the number of DFT modules should remain limited.

	OPPO
	In general, we suggest to discuss this issue in MIMO agenda. We do see any impact to DFT-s-OFDM waveform processing due to supporting multi-rank. We can focus on the waveform proposals themselves in this agenda.
For the first proposal,
We support Alt 1a. No reason to restrict number of ranks for CP-OFDM, even if DFT-s-OFDM with multiple layers is supported in 6GR.
Alt 1c is completely unreasonable. In high rank region, SINR is quite high in which the power is not limited. No need to support DFT-s-OFDM with high rank.
Alt 1b is sub-optimal with unnecessary limit to CP-OFDM usage.
For the second proposal, we see no need to limit the bands applicable to multi-rank DFT-s-OFDM. Support Alt 2a.

	Samsung
	While we appreciate the above proposals from the moderator, from our perspective, the maximum rank for DFT-s-OFDM is a critical factor for decision making as described in details in our contribution. Therefore, we suggest the following revision on the formulation:
· Alt 1a: DFT-s-OFDM is used for ranks <= Y only, CP-OFDM is used for all ranks.
· Alt1a.1: Y=1
· Alt1a.2: Y=2
· Alt1a.3: Y>2
· Alt 1b: DFT-s-OFDM is used for ranks <= Y only, CP-OFDM is only used for ranks not used with DFT-s-OFDM
· Alt1a.1: Y=1
· Alt1a.2: Y=2
· Alt1a.3: Y>2
· Alt 1c: Both DFT-s-OFDM and CP-OFDM can be used across all ranks.

· DFT-s-OFDM with rank > 1, if supported, is applicable/not applicable for
· Alt 2a: applicable for all bands 
· Alt 2b: not applicable to FDD bands
· Alt 2c: not applicable to bands < X MHz,
· Alt 2d: not applicable to FR1 bands
· Something else, please describe

	Lenovo
	We regard Alt 1a with DFT-s-OFDM limited to rank-2 as a pragmatic and practical starting point. Further applicability constraints can be studied next considering realistic evaluation of net gains and analysis of target scenarios.

	CEWiT
	Support Alt 1a.
Alt 1b is unreasonable. For a cell center UE with limited data size (where rank is sufficient), Alt 1b would limit the waveform to DFT-s-OFDM. This is not ideal.
Alt 1c is not needed, since PAPR gains of DFT-s-OFDM over CP-OFDM is marginal for higher ranks. Therefore, using DFT-s-OFDM for higher ranks (rank > 2) is not justified.
Support Alt. 2a

	Lekha
	Support Alt 1a. Alt 1b doesn’t make sense as it limits the usage of CP-OFDM. Alt 1c can be considered based on the evaluation of 1a.
Support Alt 2a

	CATT
	There are two issues in this proposal 1) whether to support multiple layers for DFT-s-OFDM 2) how DFT-s-OFDM with any layer works with CP-OFDM with all layers. We prefer to discuss two issues separately i.e., before we discuss how DFT-s-OFDM with any layer works with CP-OFDM with all layer, we should firstly discuss the performance, the impact on gNB complexity, and the spec impact etc. by introducing multiple layer DFT-s-OFDM to determine whether to support multiple layer for DFT-s-OFDM. 

	Huawei, HiSilicon
	Suggest to replace “ranks” with “layers” in order to align terminology with current NR spec.
The maximum number of UL-MIMO layers is up to MIMO discussions and thus better not to claim “all” number of layers at this stage. In waveform session here, it is good to confirm 2-layer UL-MIMO for DFT-s-OFDM is beneficial from coverage perspective because its coverage gain is sourced from waveform rather than MIMO. Additionally, confirm that multi-layer UL-MIMO for CP-OFDM is also supported.  
Suggest a revision of Alt 1a:
Revised proposal:
· Alt 1a-rev: DFT-s-OFDM with 2 layers is beneficial for coverage and thus supported, CP-OFDM with multi-layer UL-MIMO is supported. The maximum number of layers for both waveforms are up to the future discussions in MIMO session.

For the second question, similar to CP-OFDM with multi-layer UL-MIMO, it can be up to UE capability and does not have to decide in RAN1 now.




5. Proposals for online sessions #2
Wednesday
Feature lead proposal: 
· For uplink low-PAPR proposals the primary performance evaluation criterion is Net Gain
· Net Gain [dB] = Tx power gain - link loss relative to the reference @10% BLER
· A realistic UE PA model should be used
· Other metrics, e.g. occupied BW, are to be used, if applicable
Feature lead proposal: 
· For downlink low-PAPR proposals the primary evaluation criterion is one of (depending on the proposal)
· Net Gain [dB] = Tx power gain - link loss relative to the reference @10% BLER 
· A realistic base station PA model should be used
· Network energy saving
· Other metrics, e.g. occupied BW, are to be used, if applicable
Feature lead proposal: 
· For waveform proposals not motivated by PAPR reduction, the primary evaluation criteria is to be chosen depending on the benefit motivating the proposal
Feature lead proposal: 
· Adopt the attached list as the set of waveform related proposals to consider further in the 6G study
· Additional lines to the list may be added by [end of Thursday] 
[list to be attached before the online session] 

	Company
	Comment

	Ericsson
	We would like to propose the following evaluation methodology while evaluating low-PAPR enhancements.
For uplink low-PAPR proposals the primary link-level performance evaluation criterion is Net Gain 
· Net Gain [dB] = Tx power gain - link loss relative to the reference @10% BLER 
· A realistic UE PA model should be used
· Schemes are compared at comparable operating points, such as the same spectral efficiency and/or using the same time/frequency resources
· Other metrics, e.g. occupied BW, are to be used, if applicable
· System level evaluations taking MPR into account are used to establish the overall benefit of schemes.
· The MPR is determined using the PA model






6. Thursday offline
Continuation of the Wed online on the ULlow-PAPR evaluation metrics
Agreement
· For uplink low-PAPR proposals, the link level performance evaluation criterion is Net Gain assuming same spectrum efficiency as the reference 
· Net Gain [dB] = Tx power gain relative to the reference – SNR degradation relative to the reference @10% BLER
· A realistic UE PA model is used to calculate Tx power gain
· Note: Companies to report how to calculate the Tx power gain
· Other metrics, e.g. occupied BW, are to be used, if applicable

Ericsson proposal for system level
· For uplink low-PAPR proposals, the system level evaluations taking MPR into account are used to establish the overall benefit of schemes.
· The MPR is determined using the PA model

DL evaluation for low-PAPR 
Feature lead proposal: 
· For downlink low-PAPR proposals the primary evaluation criterion is one of (depending on the proposal)
· Net Gain [dB] = Tx power gain - link loss relative to the reference @10% BLER 
· A realistic base station PA model should be used
· Network energy saving
· Other metrics, e.g. occupied BW, are to be used, if applicable

Questions related to the list of waveform proposals
Feature lead proposal: 
· Adopt the collected list as the set of waveform related proposals to consider further in the 6G study
· Following points are to be clarified/confirmed
· Yellow highlighted are modifications by the FL (DFT-s-OFDM for DL categorized as new waveform for DL)
· Red highlight is a question raised by FL
· What to do with proposals under waveform AI that are not categorized as waveform proposals?
· GFB-OFDM is marked as an enhancement to CP-OFDM and a new waveform
· OSDM is marked as an enhancement to CP-OFDM and a new waveform
· Zak-OTFS is marked to be all three, a new waveform, a modification to CP-OFDM and a modification to DFT-s-OFDM


UL DFT-s-OFDM with Rank > 1
· Alt 1a: DFT-s-OFDM is used for lower ranks (e.g. 1 and 2) only, CP-OFDM is used for all ranks.
· Alt 1c: Both DFT-s-OFDM and CP-OFDM can be used across lower and higher ranks.
· Alt 2a: DFT-s-OFDM with Rank > 1 applicable for all bands 
Feature lead proposal:
· If support for DFT-s-OFDM with rank > 1 is defined, RAN1 will not limit the applicable bands
· DFT-s-OFDM with Rank > 1 study is
· Alt1: Limited to max rank = 2
· Alt2: Not limited to any particular rank at this time
· Alt3: To be continued under MIMO agenda item starting RAN1#123
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1.	Introduction

This document collects all the observations and proposals of the RAN1#112bis Tdocs submitted to the agenda item 11.3.1 Waveform for 6G.

44 Tdocs submitted with a total of

· 433 pages,

· 226 observations and

· 233 proposals.

2.	Contributions

		

		Tdoc#

		Title

		Source



		[1]

		R1-2506752

		Waveform for 6G Radio Air Interface

		Nokia



		[2]

		R1-2506815

		Discussion on waveform for 6GR

		Spreadtrum, UNISOC



		[3]

		R1-2506899

		Discussion on Waveform for 6GR air interface

		vivo



		[4]

		R1-2506905

		Discussion on waveform for 6GR air interface

		THALES, University of Bologna, CTTC, DLR, ESA



		[5]

		R1-2506919

		Views on the waveform for 6G

		ZTE Corporation, Sanechips



		[6]

		R1-2506952

		Considerations for 6GR DL waveform 

		Kyocera



		[7]

		R1-2506990

		Discusson on 6GR Waveform

		Xiaomi



		[8]

		R1-2507015

		Discussion on the waveform design for 6G radio

		CMCC



		[9]

		R1-2507028

		Discussions on 6G Waveforms

		Lekha Wireless Solutions



		[10]

		R1-2507052

		Waveform design for 6GR air interface

		Tejas Network Limited



		[11]

		R1-2507059

		Waveform for 6GR air interface

		Huawei, HiSilicon



		[12]

		R1-2507118

		Discussions on waveform for 6GR

		CATT



		[13]

		R1-2507131

		On waveforms for 6GR

		Beijing University of Posts and Telecommunications (BUPT)



		[14]

		R1-2507177

		Discussion on waveform and multiple access for 6G Radio

		OPPO



		[15]

		R1-2507185

		Discussion on waveform for 6GR

		LG Electronics



		[16]

		R1-2507254

		Discussion on waveform for 6GR

		Samsung



		[17]

		R1-2507344

		Waveform for 6GR air interface

		InterDigital, Inc.



		[18]

		R1-2507368

		Waveform for 6GR Air Interface

		Cohere Technologies



		[19]

		R1-2507381

		Discussion on Uplink Waveform Enhancements in 6G

		KT Corp.



		[20]

		R1-2507412

		Discussion on 6G Waveform

		NEC



		[21]

		R1-2507418

		Discussion on waveform for 6GR air interface

		Panasonic



		[22]

		R1-2507468

		Discussion on waveform for 6GR air interface

		Ofinno



		[23]

		R1-2507482

		Discussion on 6GR Waveform 

		Lenovo



		[24]

		R1-2507507

		Discussion on 6GR waveform

		ETRI, University of Surrey



		[25]

		R1-2507513

		On 6G waveforms

		Ericsson



		[26]

		R1-2507521

		Waveform for 6GR Air Interface

		Google



		[27]

		R1-2507526

		New waveform for 6GR

		Shanghai Jiao Tong University, NERCDTV



		[28]

		R1-2507545

		Discussion on Waveforms of 6GR Air Interface

		Rakuten Mobile, Inc



		[29]

		R1-2507597

		Considerations for 6GR waveform

		Sony



		[30]

		R1-2507603

		Discussion on waveform for 6GR air interface

		Ruijie Networks Co. Ltd



		[31]

		R1-2507608

		Waveform for 6GR air interface

		MediaTek Inc.



		[32]

		R1-2507678

		Waveforms for 6GR air interface

		Apple



		[33]

		R1-2507722

		Waveforms for 6GR

		Qualcomm Incorporated



		[34]

		R1-2507747

		Requirements for 6GR Waveform Design

		AT&T



		[35]

		R1-2507767

		Discussion on waveform for 6G air interface

		Fainity Innovation



		[36]

		R1-2507771

		Study on waveform for 6GR

		Sharp



		[37]

		R1-2507816

		Discussion on Waveform

		NTT DOCOMO, INC.



		[38]

		R1-2507824

		New waveform for 6GR air interface

		NICT



		[39]

		R1-2507837

		Discussion on 6GR waveform design

		Hanbat National University



		[40]

		R1-2507886

		Considerations on waveform for 6GR air interface

		ITL



		[41]

		R1-2507896

		Discussion on Waveform for 6GR Air Interface

		Indian Institute of Tech (M)



		[42]

		R1-2507902

		Views on 6GR waveforms

		CEWiT



		[43]

		R1-2507942

		IIT Kanpur’s views on 6GR waveforms 

		IIT Kanpur



		[44]

		R1-2507951

		Waveform considerations for Uplink and Downlink

		Wisig, IITH







3		Observations and proposals

		[bookmark: _Hlk206527309]

		Tdoc#

		Title

		Source



		[1]

		R1-2506752

		Waveform for 6G Radio Air Interface

		Nokia



		

		Baseline communication waveform

Proposal 1: CP-OFDM waveform as defined in 5G NR is supported for communications in 6G downlink.

· Enhancements/modifications on CP-OFDM will be studied as potential additions

· DFT-s-OFDM or any other OFDM-based waveform will be studied as a potential additional waveform for downlink

Proposal 2: CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR are supported for communications in 6G uplink.

· Enhancements/modifications on CP-OFDM/DFT-s-OFDM will be studied as potential additions

· Other OFDM based waveforms are not precluded as potential additions.

On additional waveforms proposed

Observation 1: DFT-s-OFDM PAPR advantage cannot be maintained in DL without system performance impact at least due to possible frequency domain user allocation and UE multiplexing, multiple channel and signal multiplexing, intra/inter band spectrum aggregation techniques and MIMO precoding.

Observation 2: Zak-OTFS would be a major change for the current systems even if it may be able to be implemented on top of CP-OFDM waveform, while introducing additional complexity to both network and UE side.

Observation 3: Simulation assumptions need to be considered carefully so that performance of any potential proposal is evaluated against practical configurations of the baseline CP-OFDM waveform, and in deployment scenarios identified in study of 6G requirements ongoing in TSG RAN. For example, Zak-OTFS is claimed to provide benefit mainly in propagation conditions that are not very typical in real deployments.

Low PAPR for coverage extension

Proposal 3: Net gain is used to evaluate coverage gain of waveform enhancements.

Proposal 4: RF-simulations are used to obtain Tx power gain for net gain evaluation.

Proposal 5: Frequency Domain Spectrum shaping (FDSS) and FDSS with spectrum extension (FDSS-SE) are supported in 6G Radio.

Proposal 6: Transparent filtering approach assumed for FDSS and FDSS-SE in 6G Radio.

Proposal 7: High power class should be the baseline for 6G due to significant enhancement in coverage.

Proposal 8: Power boosting features such as the ones specified in NR should be part of the baseline for 6G.

Proposal 9: Dynamic waveform switching is introduced to 6G in the first release.

UL Multi-layer DFT-s-OFDM

Observation 4: MIMO precoding can combine multiple layers and leads to higher PAPR for DFT-s-OFDM especially when considering high maximum rank transmissions.

Observation 5: Partially and fully coherent UEs are expected to be more common in 6G period.

Proposal 10: Low PAPR waveform study, if any, for multi-layers UL transmission in 6G needs to consider at least fully coherent and partially coherent UEs.

Proposal 11: For study of UL multi-layer MIMO enhancement with low PAPR DFT-s-OFDM waveform, the power-limited UEs and power non-limited UEs should be considered, and the net gain should be evaluated as follows: 

                                                   Power limited UE                                                Power non-limited UEs
MIMO Net gain [dB]          Tx power difference [dB] – Rx SINR                  Rx SINR difference for 10% BLER [dB]
                                                   difference for 10% BLER [dB]

Observation 6: Multi-layer uplink DFT-s-OFDM may lead to system level performance loss relative to using CP-OFDM

Proposal 12: Limit UL DFT-s-OFDM to Rank=1 in 6G.



		[2]

		R1-2506815

		Discussion on waveform for 6GR

		Spreadtrum, UNISOC



		

		Proposal 1：DL DFT-s-OFDM can be studied in 6GR for the following use cases and channel:

· Target use case: 6G IoT, NTN, ISAC

· Target channel：PDSCH

Observation 1: DFT-s-OFDM can achieve a PAPR reduction of 2-3dB compared to CP-OFDM waveform.

Observation 2: DFT-s-OFDM is friendly to energy saving on both the network and UE sides.

Observation 3: The slight loss in spectral efficiency of DFT-s-OFDM can be acceptable for its target use cases.

Observation 4: The high-speed tolerance of DFT-s-OFDM is comparable to CP-OFDM.

Observation 5: The negative impact of DFT-s-OFDM on scheduling flexibility and multi-user multiplexing is manageable for the target use cases.

Observation 6：DFT-s-OFDM demonstrates good compatibility with existing CP-OFDM waveform structure and has good compatibility with emerging ISAC service.

Observation 7: In terms of modulation, there are no additional impacts or additional enhancements caused by DFT-s-OFDM.

Observation 8: The complexity introduced by DFT-s-OFDM for both gNB and UE is acceptable when balanced against the coverage gains.





		[3]

		R1-2506899

		Discussion on Waveform for 6GR air interface

		vivo



		

		Observation 1: Considerable net gain can be achieved for CFR-SE: for QPSK, > 1.5dB compared with DFT-s-OFDM, ~1dB gain compared with transparent CFR; for π/2-BPSK, ~1.5 dB gain compared with DFT-s-OFDM, ~0.5 dB gain compared with transparent CFR.

Observation 2: DCM fits UE PA power back-off behavior better than PAPR and CM.

Observation 3: Compared with DFT-s-OFDM, 1.7 dB, 1 dB and 0.4 dB total gain can be achieved by utilizing UE-sided AI/ML-based HPE waveform for modulation_order=2,4,6, and, 3.1 dB, 1 dB and 1.4 dB total gain can be achieved by utilizing two-sided AI/ML-based HPE waveform for modulation_order=2,4,6.

Proposal 1:	Study waveform adjustments to achieve high UE power efficiency and UL coverage.

Proposal 2:	The net gain defined as the MPR gain minus the SNR loss required to maintain a target BLER of 0.1 should be evaluated to validate benefits of candidate solutions. 

Proposal 3:	Memoryless PA model defined in RAN4 can be used for MPR evaluation for 6GR.

Proposal 4:	Study the use of PAPR and DCM gains as an alternative to MPR gain in RAN1.

Proposal 5:	Support to study CFR-SE based low-PAPR waveform for 6GR UL.

Proposal 6:	Support to study AI/ML-based waveform enhancements.

Proposal 7:	Support rank 2 for DFT-s-OFDM waveform

Proposal 8:	Transparent solutions are the baseline of DL low-PAPR waveform for coverage/NW energy saving motivation.

Proposal 9:	Support to study DFT-s-OFDM waveform for DL wake-up signal for UE energy efficiency.



		[4]

		R1-2506905

		Discussion on waveform for 6GR air interface

		THALES, University of Bologna, CTTC, DLR, ESA



		

		Observations:

Observation 1: Based on the simulation results, for downlink transmission it is observed that DFT-s-OFDM achieves a reduction of approximately 2.5 to 3 dB across the waveform distribution when compared to the baseline CP-OFDM in terms of PAPR. In contrast, the other evaluated waveforms demonstrate comparable PAPR values to each other, with variations of less than 1 dB among them.

Observation 2: The simulation results show that before amplification, UFMC and BF-OFDM achieve significantly lower out-of-band emissions (about 40 dB below CP-OFDM) while WOLA and F-OFDM perform even better due to their filter designs. OTFS, however, causes interference in adjacent bands, highlighting the need for pulse shaping. After amplification with the HPA model, amplifier-induced distortion limits the out-of-band emission improvements across all waveforms.

Observation 3: Simulation results show that DFT-s-OFDM consistently delivers superior ACLR performance, attributed to its lower PAPR and reduced susceptibility to PA-induced non-linear distortion. The out-of-band emission advantages of filtered waveforms are mostly lost after amplification, with OBO improvements over CP-OFDM rarely exceeding 0.5 dB. OTFS uplink achieves ACLR above 30 dB at just 6 dB backoff, while its downlink shows higher total degradation, indicating greater in-band distortion. The resemblance between TD and ACLR trends further highlights DFT-s-OFDM’s robustness to PA distortion.

Observation 5: It is observed that under the TDL channel model with HPA non-linearities, OTFS outperforms all other waveforms in BLER, benefiting from the sparse channel and effective MPA receiver operation. DFT-s-OFDM also shows relatively strong resilience due to its lower PAPR, resulting in less in-band distortion. In contrast, UFMC is more vulnerable to ISI and ICI from channel dispersion and HPA effects due to the lack of a cyclic prefix. The remaining waveforms exhibit similar performance, behaving mainly as filtered variants of CP-OFDM designed for out-of-band emission reduction.

Observation 6:  Simulation results show that both OFDM waveform variants and OTFS exhibit comparable uncoded BER performance under normalized frequency synchronization errors. Notably, UFMC demonstrates increased sensitivity, with higher BER attributable to inter-symbol interference from filter dispersion beyond its guard interval, compounded by inherent noise enhancement effects. Additionally, DFT-s-OFDM does not outperform other waveforms, as its lower PAPR offers no advantage in the absence of power amplifier non-linearities.

Observation 7: it is observed based on simulations that 

· WOLA, UFMC, and BF-OFDM waveforms display pronounced tapering at the edges of the CP protection window, resulting from their respective filtering and windowing operations. 

· F-OFDM, due to its short filter length, maintains BER performance similar to CP-OFDM without notable degradation. 

· UFMC, which uses a guard interval instead of a CP, exhibits both a shifted protection window and increased BER degradation, attributable to ISI from filtering and inherent noise enhancement. 

· OTFS achieves a stable BER across time offsets, as its longer, slot-based CP ensures robust protection, provided offsets remain within the CP duration; this design maintains SNR without additional overhead compared to symbol-wise CP use in OFDM.

Observation 8: It is observed based on simulation that DFT-s-OFDM achieves a 3 dB PAPR reduction compared to CP-OFDM for a single beam. However, this advantage diminishes to less than 1 dB when more than five beams are active, as the superposition increasingly resembles a multicarrier waveform with Gaussian-like characteristics.

Observation 9: The PAPR for DFT-s-OFDM increases as the number of frequency-domain multiplexed users and the modulation order rise.

Observation 10: Simulation results show that CP-OFDM yields consistently high PAPR regardless of the multiple access technique, while DFT-s-OFDM achieves lower PAPR as FDM’ed users and/or number of simultaneous beams increase.

Observation 11: PTS-enhanced DFT-s-OFDM scheme manages to maintain a roughly constant PAPR with the number of users in the frequency domain for a single beam but fails to sustain it over more than one beam.

Proposals:

Proposal 1: RAN1 to investigate the performance of candidate waveforms under varying carrier frequency and time offsets inherent to satellite links, specifically considering scenarios with significant uncertainty in the UE’s position. This study will focus on conditions relevant to GNSS-free physical layer operation, aiming to identify robust waveform solutions suitable for environments with no GNSS availability.

Proposal 2: Identify the set of NTN scenarios/use cases for which is beneficial to use DFT-s-OFDM in DL.

Proposal 3: RAN1 to study the performance of DFT-s-OFDM in the downlink for non-terrestrial network (NTN)-based 6G radio access.



		[5]

		R1-2506919

		Views on the waveform for 6G

		ZTE Corporation, Sanechips



		

		Observation 1: TR-based OFDM achieves consistent PAPR reduction of approximately 2 dB at CCDF = 10-3 across QPSK, and 64QAM modulations, demonstrating its robustness and modulation-agnostic effectiveness.

Observation 2: TR-based OFDM achieves consistent PAPR reduction of approximately 2 dB at CCDF = 10-3 across different bandwidth, demonstrating its robustness and bandwidth-agnostic effectiveness.

Observation 3: With a properly chosen number of reserved tones, TR achieves effective PAPR reduction while preserving spectral efficiency.

Observation 4: The impacts of reserved tone has negligible effect on BLER performance across all modulation coding schemes under different bandwidths when the number of reserved tones is properly chosen.

Observation 5: A proper configuration of number of reserved tones  can achieve the trade-off between PAPR reduction and demodulation performance.

Observation 6: SLM with different configurations have demonstrated noticeable gains on PAPR reduction, e.g., around 1dB and 2dB, across all modulation orders (QPSK, 64QAM), which indicates that the SLM scheme is robust and modulation-agnostic.

Observation 7: SLM with different configurations have demonstrated noticeable gains on PAPR reduction, e.g., around 2dB and 1dB, across all bandwidths (11RB, 24RB), which indicates that the SLM scheme is robust and basndwidth-agnostic.

Observation 8: Selected Mapping scheme has no effect on BLER performance across all modulation coding schemes under different bandwidths.

Observation 9: A properly configuration of SLM scheme can achieve the trade-off among PAPR reduction,BLER performance and computational complexity.

Observation 10: For pi/2-BPSK, FDSS without spectrum extension can achieve 3.5dB PAPR gain. 

Observation 11: For QPSK, FDSS without spectrum extension can achieve 2dB PAPR gain, and on top of this, FDSS with spectrum extension can provide additional PAPR reduction gain, and the performance gain can be further reduced as the extension ratio increases.

Observation 12 :The impacts of  FDSS w/ and w/o SE on BLER performance is slightly decreased compared with the case without FDSS across all typical modulation coding schemes, while the impacts of spectrum extension factor has negligible effect on BLER performance.

Observation 13: For pi/2 BPSK, similar performance (i.e., the net gain) is achieved for both FDSS w/ and w/o SE, but better performance can be achieved FDSS w/ SE for QPSK.

Observation 14: By inserting the normalized sum of two adjacent π/2-BPSK symbols between them, I-π/2-BPSK can reduce the phase difference between consecutive symbols from π/2 to π/4.

Observation 15: After the interpolation processing, I-π/2-BPSK occupies twice the bandwidth of the original π/2-BPSK signal, which is equivalent to spectrum extension.

Observation 16: Frequency-domain truncation with a truncation factor F (F<1) can be applied for I-π/2-BPSK to adapt to different spectrum efficiency requirements. 

Observation 17: DFT-s-OFDM with enhanced time domain resource multiplexing in symbol-level (i.e., eDFT-s-OFDM waveform) achieves superior performance to DFT-s-OFDM with less reference signal overhead in high-speed scenario.

Observation 18: Compared to CP-OFDM, GFB-OFDM achiever lower OOBE with the implementation of polyphase filtering.

Observation 19: GFB-OFDM can decompose a large-size IFFT into multiple smaller-size IFFTs, enabling support for larger overall IFFT sizes while significantly reducing implementation complexity.

Observation 20: GFB-OFDM facilitates flexible subband configuration through a unified waveform generation method.

Observation 21: The necessity for OTFS in 6GR requires further justification given its unfavorable complexity-performance trade-off.

Observation 22: For sensing, a coverage of larger than 1 km is needed for one Tx/Rx pair, and hence a large transmission power, e.g., 58 dBm, is needed. 



Proposal 1: To improve coverage, tone reservation should be considered in 6G waveform design as a low-complexity scheme to reduce PAPR along with the compatibility with both UL and DL waveforms.

Proposal 2: To improve coverage, Selected Mapping(SLM) should be considered in 6G waveform design as a low-complexity scheme to reduce PAPR along with the compatibility with both UL and DL waveforms.

Proposal 3: To improve coverage, FDSS can be considered in 6G waveform design.

· FDSS w/o SE is considered as the baseline. 

Proposal 4: To improve coverage, joint optimization of waveform and modulation can be considered in 6GR.

Proposal 5: DFT-s-OFDM with rank 2 for uplink transmission can be considered in 6G waveform study.

Proposal 6: DFT-s-OFDM with enhanced time domain resource multiplexing in symbol-level (i.e., eDFT-s-OFDM waveform) can be considered as a candidate waveform technology for 6G waveform design to at least improve the performance in high-speed scenario.

Proposal 7: GFB-OFDM should be considered in 6G waveform study as a scheme to support wideband transmission and flexible subband configuration.

Proposal 8: Study pulse RS design using OFDM-based waveform for large sensing coverage. 

· The pulse is applicable for both monostatic and bistatic sensing.

· Study the application for communication, e.g., RSRP measurement, time/frequency tracking.

Proposal 9: The following aspects are recommended to be considered for the 6G waveform evaluation:

· Performance metrics: PAPR, BLER,OOBE, Net gain.

· PA modelling with more realistic assumption.
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		R1-2506952

		Considerations for 6GR DL waveform 

		Kyocera



		

		Observation 1: DFT-S-OFDM does not offer a substantial advantage as a candidate waveform for 6GR downlink.
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		R1-2506990

		Discusson on 6GR Waveform

		Xiaomi



		

		Observation 1: For improving spectral efficiency target, more justification is needed on the motivation of introducing OOBE mitigation-oriented waveform.

Observation 2. PARP is a key optimization target for power efficiency design target and RAN1 shall liaise with RAN4 if OBO assessment to identified power efficient waveform is needed.

Observation 3: For DL DFT-s-OFDM waveform, apart from TDM, FDM can be used for multi-user multiplexing at the cost of certain PAPR increase. 

Observation 4: For DL DFT-s-OFDM waveform, apart from TDM,  FDM can be used for multi-channel multiplexing at the cost of increased number of RF chains. 



Proposal 1: The following net gain evaluation metric is used for 6GR OFDM based waveform determination and RAN1 shall liaise with RAN4, if necessary, on RF dependent net gain assessment to identify the 6GR waveform that is coverage beneficial.

Net Gain = ΔSNR+ ΔPAPR



Proposal 2: To support the coverage performance for NTN DL, low-PAPR waveform such as DFT-S-OFDM can be considered.

Proposal 3: To support the coverage performance for NTN DL, low-PAPR waveform can be applied to the following channels:

· PDCCH at least for CSS (except for type-3)

· PDSCH with Msg 4

· PDSCH with SIB1

Proposal 4: The UL coverage enhancement mechanism in Rel-18 including power domain solution and waveform switch related solution can be taken as a starting point for UL coverage performance guarantee for both TN and NTN.
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		R1-2507015

		Discussion on the waveform design for 6G radio

		CMCC



		

		Observation 1. For the evaluation of the link budget improvement for FDSS-SE, the net gain calculation may need to additionally include the impact of occupied bandwidth based on the evaluation methodology of MPR/PAR reduction for coverage enhancement in NR.

Observation 2. DFT-s-OFDM in downlink mainly works for NTN, while the necessity is unclear for TN.

Proposal 1. For the evaluation of PAPR reduction for OFDM waveform, cubic metric can be used.

Proposal 2. For the evaluation of link performance for each candidate OFDM waveform, the gain should be evaluated at the target data rate for cell-edge UE.

Proposal 3. The characteristics of the out-of-band emission need to be evaluated for each candidate OFDM waveform, while the detailed metric(s) should be determined by RAN4.

Proposal 4. The study focuses on PAPR reduction for DFT-s-OFDM waveform.

Proposal 5. The proposed design of FDSS and tone reservation should clarify the difference and improvement comparing to the corresponding work already been done in NR.

Proposal 6. The target use cases are recommended to be clarified and divided between multi-layer CP-OFDM and multi-layer DFT-s-OFDM before detailed technical study on multi-layer DFT-s-OFDM.
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		R1-2507028

		Discussions on 6G Waveforms

		Lekha Wireless Solutions



		

		Proposal 1: DFT-s-OFDM has benefits in terms of PAPR and receiver performance. Due to the multi-carrier capabilities of CP-OFDM, it is more preferred in DL. However, there are use-cases like coverage-limited cells, small-cell BSs etc., where DFT-s-OFDM can help in power efficient transmission.

Proposal 2: Plain OFDM works well in DL but has some limitations such as high PAPR, sensitivity to phase noise and Doppler, out-of-band emissions, and limited flexibility to mixed numerologies. Hence, enhancements and alternative OFDM-based schemes need to be explored including windowing and filtering, sub-band filtering, cyclic prefix-based enhancements, precoding and MIMO enhancements, and DFT-s-OFDM.

Proposal 3: UE transmit power is limited; hence uplink need waveforms with low PAPR for efficient PA usage, robust to mobility, CFO, and Doppler and need spectral efficiency and coexistence with other UL transmissions. Enhancements to current waveforms can be done using windowing and filtering techniques, CP length variations, SC-FDMA variants, and DFT-s-OFDM.

Proposal 4: Due to restricted power requirements in uplink, DFT-s-OFDM was chosen for LTE UL instead of plain OFDM because it already offers lower PAPR. Still, additional PAPR reduction techniques are desired. Some good PAPR reduction techniques include DFT precoding, sub-carrier mapping, tone reservation or injection, clipping and filtering, selective mapping, partial transmit sequence, and precoding-based techniques.
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		R1-2507052

		Waveform design for 6GR air interface

		Tejas Network Limited



		

		Observation 1: Enhanced DFT-s-OFDM offers low PAPR for energy efficient uplink transmission, extending device battery life and reducing power amplifier back-off. With multi-layer extensions, it can further support MIMO scalability, higher spectral efficiency and integrated sensing, making it a strong candidate for 6GR uplink.

Proposal 1: Study of DFT-s-OFDM enhancements for uplink is crucial for realizing the vision of 6GR, particularly to meet the low PAPR requirements essential for improved UL coverage.

Observation 2: Enhanced DFT-s-OFDM for NTN downlink improves power efficiency and coverage, ensuring reliable 6GR ground connectivity.

Proposal 2: A study on enhancing DFT-s-OFDM for downlink in NTN use case would be highly valuable, particularly when power efficiency and coverage are the primary priorities.

Observation 3: Integrating FDSS with DFT-s-OFDM significantly reduces PAPR, enabling more linear PA operation with lower back-off. By smoothing the waveform and optimizing spectral weights, FDSS improves sensing resolution, directly supporting ISAC.

Proposal 3: A thorough study on the integration of FDSS with DFT-s-OFDM is essential, as it directly addresses critical 6GR KPIs. Careful examination of design trade-offs such as spectral efficiency versus PAPR reduction will be necessary to optimize performance across diverse 6GR use cases.

Observation 4: Waveform selection in 6GR must align with device-specific needs, as no single waveform fits all. CP-OFDM suits FWA for high data rates and MIMO, enhanced DFT-s-OFDM or multi-layer designs support ISAC with precise sensing, while low PAPR options like enhanced DFT-s-OFDM or OTFS benefit NR-NTN IoT devices by ensuring energy efficiency and Doppler resilience.

Proposal 4: A systematic study of waveform selection based on device type is essential to meet the diverse requirements of 6GR. Careful evaluation and mapping by requirements (power budget, mobility, bandwidth, MIMO) with device types to suitable waveforms will be key to achieving 6GR KPIs including spectral efficiency, coverage extension, power efficiency, and integrated sensing capabilities.
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		R1-2507059

		Waveform for 6GR air interface

		Huawei, HiSilicon



		

		Proposal 1: Take Table 1 and 2 as the start point for low PAPR waveform enhancement evaluations.

Proposal 2: For RAN1 waveform evaluations, the NR PA model recommended in R4-164542 for below 6GHz is reused at least until any new PA model is updated by RAN4.

Proposal 3: Send LS to RAN4 to ask about any updates to PA models, RF requirements and RB allocations for MPR evaluations. 

Proposal 4: Take Table 3 as the start point for UL multi-layer waveform evaluations.

Proposal 5: Take Table 4 as the start point for DL common channels waveform evaluation.

Proposal 6: ISAC waveform design should consider AF (including Main lobe width, PSLR, ISLR), PAPR as sensing performance evaluation metrics. 

Proposal 7: Take Table 5 as the start point for ISAC waveform evaluation.

Observation 1: I/Q-offset DFT-s-OFDM has signal structure in frequency domain, where the values of spectrum extension part are conjugate symmetric values of the in-band part.

Observation 2: Multi-user frequency overlap transmission could be exploited to mitigate the spectral efficiency loss effect caused by the spectrum extension, and improve UE experience for more UEs.

Proposal 8: Study how to utilize the signal property of frequency redundancy in the spectrum extension based schemes to enhance multi-user experience. For example, scheduled PRBs for multiple UEs are overlapped partially.

Observation 3: With larger spectrum extension and/or lower modulation order, I/Q-offset DFT-s-OFDM can achieve a lower PAPR. Different FDSS filters also impact the PAPR under same modulation order and spectrum extension factor, which could be optimized in real deployment.

Observation 4: I/Q-offset DFT-s-OFDM can achieve obvious coverage gain over NR DFT-s-OFDM with/without in-band FDSS.

Proposal 9: Study I/Q-offset DFT-s-OFDM for lower PAPR DFT-s-OFDM enhancement.

Proposal 10: Study pruning QAM under DFT-s-OFDM (including enhancement) waveform for coverage enhancement.

Observation 5: As the number of RX number increases, the difference in BLER performance between the DFT-s-OFDM and CP-OFDM waveforms gradually diminishes.

Proposal 11: At least 2-layers uplink DFT-s-OFDM (including enhancement) waveform with observed coverage gains should be further studied in 6GR MIMO session, e.g., codebook design.

Proposal 12: Study the DL DFT-s-OFDM (including enhancement) waveform for common channels for network energy saving and/or meeting coverage requirements.

Proposal 13: Shared communication and sensing waveforms should be studied given the low resources overhead for the support of sensing and communication co-existence, where both communication and sensing requirements for the waveform design should be considered.

Proposal 14: The shared communication and sensing waveform study should be together with the waveform study for communication only, considering the mutual effect to each other.

Proposal 15: Study CP-OFDM enhancement such as pruning QAM by considering both communication spectral efficiency and sensing performance.

Observation 6: DFT operation in DFT-s-OFDM type waveforms leads to frequency modulus ripple, which makes the side lobes higher than the waveform with constant frequency modulus, e.g., CP-OFDM QPSK.

Proposal 16: Study frequency modulus ripple reduction techniques for DFT-s-OFDM (including enhancement) waveforms for sensing performance improvement.
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		R1-2507118

		Discussions on waveform for 6GR

		CATT



		

		Observation 1: The PAPR is increasing with the increasing of DFT points e.g. 4096 to 8192.

Observation 2: To maintain the same coverage (i.e. same power spectral density), transmission power will be doubled with the doubled channel bandwidth.

Observation 3: Since downlink free space path loss in NTN is large, higher transmission power at BS is required. 

Observation 4: The corner constellation points in odd-order quadrature amplitude modulation (e.g., 16-QAM) have higher power, resulting in a higher peak-to-average power ratio (PAPR). This increases power amplifier linearity requirements and reduces power efficiency.

Observation 5: 32-QAM outperforms 16-QAM in in terms of PAPR, BER and throughput.

Observation 6: The FSPL in NTN is higher than that in TN. Due to limited energy supply, higher efficient waveform is necessary for satellite communication.

Observation 7: An additional 2 dB OBO is needed for CP-OFDM waveforms compared to DFT-s-OFDM waveform for the same modulation scheme to meet EVM requirements.

Observation 8: An additional 2 dB OBO is needed for CP-OFDM waveforms compared to DFT-s-OFDM waveform for the same modulation scheme to meet equivalent demodulation performance.

Observation 9: DFT-s-OFDM waveform can be used across all channels/signals.

Observation 10: The issue of multiplexing/coexistence with baseline waveforms does not exist as only one type of waveform is chosen in a single cell in one certain scenario.

Observation 11: For NTN scenario, rank 1 is the baseline assumption.

Observation 12: When DFT-s-OFDM waveform is used in DL, multi-user scheduling within one OFDM symbol is feasible.

Proposal 1: Lower PAPR schemes shall be studied due to following aspects in 6GR:

· Larger FFT size (e.g. from 4096 to 8192)

· Larger transmission channel bandwidth

· Increased downlink free space path loss in NTN due to large propagation distance.

Proposal 2: If Selective Mapping (SLM) is adopted for CP-OFDM waveformin 6GR, scheme on reducing the overhead of side information shall be studied.

Proposal 3: It is proposed to study Tone Reservation (TR) for CP-OFDM waveform in 6GR.

Proposal 4: If FDSS-SE is adopted by 6GR, the scheme on spectrum efficiency improving shall be studied.

Proposal 5: It is proposed to study 32-QAM schemes for PAPR reduction for DFT-S-OFDM in 6GR.

Proposal 6: DFT-s-OFDM waveform for downlink is needed to increase the output power of the PA.

Proposal 7: DFT-s-OFDM waveform can be applied in NTN downlink with introducing little complexity on the UE side to achieve significant power efficiency improvement.

Proposal 8: For lager bandwidth transmission and enable scheduling flexibility, two segments DFT-S-OFDM can be studied.

Proposal 9: For improving spectrum efficiency, multiplexing between DMRS and DFT-S-OFDM PUSCH data on a symbol can be studied.

Proposal 10: For supporting sensing, OFDM-based wave can be supported for both pulse wave (PW) and Continuous wave (CW):

· OFDM-based PW with larger SCS (i.e. 960 kHz or 1920 kHz) than communication

· OFDM-based CW with same SCS as communication

Proposal 11: For enhance the sensing, the new waveform different to OFDM can be studied, such as LFM (Linear Frequency Modulation), AFDM (Affine Frequency Division Multiplexing) and OCDM (Orthogonal Chirp Division Multiplexing).
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		R1-2507131

		On waveforms for 6GR

		Beijing University of Posts and Telecommunications (BUPT)



		

		Observation 1	The study of OTFS waveform highly relates to OFDM/DFT-s-OFDM frame structure, numerology, modulation and reference signal design for 6GR.

Observation 2	It is challenging for FTN waveform to demonstrate noticeable advantage over DFT-s-OFDM   because PAPR gain is very minor and channel capacity wise has been proven to be the same..

Observation 3	Some PAPR reduction techniques/schemes could potentially degrade spectrum efficiency performance.

Observation 4	FDSS could also cause channel estimation loss.

Observation 5	The exchange rate between PAPR gain and spectrum efficiency loss is implementation specific and usually much higher than 1.

Based on the discussions we propose the following:

Proposal 1	Postpone the study of 6GR waveforms for high mobility enhancements for future releases.

Proposal 2	Strive for PAPR performance of potential additions of 6GR waveforms agnostic of modulation constellations with given modulation level.

Proposal 3	Allow for non-transparent DMRS (Not necessarily the exactly same signal processing restriction between reference signal and data channel) against 5G NR at least for the evaluation purpose.

Proposal 4	The PAPR performance of reference signal should be no worse than the associated data channel.

Proposal 5	Baseline metrics for evaluation of potential additions of 6GR waveforms at least include PAPR and spectrum efficiency.

Proposal 6	FFS the other metric(s) taking into account PA modeling and implementations if they are representative.

Proposal 7	The PAPR gain of additions of 6GR waveforms should be decent.

Proposal 8	The PAPR performance of reference signal should be no worse than the associated data channel.

Proposal 9	The spectrum efficiency loss (if occurred) of potential additions of 6GR waveforms for all MCS levels should be imperceptible (e.g. less than 0.1dB) regardless of the exact value of PAPR gain.

Proposal 10	Continue to optimize and evaluate spectrum efficiency and PAPR performance tradeoff of potential additions of 6GR waveforms with the Generic DFT-S-OFDM framework as starting point.
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		R1-2507177

		Discussion on waveform and multiple access for 6G Radio

		OPPO



		

		Proposal 1: A unified 6GR baseline waveform is studied to fulfil the requirements of eMBB and 6G IoT. 

· The baseline waveform is used for 6G HRLLC.

Proposal 2: Study waveforms to fulfil the requirement of 6G Sensing and 6G NTN (Ubiquitous Connectivity). 

· Strive for reusing the 6GR baseline waveform for 6G Sensing and 6G NTN. 

· An additional waveform can be considered if significant gain over the baseline waveform can be justified for a specific vertical scenario, but only supported by the vertical BS/UE. 

Proposal 3: For studying the additional waveform for 6GR, evaluate waveform proposals using agreed 6GR waveform (i.e., CP-OFDM for DL and CP-OFDM/DFT-s-OFDM for UL) as the benchmark, with the consideration of following:

· Spectrum efficiency.

· Coverage.

· NW and UE side complexity.

· Compatibility and neutrality for proposals in other areas, i.e., no restriction to or bundling with specific proposals for 6G MIMO, modulation, channel coding, AI/ML enhancements, etc.

· Support flexible frequency-domain (e.g., RB-level) and time-domain (e.g., symbol-level) resource allocation.

· Support of efficient 5G/6G spectrum sharing.

Proposal 4: For studying the 6GR baseline waveform, support up to 2 waveforms in DL and up to 2 waveforms in UL, e.g., one optimized for spectrum efficiency, one optimized for coverage.

· At least 1 waveform in DL and 1 waveform in UL are mandatorily supported for all device types, e.g., CP-OFDM in DL and DFT-s-OFDM in UL.

· The 2nd waveform can be considered for 6G eMBB s which shares the processing units with the 1st waveform as much as possible.

Proposal 5: Only one DL waveform is supported for 6GR initial access procedure.

Proposal 6: DFT-s-OFDM is not supported as additional DL baseline waveform for 6GR, due to limited performance gain, restriction on multiuser scheduling and extra complexity on UE side.

· DL DFT-s-OFDM for NTN can be further studied in NTN agenda.

Proposal 7: Postpone the study on UL PAPR reduction schemes to RAN1#124 meeting.

· Prioritize the implementation-based schemes without specification impacts.

· Study additional gain from schemes with specification impacts.

Proposal 8: Study multiple access (MA), targeting a single MA scheme for each waveform, to fulfil the requirement of all 6G usage scenarios using this waveform. 

Proposal 9: Orthogonal multiple access (OMA) is the baseline for 6GR. Evaluate OMA proposals using 5G NR as the benchmark, with the consideration of following:

· Spectrum efficiency.

· Coverage.

· NW and UE side complexity.

· Compatibility and neutrality for proposals in other areas, i.e., no restriction to or bundling with specific proposals for 6G MIMO, modulation, channel coding, AI/ML enhancements, etc.

· Support flexible frequency-domain (e.g., RB-level) and time-domain (e.g., symbol-level) resource allocation.

· Support of efficient 5G/6G spectrum sharing.
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		R1-2507185

		Discussion on waveform for 6GR

		LG Electronics



		

		Design Principle for waveform

Proposal 1: Following principles form the foundation for the waveform study in 6GR and guide the evaluation of both continuity with 5G NR and the exploration of new waveform candidates.

· To ensure smooth evolution and coexistence with legacy networks, waveform design must maintain compatibility with 5G NR wherever possible. 

· Minimize complexity and support diverse 6G services such as TN/NTN integration and massive IoT.

· Future enhancements or new signal/channel structures should avoid significant increases in implementation complexity to ensure broad feasibility and scalability.



Continuity and differentiation from 5GNR system

Proposal 2: Study the supported rank of each waveform (i.e., DFT-s-OFDM and CP-OFDM) for 6GR in uplink.

· Option 1: DFT-s-OFDM is used for lower ranks (e.g., up to N, where N < 3), while CP-OFDM is used for both lower and higher ranks.

· Option 2: DFT-s-OFDM is used for lower ranks, and CP-OFDM is used for higher ranks only.

· Option 3: Both DFT-s-OFDM and CP-OFDM are used across lower and higher ranks.



Proposal 3: Discuss how the UE should be instructed to use a particular waveform for 6GR in uplink.

· Option 1: Waveform selection based on transmission rank.

· Option 2: Explicit waveform indication via cell-specific configuration, channel-specific, or BWP-specific configuration, including dynamic switching.

· Option 3: Waveform selection based on frequency band or usage scenario.



Proposal 4: Discuss whether reference signal design should consider commonality across CP-OFDM and DFT-s-OFDM in both uplink and downlink.



Enhanced Waveform Techniques for 6GR

(1) Spread OFDM for enhanced diversity



Observation 1: Spread OFDM is similar to CP-OFDM in terms of overall structure; however, it introduces an additional operation of DFT spreading. Specifically, modulated symbols mapped to data REs in the frequency domain are first multiplexed in a virtual domain, then DFT-spread, and finally mapped to data REs in the frequency domain. This additional step, similar to DFT precoding in DFT-s-OFDM, introduces extra complexity.



Observation 2: Compared to CP-OFDM transmission over a narrow bandwidth, Spread OFDM achieves higher frequency diversity gain by applying DFT spreading over a wider bandwidth.

· Common channels such as PDSCH for System Information, RAR, or Paging, or UE-specific channels such as SPS, Msg3 PUSCH, or Configured Grant. These channels may benefit from frequency diversity gain through spreading techniques.

Proposal 5: Study the benefits of Spread OFDM compared to CP-OFDM and DFT-s-OFDM.



(2) Low-PAPR waveform for DL coverage enhancement



Observation 3: Applying DFT-s-OFDM for DL transmissions can be beneficial in the NTN scenario where the LOS is dominant and the total DL transmit power is limited. The reduced PAPR can enhance the EIRP and the coverage ratio of the satellite. 



Observation 4: Applying DFT-s-OFDM for DL transmissions can be beneficial in the IoT scenario where the narrowband is used and the non-MIMO operation is used in general. The reduced PARP can save the resources for the coverage enhancement. 



Observation 5: DFT or IDFT can be implemented by IDFT or DFT together with the conjugate function, respectively. 



Observation 6: Even though CP-OFDM is used for PBCH while DFT-s-OFDM is used for PDSCH which is FDMed with the PBCH, the overall PARP can be reduced by 4 dB compared to the case where the CP-OFDM is used for both PBCH and PDSCH. 



Observation 7: For 3 PDSCHs which are FDMed with some RB gaps, applying DFT transform precoding to each PDSCH separately can reduce the PAPR by 2 dB while applying DFT transform precoding to all the PDSCHs jointly can reduce the PAPR by 3 dB compared to the case where the DFT is not applied. 



Proposal 6: DFT-s-OFDM waveform is supported as the additional basis for 6GR in downlink.

· DFT transform precoding for DL is available at least for a single UE-dedicated PDSCH. 

· FFS: Whether or how the DFT transform precoding is applied to the common DL channels (e.g., PDSCH containing common signaling, SS/PBCH).

· FFS: Whether or how the DFT transform precoding is applied to multiple PDSCHs for multiple UEs.



New Waveform for Sensing



Proposal 7: A new waveform such as FMCW is studied for sensing as well as OFDM.
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		R1-2507254

		Discussion on waveform for 6GR

		Samsung



		

		Observation 1: Considering the pathloss gap between 3.5 GHz (c-band for NR) and around 7 GHz (new FR for 6RG), PAPR reduction in UL is essential to keep a same coverage requirement between them as in 6G SID.

Observation 2: Frequency domain spectrum shaping with the half-sine pulse filter for π/2-BPSK transmission achieves very low PAPR of below 1 dB. 

Observation 3: Half-sine pulse filter can satisfy 3GPP in-band emission requirement, so the effective occupied bandwidth does not increase.

Observation 4: PAPR gain translates into effective coverage gain when frequency domain spectrum shaping is applied with matching the filters at the transmitter and receiver sides.

Observation 5: If the introduction of multi-rank DFT-s-OFDM could offer “significant” spectral efficiency gain (over what’s already supported in Rel-18 NR), it would be primarily for rank-2 

Observation 6: At 3.5 GHz frequency in UMa and RMa assuming 2TX handheld UEs, the acclaimed spectral efficiency gain of two-layer DFT-s-OFDM over two-layer CP-OFDM (due to lower PAPR) is not observed in SLS

· Advanced non-linear receiver for two-layer DFT-s-OFDM can be used to improve its performance at the expense of sNB/network cost and energy consumption

Proposal 1: Study low PAPR uplink waveform based on DFT-s-OFDM for 6GR uplink coverage enhancement.

Proposal 2: Study frequency domain spectrum shaping (FDSS) on DFT-s-OFDM to reduce PAPR for 6GR uplink coverage enhancement.

Proposal 3: To assess whether multi-rank DFT-s-OFDM can offer significant spectral efficiency gain, focus the study on rank-2 (two-layer uplink transmission on PUSCH)

Proposal 4: To assess whether rank-2 DFT-s-OFDM can offer significant uplink spectral efficiency gain, further investigate its performance in deployment scenarios with primarily line-of -sight channels



		[17]

		R1-2507344

		Waveform for 6GR air interface

		InterDigital, Inc.



		

		Baseline waveforms

Observation 1: For 6G communication, similar requirements compared to 5G can be applied to waveforms; coverage extension and high throughput

Proposal 1: CP-OFDM is the only downlink waveform for 6GR; do not support additional DL waveforms for 6GR 

Proposal 2: CP-OFDM and DFT-s-OFDM are the only waveforms for uplink. Study enhancements for PAPR reduction for DFT-s-OFDM.

Proposal 3: Support dynamic waveform switching for the uplink for 6GR



Enhancement for 6G waveforms

Observation 2: Coverage enhancing features shall be supported from Day 1 in 6G

Proposal 4: The following KPIs relevant for communication should be evaluated when studying PAPR reduction techniques or a new waveform: 

· Spectral efficiency (bps/Hz)

· BLER  

· Cubic metric

· PAPR

Proposal 5: Waveform for sensing is not covered in Agenda Item 11.3.1 and shall be studied separately in Agenda Item 11.14



Numerical evaluation results

Observation 3: Performance gains over FDSS in terms of PAPR and CM reduction for the uplink DFT-s-OFDM can be observed using FDSS-SE

Proposal 6: Study FDSS with spectrum extension as potential candidate for uplink PAPR reduction for DFT-s-OFDM to support coverage enhancement for 6G
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		R1-2507368

		Waveform for 6GR Air Interface

		Cohere Technologies



		

		Observation 1: Zak-OTFS outperforms CP-OFDM in doubly spread channels with significant gains over CP-OFDM when both delay and Doppler spreads are high

Observation 2: Zak-OTFS outperforms other well known identification approaches, and can resolve four times the number of targets with four times better resolution and at lower complexity than traditional chirp.

Observation 3: both Zak-OTFS and Zak-OTFS-over-OFDM outperform CP-OFDM in handling NTN residual Doppler

Observation 4: The implementation complexity of both Zak-OTFS and Zak-OTFS-over-OFDM is in the same order of magnitude as that of CP-OFDM

Observation 5: both Zak-OTFS and Zak-OTFS-over-OFDM comply with MRSS and can share the BW dynamically with OFDM.

Observation 6: Zak-OTFS gives full flexibility in waveform selections with simple parameter settings and supports the evolution of the 6G waveform starting from the 5G CP-OFDM all the way to the fully optimized Zak-OTFS depending on gNB and UE readiness.

Proposal 1: Zak-OTFS and Zak-OTFS-over-OFDM are considered as 6G potential waveforms and are included in the 6G waveform study.
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		Proposal 1: Study methods that improve spectral efficiency while preserving the benefits of low PAPR, with careful evaluation of trade-offs, complexity, and signaling impact.
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		Proposal 1: CP-OFDM and DFT-s-OFDM in NR are baseline as 6GR uplink waveform. 6GR could study to support dynamic waveform switching during initial access.

Proposal 2: 6GR strives for a unified waveform baseband generation and upconversion for all channels and signals including PRACH.

Proposal 3: Study the use of Frequency Domain Spectrum Shaping (FDSS) for DFT-s-OFDM in the 6GR uplink to enhance coverage and power efficiency.

Proposal 4: The evaluation of FDSS enhancements must incorporate realistic PA models and be validated against RF conformance requirements, including ACLR and EVM.

Proposal 5: Study a non-transparent FDSS operation for 6GR, including the signaling of the applied shaping filter, to enable advanced receiver equalization and unlock greater performance benefits.

Observation 1: Key 6G requirements, like support for NTN and a strong focus on Network Energy Savings from Day-1, create an immediate need for a downlink waveform that offers better coverage and power efficiency than the 5G baseline. 

Proposal 6: Study the support of low PAPR waveforms like DFT-s-OFDM for 6G downlink transmissions.

Proposal 7: Study a simplified framework for DL waveform support, where a default waveform is used for initial access, and UE-specific configuration for DFT-s-OFDM is performed semi-statically via RRC signaling.

Proposal 8: Study the waveform design for PDCCH in deployments supporting DL DFT-s-OFDM, evaluating two approaches:

· The use of CP-OFDM for PDCCH to ensure implementation simplicity and compatibility.

· The feasibility of using DFT-s-OFDM for PDCCH to improve performance, including a detailed analysis of the required structural redesign, challenges in supporting multiple users, and the overall system impact.

Proposal 9: Study multi-user scheduling techniques for downlink DFT-s-OFDM, including group-based or sub-band DFT, to balance multi-user throughput with low-PAPR properties.
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		Proposal 1: 6GR should allow certain time / frequency resources can be different waveform for forward compatibility perspective and to support MRSS.

Proposal 2: For 6GR waveform design, time/frequency grid should be allowed to be aligned and orthogonal with NR boundary.

Proposal 3: OFDM-based waveform should be supported for 6GR.

· The definition of “OFDM-based” is to have subcarrier mapping and IFFT to generate time-domain signal.

Proposal 4: Striving for OFDM-based waveforms across all the identified use cases can be sufficient at least for 6G Day 1.

Proposal 5: Any enhancements to CP-OFDM or DFT-s-OFDM and/or any newly introduced waveform must demonstrate clear and justified advantages over 5G waveform.

Proposal 6: At least the following evaluation criteria should be considered in the waveform evaluation.

· MRSS compatibility

· Complexity

· Flexible time and frequency domain resource allocation

· Specification impact

· MIMO capability

· Spectral efficiency

· Coverage

· Net gain

· MPR / PAPR

· BLER

Proposal 7: For MPR / PAPR analysis, how relationship with ACLR, SEM, EVM, spurious emissions, and occupied bandwidth progress will require discussion in RAN1 as PAPR only does not determine the amount of UE Tx power.

Proposal 8: RAN1 should assess the need to introduce MPR / PAPR reduction techniques targeting coverage enhancement for UL.

Observation 1: From system perspective, there are many challenges to support DFT-s-OFDM in DL, for example to multiplex SSB and other channel jointly, and the, the motivation of low PAPR waveform in DL is unclear.

Proposal 9: DL DFT-s-OFDM for individual signal / channel (such as LP-WUS / LP-WUR signal) are not required to be concluded for now. The important point it whether to support DFT spreading to overall channel’s method.

Proposal 10: To support DFT spreading to overall DL channel’s method is excluded.
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		[bookmark: _Hlk209542486]Enhancements of uplink waveforms:

Observation 1: The PAPR reduction is needed to enhance uplink coverage, which is mainly limited to UE maximum output power.

Proposal 1: Consider frequency domain spectrum shaping (FDSS) as a candidate scheme for PAPR reduction for DFT-s-OFDM. 

Proposal 2: Consider FDSS with spectrum extension (FDSS-SE) as a candidate scheme for PAPR reduction for DFT-s-OFDM with at least /2-BPSK and QPSK.

Proposal 3: Study the possibility of introducing high power UE (e.g., 26 dBm) as mandatory feature in 6GR from Day 1. 

Proposal 4: Support dynamic switching between DFT-s-OFDM and CP-OFDM from Day 1. 

Proposal 5: Study the possibility of reduced UE MPR. 

Observation 2: CP-OFDM and DFT-s-OFDM being specified for 5G uplink, will facilitate multi-RAT spectrum sharing (MRSS) in uplink between the 5G and 6G systems. 

Enhancements of downlink waveforms:

Observation 3: Base station typically employs PA linearization techniques (e.g., digital pre-distortion, power backoff, etc.), which is up to the base station implementation. 

Observation 4: From downlink coverage perspective and network energy saving standpoint, waveform with relatively smaller PAPR will be beneficial.

Proposal 6: Study DFT-s-OFDM as potential additional waveform for downlink in 6GR.  

Observation 5: Impact of any additional waveform (e.g., DFT-s-OFDM) for downlink in 6GR needs to be investigated from multi-RAT spectrum sharing (MRSS) between the 5G and 6G systems. 

Waveforms for large Doppler and delay spread environments:

Observation 6: CP-OFDM and DFT-s-OFDM are suitable for most practical radio environments in which 6G will be deployed.

Observation 7: The 5G system supports speed up to 500 km/h for high-speed scenarios using the existing waveforms (CP-OFDM and DFT-s-OFDM).

Proposal 7: Study use cases which may require larger SCS and/or extended CP in conjunction with the waveforms for communication in 6GR.



		[23]

		R1-2507482

		Discussion on 6GR Waveform 

		Lenovo



		

		Observation 1: DFT-s-OFDM maintains the same MRSS compatibility as in 5G

Observation 2: UE multiplexing can be achieved either by TDM, OFDMA of UEs with different DFT sizes, or by grouping UEs within a group DFT and the different groups of UEs are multiplexed using OFDMA.

Observation 3: Sub-band/group based DFT scheme gains from frequency diversity of the channel and hence enhances the SNR at UE receiver due to frequency spreading of UE data over larger bandwidth than UE allocation (5MHz BW). 

· 4dB SNR gain can be obtained compared to CP-OFDM and per UE DFT-s-OFDM for UEs each with 1 RB allocation

· 1.5 dB gain can be obtained for UEs each with 6RBs allocation.



Observation 4: Channel estimation complexity in case of sub-band for DFT-s-OFDM depends on the length of the sub-band and the number or grouped UEs within the sub-band, e.g., LMMES channel estimation can be quantified as 𝒪(  for sub-band DFT compared to 𝒪()  for CP-OFDM. 

Observation 5: SNR gain obtained from frequency diversity can enable simpler channel estimation and equalization, e.g., instead of LMMSE channel estimation, LS channel estimator can be applied. The complexity of channel estimation can be quantified as 𝒪(KN).

Observation 6:  PHY channels with CP-OFDM and DFT-s-OFDM can be multiplexing via OFDMA. PAPR/CM of the signal with multiplexed waveforms varies depending on the allocation ratio between DFT-s-OFDM-based channel and CP-OFDM-based channel.

Observation 7: Adopting DFT-s-OFDM for data channel in connected mode has no impact on synchronization and initial access 

Observation 8: By applying DFT-s-OFDM on PDSCH, the specification effort is small that may include, at Tx side, applying DFT, UE grouping in a common DFT and common DMRS, and then updates on the signalling that includes semi-static and dynamic signalling for UE configuration of DFT size, waveform indication.

Observation 9: Even in worst case scenario of applying random scheduling of UEs with different waveforms, the Back-Off can vary from 5dB down to 2 dB. Over 3000 slots, more than 1.3 dB average gain can be obtained in the Back-Off compared to CP-OFDM and the corresponding average network energy saving obtained from the different instants of dynamic Back-Off over 3000 slots can reach 16%.

Observation 10: Sub-band/group based DFT scheme achieves approximately a 2.75 dB cubic metric (CM) gain compared to the CP-OFDM waveform, and a 1.31–2.68 dB gain over per UE DFT-S-OFDM which translates into reductions of more than 30% in the number of repetitions required to achieve a 10% BLER.

Observation 11: With selected mapping scheme, the number of used sequences is important for PAPR/CM reduction, e.g., a gap of 0.5dB can be seen between 8 and 4 sequences. 

Observation 12: FDSS using conventional filter methods (e., root-raised cosine, Hamming, Hanning, etc.) can give a good reduction in PAPR, however, the reduction of CM can be minor in some cases.

Proposal 1: Study waveform enhancement techniques targeting 6GR coverage enhancement, energy efficiency improvement and support of sensing while maintaining compatibility with current waveforms’ structures, complexity constraints, and support of MRSS.

Proposal 2: Study adopting DFT-s-OFDM for at least DL data channel (PDSCH) for low data rate MBB, IoT, NTN.

Proposal 3: For DFT-s-OFDM in DL, study adopting UE multiplexing using 

· TDM with per UE DFT

· FDM with per UE DFT 

· FDM with DFT grouping of multiple UEs 

Proposal 4: Evaluate the feasibility of DFT-s-OFDM in DL for NTN and IoT use cases, focusing on coverage enhancement, NES, and UE power saving.

Proposal 5: Study and evaluate CP-OFDM waveform enhancement techniques including PAPR/CM reduction techniques such as Selected Mapping (SLM) and Tone Reservation (TR) for coverage enhancement and energy efficiency improvement, and compare to implementation-based techniques in terms of complexity, signal distortion, and spectral efficiency.

Proposal 6: Study enhancing DFT-s-OFDM waveform by incorporating PAPR/CM reduction techniques such as FDSS, DFT precoder extension, etc.

Proposal 7: The study and evaluation of waveform enhancements should focus on CM characteristic of the waveform
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		Observation 1. AFDM, with its favorable properties and CP-OFDM compatibility, is a promising candidate for further 6G waveform evaluation as enhancement of CP-OFDM waveform or alternative of DFT-s-OFDM.

Observation 2. From target use case perspectives, AFDM is particularly beneficial for NTN and ISAC use cases.

Observation 3. From target link direction perspectives, AFDM is applicable for both uplink and downlink.

Observation 4. It is expected that AFDM may provide the following benefits, at least:

· PAPR reduction: 3 dB (by turning AFDM modulation parameter)

· BLER: 0.5 dB gain @ SNR= 5dB with Doppler frequency of 3000 Hz;
            1.5 dB gain @ SNR= 5dB with Doppler frequency of 6000 Hz

· Compatibility with FMCW Radar

Observation 5. AFDM may coexist with CP-OFDM-based RATs in MRSS, enabling resource partitioning for NTN, high-mobility, and ISAC slices while supporting legacy UEs.

Observation 6. AFDM is best applied to data channels (PDSCH, PUSCH) and optional NTN access signals, while CP-OFDM remains baseline for synchronization and broadcast.

Observation 7. AFDM’s MIMO compatibility needs further study, though single-layer or diversity modes may suffice in LoS-dominant NTN and ISAC scenarios.

Observation 8 AFDM can support existing NR modulations transparently, sustaining high-order QAM under Doppler while coexisting with CP-OFDM.

Observation 9. AFDM may enable flexible multi-user multiplexing via chirp-domain resource partitioning.

Observation 10. AFDM may coexist with CP-OFDM/DFT-s-OFDM baseline waveforms through FDM, TDM, or hybrid partitioning, ensuring backward compatibility for legacy UEs while enabling robust performance for AFDM-capable devices.

Observation 11. AFDM can work alongside CP-OFDM for synchronization and access, while optional AFDM-based RACH may enhance robustness in NTN and high-mobility scenarios.

Observation 12. AFDM may introduce specification impacts mainly in waveform definition, resource mapping, pilot and RACH design, and scheduling/signaling extensions, while remaining structurally compatible with the existing NR framework to ensure smooth coexistence with CP-OFDM.

Observation 13. AFDM can reuse existing FFT/IFFT hardware with minimal added complexity, while lower PAPR and Doppler robustness improve PA efficiency and power savings.

Proposal 1. RAN1 to consider AFDM as an additional waveform candidate for 6G radio.
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		Observation 1	DFT-s-OFDM as a waveform for downlink introduces several new challenges in 6GR system design such as separate handling of physical channels and signals compared to CP-OFDM, reduced scheduling flexibility (i.e., one user and physical channel/signal per symbol), limitations in implementation of enhanced MIMO schemes beyond wideband precoding and diagonal precoding, carrier aggregation over non-contiguous frequency portions of the band.

Observation 2	DFT-s-OFDM increases the time-resource span of physical channels and signals due to its limited multiplexing capability, which is rather counterproductive from the vantage of network energy savings.

Observation 3	DFT-s-OFDM would limit the system-level coverage of NTN due to ineffective utilization of time and frequency resources that are constrained in NTN deployments.

Observation 4	A short pulse for short-pulsed based sensing can be realized using CP-OFDM waveform, and it does not require DFT-s-OFDM.

Observation 5	DFT-s-OFDM as a waveform for the downlink offers very limited advantages that are applicable to certain limited use cases while introducing significant complexity in overall 6GR system design.

Observation 6	The relative link performance of a given transmission configuration needs to be quantified as SNR₀ +OBO, where SNR₀ is the SNR (in dB) needed to reach a target BLER, and OBO is the output power backoff for the configuration (in dB).

Observation 7	PA output backoff needs to be determined using RF simulations and according to RAN4 requirements for error vector magnitude, in band emissions, spectrum flatness, spectrum emission mask, and adjacent channel leakage, spurious emissions while accounting for counter-IM3.

Observation 8	Coverage enhancement schemes should be compared by setting the same amount of time–frequency resources and the same spectral efficiency.

Observation 9	FDSS allows to apply power boosting for inner RB allocations only while FDSS-SE allows to apply power boosting for all RB allocations.

Observation 10	FDSS-SE requires a higher operating SNR to operate at a given higher code-rate compared to baseline.

Observation 11	If boosting is used for low code rate QPSK, FDSS-SE can provide more than 1 dB gain over FDSS for sufficiently wide bandwidth allocations

Observation 12	Benefits of FDSS-SE over FDSS decrease with increasing code rate and can result in net losses.

Observation 13	If the combination of number of PRBs and MCS is optimized subject to SNR, then there is little or no performance advantage due to FDSS and FDSS-SE compared to the baseline.

Observation 14	The Rel.18 fast DFT-s/CP-OFDM switching has strong cell edge gains over configured DFT-s- & CP-OFDM waveforms, but less benefit to mean cell throughput.

Observation 15	Multi-layer DFT-s-OFDM has substantial mean throughput gains (e.g., ~15% for 2 Tx) at the system level, as well as for cell edge (e.g., up to ~35 for 2 Tx).

Observation 16	Because it improves coverage of rank 2+ UL MIMO, multilayer DFT-s-OFDM improves mean throughput substantially over fast DFT-s/CP-OFDM switching, by up to, e.g., 16% for 2 Tx .  Multi-layer DFT-s-OFDM also improves cell edge throughput over fast switching by up to, e.g., ~14% for 2 Tx.

Observation 17	Multi-layer DFT-s-OFDM avoids practical difficulties with fast DFT-s/CP-OFDM switching, such as the inability to report power headroom for target waveforms with MIMO and extra DCI overhead for fast switching.

Proposal 1	RAN1 to deprioritize the study of DFT-s-OFDM for downlink due to lack of any significant advantage compared to CP-OFDM even for the potential use cases such as NES, NTN and ISAC, as well as to keep the 6GR system design to a reasonable complexity.

Proposal 2	To evaluate different coverage enhancement techniques via PAPR reduction for 6GR, RAN1 to consider MPR-based and system-level simulations.

Proposal 3	Support multi-layer DFT-s-OFDM with at least rank 2 for uplink transmissions in 6GR.
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		Proposal 1: Support DFT-s-OFDM waveform as the DL waveform with regard to the following aspects:

· To support the same coverage for FR1 and FR3

· To provide a good coverage for NTN

· Compared to other coverage enhancement techniques, e.g., to increase the number of antennas or to transmit the DL signals by multiple repetitions, using DFT-s-OFDM waveform does not require additional complexity for complicated CSI calculation, does not require large delay for beam measurement or multi-repetitions-based DL signal reception, and does not require large overhead for complicated CSI report and more DL-RSs for beam measurement.

Proposal 2: Support the DFT-s-OFDM waveform for multiple layers for UL transmission.

Proposal 3: Postpone the dynamic waveform switching related discussion until most of the details for each waveform are finalized.
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		Observation 1: The structural compatibility of AFDM with OFDM-based systems, which arises from its implementation using existing IFFT/FFT blocks, combined with the inherent wideband nature of its individual chirp subcarriers, makes it a compelling candidate for ISAC. It offers the potential for high-resolution sensing with minimal hardware modification to the NR framework.

Observation 2: In TDL-D channels, AFDM demonstrates a gain of nearly 2 dB over OFDM at 300 km/h and more than 4 dB at 500 km/h for a BER of 1e-3, with an even more pronounced advantage at the higher velocity of 1000 km/h.

Observation 3: Under equivalent pilot overhead, AFDM attains 10.38 dB sidelobe suppression gain over OFDM by leveraging its inherent chirp-modulated subcarrier structure, thereby enhancing multi-target resolvability and mitigating interference in ISAC scenarios.

Observation 4: The flexibility in selecting the pre-chirp parameter  in AFDM can be leveraged to significantly reduce PAPR by optimizing the phase structure of the transmitted signal. 

Proposal 1: RAN1 to study additional waveform candidate (e.g., AFDM) for 6G that stays structurally compatible with OFDM, enabling reuse of 5GNR/6GR ecosystem components, while targeting enhanced performance in sensing, high mobility, and NTN scenarios.

Proposal 2: RAN1 to investigate AFDM as a candidate waveform for 6G radio, with a specific focus on evaluating its robustness in high-mobility scenarios, high-efficiency sensing capabilities, low PAPR characteristics, and integration into an 6GR compatible system architecture.

Proposal 3: RAN1 to study and specify the design of AFDM parameters (e.g.,  and ), low-complexity receiver algorithms for communication, sensing, and PAPR reduction, and their integration into a 6G-compatible system architecture, to enhance robustness against doubly-selective channels while targeting superior performance in sensing, high-mobility, and NTN scenarios.

Proposal 4: RAN1 to investigate the implications of AFDM on MIMO channel estimation, receiver signal processing, etc., and to study low-complexity techniques to ensure the efficient integration of AFDM with existing multi-antenna systems.
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		Proposal 1: In consideration of NR waveform extension and alternative candidates, RAN1 focuses on the following scenarios and channel conditions:

· High-Mobility DL Scenarios

· including assessment on the resilience to Doppler shifts and inter-carrier interference

· Fragmented Spectrum and Sparse Access

· including assessment on the adaptability for spectrum allocation in non-contiguous or opportunistic bands.

· Low-SNR and Edge-of-Cell Conditions

· including investigation on the performance in coverage-limited areas accounting for robustness and power efficiency.

· JSAC and Multi-Service Integration

· including exploration of structures supporting simultaneous sensing and communication.

Proposal 2: In consideration of NR waveform extension and alternative candidates, RAN1 studies the following aspects for the impacts on spectrum sharing and compatibility with NR:

· Waveform Coexistence and Guard Band Design

· including analysis on the coexistence of CP-OFDM and candidate waveforms within the same band. 

· Numerology and Timing Alignment

· including investigate timing and subcarrier spacing alignment across waveforms. 

· Control and Data Channel Multiplexing

· including assessment on control channel decoding, synchronization signal design, and cross-carrier scheduling impacted by waveform diversity.

Proposal 3: In consideration of NR waveform extension and alternative candidates, RAN1 studies the following aspect for the impacts on complexity and power consumption from the Physical Layer perspective:

· Power Amplifier Efficiency and PAPR Impacts

· including analysis of PA linearity and energy drain.

· Baseband Processing Load

· including assessment of computational complexity of channel estimation, equalization, and demodulation for candidate waveforms. 

· RF Front-End Duty Cycles

· including analysis of RF activity patterns.

· Note: RAN4 may be involved in

· Thermal and Energy Budget Constraints

· including analysis of power impacted of waveform processing under typical traffic loads.
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		Observation 1: PAPR reduction for CP-OFDM is less effective when MIMO is used.

Observation 2: Spatial multiplexing gains to be exploited for MIMO are limited on the NTN DL.

Proposal 1: RAN1 should study PAPR reduction for CP-OFDM that can be applied to the NTN DL.

Observation 3: DFT-s-OFDM with high order modulation exhibits significant PAPR.

Observation 4: Gains in PAPR must be sufficiently large so that losses in spectral efficiency are acceptable.

Proposal 2: RAN1 should study PAPR reduction for DFT-s-OFDM when used with higher order modulation.

Proposal 3: RAN1 should study multi-layer transmission with DFT-s-OFDM.

Proposal 4: RAN1 should study multiplexing of  CP-OFDM for reference signals with DFT-s-OFDM for physical channels on the same component carrier.

Proposal 5: RAN1 should study and compare PAPR reduction techniques with respect to PAPR reduction, implementation complexity, and spectral efficiency.

Proposal 6: RAN1 should determine a method for evaluating the the efficiency of a PAPR reduction method; this method should consider both spectral efficiency, implementation complexity and PAPR reduction.





		[30]

		R1-2507603

		Discussion on waveform for 6GR air interface

		Ruijie Networks Co. Ltd



		

		Proposal 1: Study of multi-layer DFT-s-OFDM waveform for 6GR uplink.

Proposal 2: Study of multi-layer DFT-s-OFDM waveform for 6GR downlink.
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		Observation 1: For π/2-BPSK modulated DFT-s-OFDM, half of the frequency-domain symbols are redundant. The redundancy can be effectively extracted via a time-domain phase ramp.

Proposal 1: Support O-QPSK and O-QAM modulated DFT-s-OFDM for coverage enhancement.

Proposal 2: For π/2-BPSK modulated DFT-s-OFDM, support subcarrier truncation for spectral efficiency enhancement.

Proposal 3: The 6GR communication waveform design can be a baseline for sensing, and any enhancement or sensing specific waveform design, if needed, will be discussed in sensing specific agenda, i.e., AI 11.14.
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		Observation 1:  Low PAPR Waveform provides benefit in coverage (allows a higher output power without waveform saturation) and energy efficiency (depending on the PA type and operating mode).

Proposal 1: The following table details the motivations of Low PAPR waveforms for 6G

· Motivation/Information			Details

· Targeted link direction				UL

· Motivation						Uplink Coverage Enhancement, Energy Efficiency, Mitigation of PA non-linearity

· MRSS compatibility				Yes

· Target channels/signals				PUSCH

· MIMO (SU and MU-MIMO) compatibility	N/A

· Target modulations					pi/2-BPSK, QPSK

· Multi-user multiplexing/scheduling flexibility	same as baseline DFT-S-OFDM

· Multiplexing/coexistence with baseline waveforms	Yes

· Impact on synchronization and initial access			N/A

· Expected specification impact		RAN1 Specification, RAN4 Requirements

· Receiver Complexity				Transparent, Non-transparent

· Impact to power consumption		Improved PA efficiency

Observation 2: While PAPR is a useful indicator, MPR or power gain provides a more comprehensive metric for waveform evaluation as it inherently includes the impact of RF requirements under a specific PA model.

Observation 3: The existing PA model from, e.g. R4-164542 may be insufficient for evaluating true high-power performance. A new realistic PA model to accurately assess the benefits of near constant envelop waveforms may be required to study near constant envelop waveform especially in a power-boosted mode.

Observation 4: Enabling a high-power boost feature necessitates a re-evaluation of RF requirements to ensure spectral compliance and manage potential interference

Proposal 2: future low PAPR waveform evaluations should adopt a multi-dimensional metric framework centered on Net Gain, spectral compliance, and realistic RF and receiver assumptions.

Proposal 3: For low PAPR waveforms, the Net Gain with a realistic PA model should be used as a metric where,  

Net Gain = Δ𝑆𝑁𝑅 + ΔPower

· Δ𝑆𝑁𝑅 = the gain or loss in SNR compared with basic DFT-S-OFDM due to the use of a low PAPR waveform at a desired BLER (typically a loss). 

· ΔPower = the gain or loss in UE output power captured by the PAPR difference with the basic DFT-S-OFDM or the Maximum Power Reduction (MPR). 

Proposal 4: For 6G waveform evaluations, particularly for coverage enhancement, MPR or PAPR should be considered as the metric. If using MPR or power gain, PA model and RF requirement has to be revisited for power boost feature in 6G. 

Proposal 5: Send a Liaison Statement (LS) to RAN4 to consider the appropriate high-power PA model and the associated RF requirements for a power boost feature in 6G.

Proposal 6: Study UL DFT-S-OFDM with support for FDSS, FDSS-SE and GMSK approximation filters. 

Proposal 7: Study both transparent and non-transparent receivers

Observation 5:

· PAPR: Waveform modifications show lower PAPR compared to the non-modified DFT-S-OFDM with GMSK approximations consistently showing lower PAPR compared to the 3-tap filters.

· Total Net Gain: Waveform modifications show higher Net Gain compared to the non-modified DFT-S-OFDM with GMSK approximations showing the highest Net Gain. 

· Receiver Transparency:  There are clear improvements in the Net Gain of the Non-transparent receiver over the transparent receiver particularly for the GMSK approximation

Proposal 8: Consider DFT-s-OFDM GMSK as one of the candidate waveforms for low PAPR waveform in uplink. 

Proposal 9: Support specification non-transparent filtering for PAPR reduction in UL DFT-S-OFDM

Observation 6: Non-transparent brings more gain in the BLER translating to increased Net Gain.

Observation 7: ΔSNR from BLER loss for low PAPR waveforms with filtering is more pronounced at higher coding rates.
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		Proposal 1: For 6G Radio waveform study, limit initial focus to waveform design for communication use cases. Waveforms and specific waveform enhancements for other use cases such as sensing to be discussed separately.

Observation 1: Potential areas of focus for 6G waveforms include:

· Waveforms for cell-edge UEs

· Waveforms for multi-layer transmissions in uplink

· Better spectrum utilization

· Enabling higher power uplink transmission

· More flexibility in scheduling, waveform usage and spectrum usage in uplink

Proposal 2: Design considerations for 6G waveform study for communication purposes to include: 

· new spectrum bands and associated requirements, e.g large BW

· needs for new deployment scenarios, e.g. suburban macro, FWA, etc.

· duplex operation, e.g., subband full duplex

· enhancing coverage, e.g. design of low PAPR waveforms

· Support for high power transmissions in uplink, e.g., higher power classes, MPR optimizations

· integration with use cases such as sensing and positioning

· Co-channel and adjacent channel requirements

· Support for spatial multiplexing, beamforming, multiple access

· Transceiver complexity associated with synthesis and reception; processing latency

· Energy/power efficiency

· Considerations on backward compatibility and coexistence with 5G

· Scheduling flexibility and agility

Proposal 3: In 6GR study on waveforms, focus on enhancements to the DFT-S-OFDM family of waveforms.

Observation 2: Low PAPR DFT-S-OFDM waveforms with Pi/2 BPSK that are generated using upsampling and spreading are unlikely to exhibit transmit-power gains relative to legacy DFT-S-OFDM waveforms with pi/2 BPSK and FDSS.

Observation 3: The family of low PAPR DFT-S-OFDM waveforms with Pi/2 BPSK generated using upsampling and spreading can be shown to be equivalent to waveforms generated using spectral extension and FDSS.

Observation 4: Determining the value of the family of low PAPR DFT-S-OFDM waveforms with Pi/2 BPSK that are generated using upsampling and spreading (or equivalently, spectral extension with FDSS) needs a close examination of the trade-off between spectral efficiency and PAPR/transmit power gains.

Observation 5: Applicability of legacy DFT-S-OFDM waveforms with pi/2 BPSK is limited to spectral efficiencies below 1 bit/s/Hz.

Observation 6: DFT-S-OFDM waveforms with Pi/2 BPSK modulation satisfy the following frequency domain property: , where S_k are the frequency domain samples and L is the DFT size.

Proposal 4: For 6GR, study the family of low PAPR waveforms obtained using DFT-S-OFDM with Pi/2 BPSK and truncated mapping.

Observation 7: It may be feasible to allow partial spectrum sharing between users utilizing DFT-s-OFDM Pi/2 BPSK with FDSS to improve uplink spectral efficiency. 

Proposal 5: For 6G Radio, support multi-layer DFT-S-OFDM transmissions in uplink. 

Proposal 6: Study feasibility of using non-identity precoders for multi-layer DFT-S-OFDM transmissions with focus on the PAPR-precoding gain trade-off of using such precoders.  

Proposal 7: For 6GR waveform study, for DFT-S-OFDM waveforms, decouple the size of allocation from the DFT size. Define any DFT size that is a product of powers of 2, 3 and 5 as a valid DFT size. 

Proposal 8: For 6GR waveform study, when considering DFT-S-OFDM waveforms, consider flexible frequency-domain mapping of the DFT output to the spectrum allocation, e.g., frequency-domain multiplexing of DMRS and data, non-contiguous mapping, etc.

Proposal 9: For 6GR waveform study, consider multi-tx enhancements for DFT-S-OFDM where different transmit ports transmit over different frequency domain allocations.

Proposal 10: For 6GR waveform study, consider feasibility to enhance spectrum utilization for small channel bandwidths using spectrum confinement techniques (e.g. WOLA) of reasonable complexity. 
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		Observation 1: At the TSG RAN #109 meeting, lower CAPEX was officially agreed as a requirement for architecture and migration for 6G

Observation 2: The trade-off between performance and complexity is the first objective of the Study on 6G Radio

Observation 3: Operators need to ensure that the Total Cost of Ownership (TCO) for their deployments is justified by the benefits that 6G can bring

Proposal 1: Proponent companies to provide details of enhancements/modifications on CP-OFDM/DFT-s-OFDM compared with CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR (for 6GR uplink)

Proposal 2: Proponent companies to provide details of enhancements/modifications on CP-OFDM compared with CP-OFDM waveform as defined in 5G NR (for 6GR downlink)

Proposal 3: Proponent companies to provide justification for the enhancements/modifications on CP-OFDM/DFT-s-OFDM, and how to satisfy 6G requirements and characteristics with acceptable performance/complexity trade-off, compared with CP-OFDM and DFT-s-OFDM waveforms as defined in 5G NR (for 6GR uplink)

Proposal 4: Proponent companies to provide justification for the enhancements/modifications on CP-OFDM, and how to satisfy 6G requirements and characteristics with acceptable performance/complexity trade-off, compared with CP-OFDM waveform as defined in 5G NR (for 6GR downlink)
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		Observation #1: Achieving consensus on a single waveform design that meets all requirements across device types and services is challenging at the start of the 6GR waveform study.

Observation #2: NR DFT-s-OFDM cannot support multi-layer DL, limits throughput and efficient multi-user scheduling

Observation #3: A single downlink waveform is still difficult to fulfill all requirements in communication waveform.

Observation #4: NR UL waveform has been optimized for coverage and can serve as a foundation for 6GR UL transmissions.

Observation#5: By aligning the UL waveform with the DL waveform especially considering the TN-NTN harmonization can ensure the consistent coverage and support energy-efficient operations across both link directions.

Proposal #1: R1 is suggested to first focus on the communication waveform in the early stage of 6GR waveform discussions.

Proposal #2: For TN-NTN integration and coverage considerations, it is suggested that the downlink waveform set should, at least, include DFT-s-OFDM for the corresponding scenarios.

Proposal #3: Regarding the study of DFT-s-OFDM enhancement, R1 is suggested to study multi-layer DFT-s-OFDM for DL transmission.

Proposal #4: R1 is suggested to study how to enhance DFT-s-OFDM for achieving higher energy efficiency and lower PAPR.

Proposal #5: R1 is suggested to study simplified and smooth UL waveform switching mechanisms.

Proposal #6: R1 is suggested to study an enhanced DFT-s-OFDM be additionally needed or the enhanced DFT-s-OFDM can replace DFT-s-OFDM for the UL waveform set.
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		Proposal 1: RAN1 should study Interlace OFDM for 6GR.

Observation 1: Interlace OFDM has the following advantages:

0. (1) Power boosting

0. (2) Mitigation of frequency offset and phase noise effects

0. (3) OFDM symbol repetition

0. (4) DMRS overhead reduction

0. (5) BWP-level multiplexing

Observation 2: Interlace OFDM can be realized by allocating  subcarriers per PRB to the frequency-domain signal , where . Furthermore, the transform precoding can be also applied to Interlace OFDM.

Observation 3: For Interlace OFDM, DMRS subcarriers are sparsely distributed on the frequency domain depending on the interlace factor .

Proposal 2: To avoid excessive configurations, excessive UE capabilities and UE capabilities reporting, 6G waveforms should be applied to diverse use cases/device types.

Observation 4: For Interlace OFDM, there are the following targeted use cases:

0. Coverage edge scenario

0. Co-existence of multiple devices with different speed in a band related to the same SCS

0. Co-existence of multiple devices with different phase noise effects in a band related to the same SCS

0. Non-sufficient CP length case

Observation 5: Interlace OFDM and Interlace DFT-s-OFDM have SNR gain compared to CP-OFDM and DFT-s-OFDM, and they are helpful for the coverage edge scenario.

Observation 6: Interlace DFT-s-OFDM achieves lower PAPR than CP-OFDM, DFT-s-OFDM, and Interlace OFDM.

Observation 7: Interlace OFDM and Interlace DFT-s-OFDM have lower spectral efficiency for a given number of PRBs allocated to a single UE compared to CP-OFDM and DFT-s-OFDM.

Observation 8: Interlace OFDM and Interlace DFT-s-OFDM are more robust to high speed compared to CP-OFDM and DFT-s-OFDM.

Observation 9: Interlace OFDM complicates scheduling but improves scheduling flexibility.

Observation 10: In Interlace OFDM, one of the following ways can be selected depending on a use case:

0. Way 1: Multiplexing within one interlace group.

9. Pros: Power boosting, DMRS overhead reduction, and increasing the number of multiplexed UEs on different UEs can be achieved while keeping the same spectral utilization as the legacy CP-OFDM/DFT-s-OFDM.

9. Cons: Phase noise and frequency offset effects cannot be mitigated.

0. Way 2: Multiplexing between different interlace groups.

10. Pros: Phase noise and frequency offset effects can be mitigated.

10. Cons: Spectral utilization is reduced.
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		Observation 1: Both the PAPR and net gain under a given required spectral efficiency, with the same occupied time and frequency domain resources, should be considered for low PAPR waveform evaluation.

Observation 2: Wider coverage may be needed for 6G 

· For 6GR waveform, PAPR performance improvement for better coverage, especially for the uplink may be necessary for 6GR

· It should be noted that several other aspects should be considered together with PAPR performance, such as achievable net gains, link budget, and system-wise performance when it is deployed

Observation 3: DFT-s-OFDM enhancement with SE, including FDSS-SE and FDSS-CE, can reduce PAPR performance to achieve better coverage with a small impact, which can be considered the waveform candidates for 6G uplink 

Observation 4: FDSS-CE has no requirement for the number of RBs used for SE, and requires lower implementation complexity than FDSS-SE based on the serial implementation method for asymmetric SE 

Observation 5: QPSK rotation can reduce the PAPR of the DFT-s-OFDM waveform while achieving a higher data rate than pi/2-BPSK.

Observation 6: QPSK rotation can be combined with DFT-s-OFDM, DFT-s-OFDM with FDSS and/or SE enhancement for further PAPR reduction. 

Observation 7: DFT-s-OFDM with frequency domain truncation (FDT) can achieve a tunable trade-off between PAPR and spectrum efficiency

Observation 8: FDSS-SE, FDSS-CE can achieve a larger PAPR gain than DFT-s-OFDM with FDSS with any given SE factor and/or any given bandwidth for both QPSK and QPSK rotation 

Observation 9: FDSS-CE achieves a larger PAPR gain than FDSS-SE with the same SE factor under QPSK. If further combining with QPSK rotation, FDSS-SE and FDSS-CE achieve the same PAPR performance.

Observation 10: FDSS-CE under QPSK without rotation achieves near-optimal PAPR performance

Observation 11: FDSS-SE and FDSS-CE result in smaller SNR loss compared to DFT-s-OFDM with FDSS. The different SE methods, as well as QPSK rotation, have very little impact on link performance

Observation 12: FDSS-SE, FDSS-CE achieve a larger net gain compared to DFT-s-OFDM with FDSS with both QPSK and QPSK rotation whenever inner PRB allocation or outer PRB allocation

Observation 13: The net gain of FDSS-CE is no smaller than FDSS-SE for a given SE factor

Observation 14: UL multi-layer DFT-s-OFDM (e.g., rank-2) could achieve higher spectrum efficiency, but the impact on PAPR needs to be carefully considered

Observation 15: DL DFT-s-OFDM may have a significant impact on DL operation, so the practical gain (or the case where we can enjoy the gain) and specification impact should be clearly justified

Observation 16: OTFS-based waveforms cause additional complexity and cost due to low compatibility with OFDM-based waveforms

Proposal 1: For 6GR study on waveform,

· Only OFDM-based waveform(s) should be considered (as described in the SID)

· Any new waveform(s), even for OFDM-based, should be justified by clear gain

· Unified design across scenarios/use cases is strongly preferred

· Following the above, RAN1 can carefully assess the need in 6GR to introduce waveform(s) beyond 5G NR, targeting, e.g., 

· Potential better coverage by better PAPR performance for uplink

· Spectrum efficiency improvement
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		Observation 1: While OOBE performance can be improved by applying tapered window on OFDM waveform including CP, it may cause degradation of signal quality due to inter-symbol interference. OOBE suppression can be addressed not only by tapered window but also by waveforms to achieve higher signal quality as well.

Observation 2: Since one of the main design criteria of 6GR is to avoid excessive options, the choice of the SCS and/or CP length of the baseline OFDM waveform may be limited, which is unlike 5G NR and may result in insufficient CP length for particular scenarios unless long CP options are provided.

Observation 3: The SP can be implemented using a semi-unitary matrix before IFFT modulation of OFDM signal generator, the computation complexity of which is similar to that of implementing DFT-spreading operation.

Observation 4: Unlike filtering and windowing techniques, the SP does not cause any degradation of classical CP and FDE virtue nor does not give impact on PAPR characteristics of the original OFDM-based waveform.

Observation 5: Hermitian transpose of the semi-unitary matrix of the SP is used in the post-decoding process in the receiver side, which is complete inverse of the SP procedure. Resulting error rate characteristics is equivalent to the original OFDM-based signal.

Observation 6: SP may reduce the requirements on CP length, using which tapered window is applied to achieve sufficient OOBE performance, hence, it can contribute to improve the spectral efficiency of the system without needing to define longer CP options to support various device types for various environments.

Observation 7: Information of the SP have to be shared between transmitters and receivers. Processing matrices themselves can be implicitly determined by information on bandwidth or allocated frequency resources, while information on whether it is in use or not have to be signalled if not specified as a mandatory feature. How to signal it can be left for the specification phase.

Proposal 1: RAN1 to discuss waveforms that is to supress OOBE without affecting signal quality. 

Proposal 2: RAN1 to consider SP-DFT-s-OFDM as one of candidate UL waveforms for 6GR.

Proposal 3: RAN1 to consider SP-OFDM as one of candidate DL and UL waveforms for 6GR
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		Proposal 1: In addition to CP-OFDM and DFT-s-OFDM, RAN1 is encouraged to study additional OFDM-based waveform for diverse deployment scenarios requiring robustness against timing/frequency offsets and potential to reduce guard band requirements.

Proposal 2: In addition to CP-OFDM, DFT-s-OFDM needs to be used as a potential additional waveform for the 6GR. 

Proposal 3: RAN1 studies PAPR reduction techniques for 6GR with a focus on UL coverage enhancement. Examples of PAPR reduction techniques to be studied include:

· Established schemes such as Tone Reservation (TR) and Frequency Domain Spectrum Shaping (FDSS).

· Novel schemes based on Artificial Intelligence / Machine Learning (AI/ML).

Proposal 4: RAN1 to request RAN4 input on power class and MPR-related parameters.

Proposal 5: RAN1 to study essential extensions of CP-OFDM/DFT-s-OFDM (e.g., windowing techniques, dedicated sensing reference signals, PAPR reduction methods) to achieve target sensing performance.
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		Proposal 1: For baseline waveform candidates for 6GR

· CP-OFDM should be maintained as the baseline waveform for 6G downlink, ensuring backward compatibility, numerology continuity, and efficient support for MIMO/beamforming operations.

· Both CP-OFDM and DFT-s-OFDM should be retained as baseline waveforms for 6G uplink, with optional low-PAPR enhancements (e.g., FDSS, FDSS-SE, frequency-selective mapping) studied as means to improve coverage and energy efficiency, particularly for low-power devices.

· Fundamentally new waveform families should only be considered if they demonstrate clear and quantifiable performance advantages, while ensuring minimal disruption to NR compatibility and deployment feasibility.



Proposal 2: For 6GR waveform with consideration of MRSS Compatibility

· MRSS compatibility shall be a mandatory design principle for 6GR waveform development, ensuring seamless coexistence and migration with 5G.

· CP-OFDM be maintained as the common baseline waveform structure for downlink, and that uplink baseline waveforms (CP-OFDM/DFT-s-OFDM) remain fully aligned with NR grid design to support MRSS operation.

· Any optional enhancements (e.g., low-PAPR techniques) be evaluated under the condition that MRSS alignment is preserved, avoiding disruption to spectrum sharing or coexistence performance.

· Fundamentally new waveforms not aligned with MRSS shall only be considered if they demonstrate clear, quantifiable gains that justify the additional complexity and coexistence risks.



Proposal 3: For unified or multiple waveforms for 6GR

· OFDM-based waveforms be adopted as the unified baseline for 6GR, ensuring simplicity, continuity, and compatibility with NR.

· Multiple waveforms not be introduced as parallel baselines, as this would create fragmentation and increase implementation burden.

· Optional complementary waveforms may be studied for specialized scenarios (e.g., NTN, ISAC, sensing, low-power IoT), but only considered if they provide clear and quantifiable performance advantages over the baseline.
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		Observation 1: Given the stability and the performance of the CP-OFDM waveform, newer waveforms should only be introduced if they provide significant benefits.

Observation 2: Waveforms with better PAPR are required to ensure energy efficiency and to support higher frequencies and NTN systems.

Proposal 1: 3GPP should study the option of enabling mechanisms for PAPR reduction techniques both in CP-OFDM and DFT-s-OFDM

Proposal 2: PAPR reduction techniques such as FDSS, FDSS-SE, CFR and CFR-SE along with their specification impacts should be studied. 

Proposal 3: 3GPP should consider the use of DFT-s-OFDM in DL/UL at least for NTN and FR2 use-cases.

Proposal 4: Study the use of single carrier TDMA bursts in the current frame structure for NTN.

Proposal 5: 3GPP should support multiplexing of waveforms as required.
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		Observation: DFT-s-OFDM provides substantial PAPR gains, especially for higher order modulation schemes.

Proposal 1: Support usage of DFT-s-OFDM in DL. 

Proposal 2: Support for OFDM-OOK kind of waveforms for low end devices. 

Proposal 3: Support for waveform selection for different time/frequency/physical channels/physical signals.



		[43]

		R1-2507942

		IIT Kanpur’s views on 6GR waveforms 

		IIT Kanpur



		

		Observation 1: To meet the diverse requirements of 6G use cases, support for multiple waveforms may be needed.

Proposal 1: An efficient waveform multiplexing mechanism needs to be studied for 6GR. 

Observation 2: To improve energy efficiency and extend coverage, a downlink waveform with lower PAPR is desirable. Within the family of OFDM-based waveforms, DFT-s-OFDM emerges as a suitable candidate.

Proposal 2: It is proposed to further study DFT-s-OFDM and consider it as a downlink waveform candidate for 6GR, with a focus on its potential benefits in improving energy efficiency and extending coverage.

Proposal 3: To support Integrated sensing and communication (ISAC) in 6G, it is proposed to study the use of OFDM–LFM as a joint waveform for sensing and high-throughput communication.
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		Proposal-1 (π/2-BPSK DFT-s-OFDM F0) replaces F0 with a cell-specific base sequence combined with a pi/2 BPSK orthogonal sequence set, enabling reliable multi-bit encoding over short resources while preserving near-saturation PA operation. 

Proposal-2 (π/2-BPSK DFT-s-OFDM F1) maintains the long-format structure (4–14 symbols, 2 or more bits) with TDM π/2-BPSK DM-RS, time-domain OCC for optional multi-UE multiplexing, and intra-slot frequency hopping for diversity. 

Proposal-3 (π/2-BPSK OTFDM single-symbol) time-multiplexes π/2-BPSK DM-RS and control within a single (or two) symbol(s) before DFT, enabling true one-shot UCI with optional OCC and strong spectrum shaping to minimize PAPR. 








