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[bookmark: _Toc206082276]Introduction
From [1], for Physical Layer structure for 6GR, we have the following objective
(1) Physical Layer structure for 6GR, 
a) Waveforms (OFDM-based) and modulations. 5G NR Waveforms and modulation should be considered for 6GR and is also the benchmark for other potential proposals. [RAN1, RAN4]
The following email thread is assigned for the discussion
[124-R20-6GR-Modulation, joint channel coding and modulation] Email discussion on Rel-20 6GR-Modulation,joint channel coding and modulation –Jing (Qualcomm)
· To be used for sharing updates on online/offline schedule, details on what is to be discussed in online/offline sessions, tdoc number of the moderator summary for online session, etc

In this contribution, we summarize the contributions submitted to agenda item 10.3.2 on modulation, joint channel coding and modulation, and discussion during the meeting.
Discussion
Discussion on legacy uniform QAM constellation
According to SID [1], 5G NR modulation should be considered for 6GR. There are various proposals to further enhance modulation. The following tries to capture the discussion on the topic.
	Company
	Proposals

	Nokia
	Proposal 1: 
•	For 6GR DL, 5G NR uniform QPSK, 16QAM, 64QAM, 256QAM and 1024QAM are supported for data channel
•	For 6GR UL, 5G NR uniform QPSK, 16QAM, 64QAM, and 256QAM are supported for CP-OFDM for data channel
•	For 6GR UL, 5G NR pi/2 BPSK, uniform QPSK, 16QAM, 64QAM, and 256QAM are supported for DFT-s-OFDM for data channel
•	FFS: Enhancements and other modulation schemes
Proposal 11: Study the possibility of allowing spectral efficiency operating points achievable with more than a single modulation order.


	HW
	Observation 2:	For a given spectral efficiency (SE), the optimal MCS parameters (modulation and code rate) are different between AWGN and fading channels. 
•	An MCS table that is optimized for AWGN channels may suffer performance loss in fading channels, while an alternative MCS parameters with different modulation and code rate (with the same SE) could offer significant performance gain (e.g., up to 1.5dB).

	Oppo
	Observation 26: For the enhanced AMC supporting multiple combinations of modulation order and coding rate with the same spectral efficiency, the benefits of enhanced AMC should be further studied when integrating the UE CQI feedback procedure.

	CATT
	Observation 2: The optimal combination of modulation and coding varies with different channel conditions, such as AWGN channels and fading channels.
Proposal 2: For the same spectral efficiency, more than one modulation and coding combinations with the same spectrum efficiency could be configured according for MCS adapting to different channel conditions.

	CMCC
	Proposal 1: Adaptive MCS selection for each SE can be considered. 
Proposal 2: if UE feedback is required to assist the gNB in choosing the appropriate MCS entry, the following approaches are considered but not limited to
	UE reports channel characteristic-related information in addition to CQI;
	MCS table is redesigned such that each entry is mapped to a specific channel characteristic.

	Xiaomi
	Proposal 1: 
•	For 6GR DL, 5G NR uniform QPSK, 16QAM, 64QAM, 256QAM and 1024QAM are supported as basis for data channel
•	For 6GR UL, 5G NR uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for CP-OFDM for data channel
•	For 6GR UL, 5G NR pi/2 BPSK, uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for DFT-s-OFDM for data channel. 
Proposal 2: For channels other than the data channel, RAN1 clarifies under which agenda item the discussion should proceed.
Observation 8: The MCS combinations in each NR MCS table is predefined and cannot be changed. 
Observation 9: The selection of MCS tables in NR has become increasingly complex, especially for PUSCH in later releases. 
Proposal 6: Study a more flexible mechanism for defining and selecting MCS tables for 6GR.

	vivo
	Observation 21: The current NR UL MCS table does not consider the MPR. The switching points of the modulation orders can be further optimized.
Observation 22: The best design of switch points in UL MCS table is different from the case when MPR is not considered.
	When MPR is not considered, the two MCS entries (QPSK with 0.66CR and 16QAM with 0.33 CR) specified in NR are better than other potential combinations of modulation and code rates with similar SE.
	When MPR is considered, QPSK with 0.74 code rate (SE 1.48) and 0.85 code rate (SE 1.7) are 1dB and 0.2dB better than the current MCS 11 (16QAM with SE 1.48) and MCS 12 (16QAM with SE 1.7). 
Proposal 3: Multiple MCS tables can be defined to match different MPR assumptions, and the appropriate MCS table can be selected according to UE reported MPR values. 
Observation 23: According to system level simulation, the ratio of UEs impacted by MPR exceeds 96%.
Proposal 4: Study further MPR based MCS table enhancement with SLS, considering the following methodology:
	Firstly, define 2 MCS tables: the first MCS table is the existing MCS table in TS 38.214 without considering MPR, while the second MCS table is defined according to link level simulation results based on the MPR assumption.
	Secondly, apply MPR on the actual transmit power if the maximum power minus MPR is less than the nominal power calculated with power control.
	Lastly, compare the throughput using the first MCS table versus the second MCS table.

	NEC
	Observation 5: Overlapping MCS entries provide the 6G NB with additional flexibility to balance transmit power constraints (MPR) against the robustness requirements of different channel environments (e.g., high phase noise vs. high interference).
Observation 6: The benefit of overlapping MCS entries depends on the existence of a "crossover point" in performance under realistic impairments. If one combination consistently outperforms the other, the additional entry serves only to increase signaling and specification overhead.
Proposal 6: RAN1 to evaluate the necessity of overlapping MCS entries by comparing different [Modulation, Code Rate] pairs for the same spectral efficiency under non-ideal conditions, specifically focusing on Phase Noise and realistic UE power back-off (MPR).
Proposal 7: The study of improved MCS tables should include a sensitivity analysis to determine if the gain of overlapping entries is consistent across different receiver types (e.g., LMMSE vs. rML) and different channel models (e.g., TDL-A vs. TDL-C).

	Ericsson
	Observation 1	Uniform constellation based modulation schemes have been used from 3G to 5G with increased modulation order, including up to 1024-QAM for downlink and 256-QAM for uplink. It has technological merits to cover a wide variety of services under different channel conditions.
Proposal 1	Support 5G NR uniform QAM constellation as the basis modulation scheme for 6G.

	Panasonic
	Proposal 1: Any enhancements must demonstrate clear and justified advantages over 5G NR modulation schemes.
Proposal 6: For improved MCS table, the need to introduce flexible MCS table configurability should be studied.
Proposal 7: For improved MCS table, the need to integrate repetition in the MCS table than separate field of the repetition number indication should be studied.

	DCM
	Observation 7: Overlapped SE is supported in NR for very limited MCS table and MCS index. For 6G, the improved MCS table with overlapped SE should consider the tradeoff between performance and system complexity.
Observation 8: Either CQI table or feedback should be enhanced for MCS table with overlapped SE.
Observation 9: MCS table should not be designed based on MPR of different modulation orders, or it could be designed only based on the MPR of QPSK (i.e., MPR of SRS).
Proposal 4: Performance comparison among different SE enhancement schemes (GCS/PCS/improved MCS table) is necessary.

	AT&T
	Proposal 1	NR modulation schemes starting from uniform QPSK up to 256QAM are supported in 6GR.
•	Note: The support of NR modulation schemes does not prohibit supporting other non-uniform modulation schemes, e.g., based on probabilistic shaping, geometric shaping, via pre-configured or AI/ML-based mapping/demapping.



A few proposals mentioned in the contributions include
Support NR uniform constellations: Nokia, Xiaomi, Ericsson, AT&T
Study AMC (MCS table design with overlapped SE): HW, Oppo, CATT, CMCC, NEC, DCM
· Further study CQI impact: Oppo, CMCC, DCM
· Dependency on MPR, phase noise, and receiver type: NEC
MCS table design:
· For UL, consider MPR in the MCS table design: vivo (multiple MCS table to match MPR assumptions)
· For UL, MCS table should NOT be designed based on MPR or based on MPR of QPSK only: DCM
· More configurability: Panasonic (also include repetition field in MCS table)
· More flexible MCS table configuration and selection: Xiaomi

Active discussion
Discussion 2.1-1 (continue discussion from last meeting)
Support 5G NR equal probability uniform QAM constellation as the basis modulation scheme for 6G:
· For 6GR DL, 5G NR uniform QPSK, 16QAM, 64QAM, 256QAM and 1024QAM are supported as basis for CP-OFDM for data channel
· For 6GR UL, 5G NR uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for CP-OFDM for data channel
· For 6GR UL, 5G NR pi/2 BPSK, uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for DFT-s-OFDM for data channel 
· Note: pi/2 BPSK further enhancements are being discussed in waveform agenda, and will be decided there
Note: If PS or GS are eventually adopted for 6GR, equal probability uniform QAM constellation are still supported 

Please provide your view below:
	Company
	Comments

	Nokia
	We support the FL in bringing more clarity w.r.t. equal probability uniform QAM constellations. However, to avoid raising again questions as what “as basis” mean, We recommend a modification as follows:

Support 5G NR equal probability uniform QAM constellation as the basis mandatory modulation scheme for 6G:
· For 6GR DL, 5G NR uniform QPSK, 16QAM, 64QAM, 256QAM and 1024QAM are supported as basis for CP-OFDM for data channel
· For 6GR UL, 5G NR uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for CP-OFDM for data channel
· For 6GR UL, 5G NR pi/2 BPSK, uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for DFT-s-OFDM for data channel 
· Note: pi/2 BPSK further enhancements are being discussed in waveform agenda, and will be decided there
Note: If PS or GS are eventually adopted for 6GR, equal probability uniform QAM constellation are still supported mandatory

	ZTE, Sanechips
	Since the enhancement options are still under active discussion, it may be beneficial to keep the baseline as a reference for study without formal agreement at this stage.

	Xiaomi
	Support in principle. Based on the last note, 5G NR QAM will be anyway supported. In this sense, ‘supported as basis’ in the sub-bullets should be changed to ‘supported’. 

	OPPO
	Similar view with ZTE, deciding to directly reuse uniform QAM as in LTE and NR should be after getting enough knowledge on GS/PS. Given that companies may not have common understanding on performance/complexity of GS/PS for the time being, it is still a little bit early to draw this conclusion. 

In addition, according to the latest SID RP-253876, statements related to Interim Milestone are:
RAN1 to provide interim assessment on the following areas:
-Waveform, modulation, channel coding: scope of enhancements beyond NR baseline ((2) a, c)
Based on our understanding, whether/how to introduce enhancements beyond NR baseline may need to be discussed in higher priority.

	Samsung
	We are generally comfortable with keeping the current baseline as described. From our perspective, it would be reasonable to first allow sufficient discussion on constellation shaping, and then, at a later stage, explicitly clarify the continued use of uniform QAM if needed.

	vivo
	To avoid ambiguity, the main bullet should be “5G NR uniform QAM without shaping” instead of “5G NR equal probability uniform QAM constellation”. The “uniform” in the sub-bullets can be removed.

	Panasonic
	We share the same view to ZTE, OPPO, and Samsung. The support or mandatory support of uniform QAM could be decided after the sufficient discussion on constellation shaping.

	Sony
	We support the idea of 5G uniform QAM as a basis for 6GR modulation constellations. However, waveforms are still under study and we do not see any reason to link this proposal of a choice of  modulation basis to particular waveforms. We also share vivo’s view about use of the phrase “equal probability”. We suggest the following changes: 

Support 5G NR equal probability uniform QAM constellation as the basis modulation scheme for 6G:
· For 6GR DL, 5G NR uniform QPSK, 16QAM, 64QAM, 256QAM and 1024QAM are supported as basis for CP-OFDM for data channel
· For 6GR UL, 5G NR pi/2 BPSK, uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for CP-OFDM for data channel
· For 6GR UL, 5G NR pi/2 BPSK, uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for DFT-s-OFDM for data channel 
· Note: pi/2 BPSK further enhancements are being discussed in waveform agenda, and will be decided there
Note: If PS or GS are eventually adopted for 6GR, equal probability uniform QAM constellation are still supported 



	Tejas
	We share the same view as ZTE, OPPO, Samsung and Panasonic. The support or mandatory support of uniform QAM should be made after sufficient discussion on constellation shaping.



Discussion 2.1-2 (continue discussion from last meeting)
For performance study to allow a single spectrum efficiency point to be supported by multiple MCS entries (with different modulation order and coding rate combinations with uniform QAM or with different shaping parameters, coding rate, and constellation size combinations for PS or with different coding rate and constellation combinations for GS), both fixed SE simulations and simulations with link adaptation are needed.
· For fixed SE simulations
· For each SE point, company should provide a list of fading channels and evaluate the BLER performance of each of the multiple corresponding MCS entries under each fading channel within the list
· The performance reporting format can reuse what was agreed for PS/GS fixed MCS performance reporting
· For link level simulation with link adaptation (prioritize fading channel)
· Both SE point selection and MCS entry selection are active. Maximum 4 HARQ retransmissions.
· Performance report in the form of SNR and the corresponding achieved spectrum efficiency
· Parameters to be reported are the same as in the fixed MCS PS/GS performance reporting table. Additionally the applied MCS table is reported
· Also report the supporting CQI design and/or mechanism for gNB to select between different MCS entries corresponding to the same SE point.
Please provide your view below:
	Company
	Comments

	ZTE, Sanechips
	We are fine with the proposal. Just one thing needs to be clarified. Maximum 4 retransmission means 4 transmission including 1 initial transmission and 3 re-transmissions or 1 initial transmission and 4 re-transmissions?

	Xiaomi
	We are wondering why ‘the applied MCS table’ is only reported for link adaption. It is noted that we have already agreed that the following needs to report. 

‘When providing results, to provide the following information 
· Details on the design of MCS table with overlapping MCS entries and expected size of MCS table, including performance comparison of designs with the same expected size of MCS table’


	vivo
	For UL transmission with DFT-s-OFDM, the resulted performance of the MCS entries will be incorrectly reported if the MPR is not correctly considered. In fact, it has been proved that there are over 96% UEs affected by MPR through system level simulations with a typical cell setup. Thus, we suggest making the following revisions to the first bullet point.

· For fixed SE simulations
· For each SE point, company should provide a list of fading channels and evaluate the BLER performance of each of the multiple corresponding MCS entries under each fading channel within the list
· The performance reporting format can reuse what was agreed for PS/GS fixed MCS performance reporting
· If applicable, may also report the MPR assumption for each modulation order in the MCS table

	Sony
	We are fine with the proposal.

	Nokia
	Different combination of modulation and code rates of the same spectral efficiency may be used under different/dedicated conditions. Hence, the comparison for fixed SE might not be show the benefit.



Discussion 2.1-3
For UL MCS table design, there is proposal to consider MPR for different modulation orders as well. Some discussion is needed. Please provide your view on if you think it worth investigating:
	Company
	Comments

	ZTE, Sanechips
	In 6G discussion, RAN4 has not agreed MPR for 6G yet and RAN1 has no detailed MCS table design as well as UL waveform, so that we are not sure whether there would be a MPR issue for MCS table design for DFT-s-OFDM.

	Xiaomi
	We can understand the intention to consider MPR for different modulation orders. But the MPR assumptions should be decided by RAN4 first.  

	OPPO
	Since RAN1 has no MPR information at hand, the evaluation of MPR may need to be performed by RAN4 first. An additional LS to RAN4 can be considered if needed.

	Samsung
	From Samsung’s perspective, this topic should be discussed in close coordination with RAN4, given its direct relevance to RF and MPR-related aspects. At this stage, we believe it may not be appropriate to further discuss this topic within the current UL MCS table design discussion, and that it would be better addressed once there is clearer alignment with RAN4 considerations.

	vivo
	Given that 3GPP is contribution driven, we think we do not need to discuss whether something is “worth investigating”. We have reported solidly that most of the UEs (over 96%) are affected by MPR in a typical cell setup, and the potential gains if the MPR is correctly considered in the MCS table. Thus, the design with consideration of MPR for UL MCS is the same as those MCS table design that supports multiple entries for a single SE point. And hence, it does not need a separate discussion on whether part.
With that, we think a modification as we commented above to Discussion 2.1-2 is sufficient.

	IMU
	We agree that the switching points of the modulation orders and code rates can be further optimized by considering MPR. However, the potential complexity introduced by such optimization (e.g., having multiple MCS table to match MPR assumptions) should also be considered. 





Discussions on uniform constellation extension to 4K in DL and 1K in UL
We received the following proposals on high order uniform QAM.
	Company
	Proposals

	Nokia
	Proposal 2: Support uniform 1024QAM in Uplink.
Observation 1: Uniform 4096QAM in DL drives computation complexity and the power consumption of R-ML MIMO detection at the UE side.
Observation 2: Very low EVM is required for uniform 4096QAM in DL.

	Spreadtrum
	Observation 1:  System-level simulation results indicate that in sub-7GHz UMa scenarios, less than 3% of the collected simulated UEs achieve an SIR exceeding 30.76 dB. In mmWave scenarios, only approximately 10% of the simulated UEs in UMa exhibit an SINR above 30 dB, while approximately 23% of the simulated UEs in the UMi scenario are exceeding 30 dB.
Proposal 1:  Considering the saturation of SINR/SIR distributions observed in system-level simulations, the potential coverage for DL 4096QAM and UL 1024QAM appears to be restricted. The study must first identify and justify the specific deployment cases where a statistically significant population of UEs can benefit from these schemes.

	HW
	Proposal 1:	BLER performance of higher order modulation should be investigated with the modelling of at least realistic phase noise at receiver side and the Tx EVM.
Proposal 2:	The target scenarios, target device type and target frequency range/band should be firstly discussed and clarified rather than simply collecting of simulation results and making observations for higher order modulation. 
Proposal 3:	Percentage of beneficial cases or system level simulation are needed to justify the benefit/necessity under the target scenarios, considering higher modulation order than NR modulation requires much higher SNR which may exist only in limited area within a cell.

	Oppo
	Observation 1: For UL 1024QAM, the Tx EVM should be further relaxed compared with DL 1024QAM. When assuming Tx EVM 3.0%+ Rx EVM 3.0%, SNR to achieve 10% BLER increases by 2.7 dB and 12.81 dB for MCS 23 and MCS 24, respectively, compared with 256QAM. The BLER never reaches 10% for MCS 25 and MCS 26 assuming the same EVM level for UL 1024QAM.
Observation 1: 4096QAM requires approximately -38 dB EVM, reflecting a 6 dB reduction compared to the NR 1024QAM EVM requirement. This stringent EVM requirement for 4096QAM would cause deployment barriers and further increase hardware cost.
Observation 2: To enable DL 4096QAM in practice, whether the challenging EVM requirement can be realized or not should be further studied
Observation 3: In both UMa and UMi scenarios, only a very limited subset of UEs’ link quality is enough to support 4096QAM. It is expected that 4096QAM may only bring marginal gains on the system throughput and cell average spectral efficiency.
Proposal 1: Up to 1024-ary constellation for DL and up to 256-ary constellation for UL are supported for 6GR modulation scheme.

	CATT
	Observation 1: 4096-QAM offers significant spectral efficiency gains but suffers from high PAPR and increased sensitivity to frequency and phase noise, leading to greater implementation challenges.
Proposal 1: 1024-QAM is recommended for downlink reuse, while uplink modulation should be limited to a maximum of 256-QAM due to UE transmit power constraints.

	CMCC
	Observation 1: For higher-order QAM, such as uniform 4096QAM for DL and uniform 1024QAM for UL, the required power back-off undermines the data rate advantage, and the extreme hardware demands make implementation impractical.

	Xiaomi
	Observation 1: For high modulation order, RAN4 is discussing the evaluation assumptions for PA model, EVM budget, and scenarios etc. 
Proposal 4: For the study of uniform 4096QAM for DL and uniform 1024QAM for UL, RAN4 early involvement is required before conducting evaluation campaign in RAN1.

	ZTE
	Proposal 1:	1024QAM can be considered for 6GR UL.
Observation 1: 	The required SNR for DL 4096QAM is at least 31 dB.
Observation 2: 	4096QAM is highly sensitive to EVM.
Observation 3: 	Under AWGN channel, the crossover SNR values of throughput performance between 853/1024 for 1024QAM and 832/1024 for 4096QAM are {33.5dB, 34.5dB, 36.8dB, above 45dB} for TxEVM=1% and RxEVM = {1%, 1.5%, 2%, 2.5%}, and larger than 37.8dB for TxEVM=2% and RxEVM = 1%.
Observation 4: 	There are limited applicable scenarios for DL 4096QAM due to high required SNR and high EVM requirement.

	vivo
	Observation 24: Regarding 1024QAM for UL and 4096QAM for DL,
	For 1024QAM, the operating SNR for 1024QAM is around 25 dB with 2%/2% Tx/Rx EVM, and approximately 36 dB with 3%/4% Tx/Rx EVM.
	For 4096QAM, the operating SNR range for 4096QAM is around 27 dB to 33 dB in AWGN channel, and the operating SNR range for 4096QAM is around 30 dB to 37 dB in TDL-A channel.
	For 4096QAM, the Tx EVM and Rx EVM should both be below 2% to yield the performance gains over 1024QAM, regardless of AWGN or TDL-A channels.

	NEC
	Observation 1: The practical utilization of 4096-QAM (DL) and 1024-QAM (UL) is restricted to high-SINR environments. Without significant improvements in interference coordination and channel estimation, these modulation orders may only benefit a limited subset of UEs in specific deployment scenarios.
Observation 2: The feasibility of 4096-QAM and 1024-QAM is constrained by the EVM floor and the dynamic range of ADCs/DACs. Increased PAPR leads to higher MPR, which may limit the coverage and energy efficiency of the uplink.
Proposal 1: RAN1 should first define and prioritize the target "applicable scenarios" (e.g., Fixed Wireless Access (FWA), indoor hotspots, and short-range D2D) for 4096-QAM (DL) and 1024-QAM (UL) before finalizing the performance requirements and evaluation assumptions.
Proposal 2: RAN1 to request early feedback from RAN4 regarding the realistic EVM targets and PA back-off characteristics for 4096-QAM and 1024-QAM to ensure that link-level evaluations are grounded in hardware feasibility.

	Samsung
	Observation 1: As the modulation order increases, the equivalent EVM requirement tightens by roughly 6 dB for every ×4 increase in constellation size from 256QAM. 
Observation 2: The conservative EVM estimates decrease from 5.52 % for 256-QAM to 2.88 % for 1024-QAM and 1.52 % for 4096-QAM, indicating a consistent tightening of the EVM requirement as the modulation order increases.
Proposal 1: For downlink, in order to increase spectral efficiency in indoor and high‑SNR regions, we propose supporting 4096‑QAM and initiating study to define EVM requirements in RAN4 and expand the usable SNR range for reliable 4096‑QAM operation.
Proposal 2: For uplink, in order to increase efficiency spectral in indoor and high‑SNR regions, we propose supporting 1024‑QAM and initiating study to define EVM requirements in RAN4 and expand the usable SNR range for reliable 1024‑QAM operation.

	Ericsson
	Observation 12	4096-QAM can improve DL peak throughput compared to lower-order modulations, but the gains are limited to low-load, high-SINR scenarios and do not scale with increasing system load.  
Proposal 4	Focus the study of 4096-QAM for DL on a selected set of deployment scenarios such as FWA.

	Apple
	Observation 5: Higher order QAM in DL and UL are sensitive to RF impairment. Practical RF impairment modeling including phase noise model, PA model and IQ imbalance model, are needed for the evaluation.  
Proposal 1: To avoid duplicate effort, the evaluation of 4KQAM for DL and 1KQAM for UL should depend on RAN4 progress and request.  

	MTK
	Observation 1: Based on the possible SNR in the field and the LLS evaluations for the current modulation schemes, 4K-QAM is not feasible for DL.
Observation 2: Due to lower SNR (compared to DL SNR) in UL and the limitation at the UE to achieve low EVM, it is expected that 1024QAM is not feasible in UL as well.


	DCM
	Observation 10: Uniform QAM with higher modulation order is challenging at practical systems due to the extremely high SNR requirements and non-robustness over RF impairments.

	Qualcomm
	Observation 1: Fixed wireless access could be one potential use case for higher order QAM extension.



Some companies provided evaluation results:
	Company
	Proposals

	HW
	Link results: Table 3, Table 4
System results:
Observation 1:	4096QAM modulation provides zero spectral efficiency gain assuming an E2E (End to End) EVM of 1.25%.

	Spreadtrum
	SLS

	ZTE
	Table A-6 for LLS

	vivo
	Table 4-1 for LLS

	Samsung
	Table 1 for LLS

	
	

	
	



Summary of views on 4K QAM DL and 1K QAM UL:
Support DL 4K QAM: Samsung, Ericsson, Qualcomm
· Study EVM requirements: Samsung
· Focus on FWA use case: Ericsson, Qualcomm
Support UL 1K QAM: Nokia, ZTE, Samsung, Qualcomm
· Study EVM requirement: Samsung
Needs careful study or not feasible
· Need to identify deployment case: Spreadtrum, HW, NEC, Oppo, MTK, DCM, ZTE (DL)
· EVM and RF impairments too challenging: DCM, Nokia (gNB side), ZTE (gNB side)
· BLER performance needs to be done with proper assumption on phase noise and TX EVM: HW, Oppo
· Need early RAN4 involvement on EVM, PA model, scenarios: Xiaomi, NEC, Apple
· Power backoff too high in UL: CMCC, CATT
· UE side processing power consumption and complexity due to rML: Nokia

Closed discussion
Discussion 2.2-1 (replaced by 2.2-1A)
Send LS to RAN4 to collect their view on the feasibility on DL 4K QAM and UL 1K QAM and request them to investigate on the EVM requirement

Please provide your view
	Company
	Comments

	OPPO
	Support sending LS to RAN4. For better alignment between RAN1 and RAN4, suggest to include basic SLS/LLS parameters, e.g. MCS for DL 4K QAM and UL 1K QAM, channel type, bandwidth, etc. In addition, given the check point ahead, a clear timeline suggestion for RAN4 is also recommended.

	Nokia
	We support the alignment between RAN1 and RAN4

	Tejas
	Support sending LS to RAN4

	Apple
	Support

	ZTE, Sanechips
	OK for sending LS to RAN4. 

	Xiaomi
	We are fine to send LS to RAN4, while it’s better to clarify who would lead the evaluation so as to avoid duplicated study across WGs. 

	Samsung
	Support

	vivo
	Support

	ETRI
	Support

	Sony
	Support

	
	



Active discussion
Discussion 2.2-1A (online)
Send LS to RAN4 to collect their view on the feasibility on DL 4K QAM and UL 1K QAM and request them to investigate the EVM and MPR requirement

FL notes: Seems to have good support to send LS to RAN4. I also added MPR as part of information we can request RAN4 to study. Not sure should bother RAN4 with our SLS/LLS parameters though.

Please provide your view
	Company
	Comments

	Nokia
	We support the alignment between RAN1 and RAN4

	Tejas
	We support sending LS to RAN4 

	DOCOMO
	Support.



Discussion 2.2-2
For companies supporting introducing DL 4K QAM and UL 1K QAM, the following use cases are mentioned. Please provide your view on these use cases and suggest other use cases.
FWA deployed outdoor
FWA deployed indoor
In-door hot-spot
As additional constellation to support GS or PS
· For GS case, to select constellation within DL 4K QAM or UL 1K QAM
· For PS case, when spectrum efficiency reaches saturation point, use larger QAM constellation and lower coding rate to achieve shaping gain

Please provide your view
	Company
	Comments

	OPPO
	We are open to study the performance of DL 4K/UL 1K QAM for specific use cases. 
· For the first three use cases, the simulation scenario should be first discussed. Then, the corresponding simulation assumption in AI 10.1 EVM can be used for evaluations for the ease of alignment. Given RAN1#124 should be the last meeting for AI 10.1, the simulation assumption can be finalized.
· For the last use case related to GS/PS, we understand the intention but mixing uniform DL 4K/UL 1K QAM and GS/PS may complicate the discussion. We would like to clarify that companies can still use DL 4K/UL 1K QAM for evaluating the performance of GS/PS. However, whether DL 4K/UL 1K QAM is introduced or not in 6GR should be dependent on its performance only, without considering the need of GS/PS.

	Nokia
	As PS/GS may or may not come, Higher order uniform QAM (UL 1K and DL 4K) shall be discussed and assessed independently of PS/GS. The feasibility (SINR, EVM etc.) can start without pending use case definition. 

	Tejas
	We do not agree with the fourth bullet “As additional constellation to support GS or PS”. For GS case it is not necessary to select constellation points from 4K/1K QAM. 

	ZTE, Sanechips
	We suggest to focus on the first three bullet. From our perspective, we think the forth bullet is different from the first three bullets. In our opinion, the last bullet focuses on how to design GS or PS by DL 4K QAM and UL 1K QAM. Therefore, we think it is necessary to discuss whether DL 4K QAM and UL 1K QAM are supported or not. And then we can discuss the GS or PS design based on higher order modulation. 

	Xiaomi 
	From our perspective, we don’t think it’s feasible for at least hand-held UEs in realistic scenarios. 

	Spreadtrum
	For the last sub-bullet related to GS/PS, we acknowledge that PS/GS can offer higher gains at DL 4K and UL 1K QAM. However, we view them as distinct features. The introduction of DL 4K and UL 1K QAM typically targets users with extremely high SNR conditions using uniform constellations. Coupling them with PS/GS adds dependency and complexity. We suggest evaluating the gain and feasibility of high order uniform QAM independently first.

	Huawei, HiSilicon
	For the PS and GS support, we don’t think it is some applicable scenario. 
As discussed in previous meeting, we think we should first discuss whether 4K QAM in DL and 1K UL QAM are feasible to be supported considering the stringent EVM requirement. Then, if they are feasible and shall be supported, we can start to discuss whether PS and GS can further applicable on 4K QAM in DL and 1K QAM in UL. 

	Samsung
	It is not necessary to define or constrain specific use cases at this stage for introducing DL 4K QAM and UL 1K QAM.
We believe that discussions on the combination of modulation order and code rate, including their role in supporting GS or PS, can be more appropriately addressed during the MCS design phase.

	vivo
	Open to study.

	ETRI
	We discuss the first three items, then move on to the last one.

	Sony
	We are open to study of both uniform and non-uniform 1K QAM (UL) and 4K QAM (DL)

	DOCOMO
	We also think that the discussion on the introduction of 4K/1K uniform QAM should be decoupled with the PS/GS design.





Discussions on shaped constellations
For constellation shaping design, we received the following proposals
	Company
	Proposals

	Nokia
	Proposal 3: Address the specification impact of geometric shaping and probabilistic shaping, e.g. on DL-MU-MIMO.
Proposal 4: Geometrically shaped constellations shall be a down-selection (down-sampling) of a higher order uniform QAM. Sign symmetry per I/Q shall be maintained.
Proposal 5: Geometrically shaped constellations shall be quantized based on a higher order uniform QAM constellation. To improve the quantization error, the even amplitudes between two legible odd amplitudes are considered as legible quantization result. Sign symmetry per I/Q shall be maintained
Proposal 6: Evaluation of geometrically shaped constellations shall take the quantization into account. The quantization can be considered by assuming a maximum number of bits, e.g. 4, 6 or 8 bits per I/Q.
Proposal 7: Strive to reduce the number of different geometrically shaped constellations of the same order.
Proposal 8: For the evaluation of geometrically shaped constellations, deprioritize the study on AI two-sided model approach for constellation shaping.
Proposal 9: For the evaluation of geometrically shaped constellations, consider AI receiver as potential receiver assumption (in addition to agreed assumptions on LMMSE (UL), rML/LMMSE (DL)), where geometrically shaped constellations can be optimized for AI receiver.  
Proposal 10: The trade-off between the potential gain of PCS techniques and their corresponding impact on the processing chain w.r.t. latency, complexity, PAPR, (sub-)optimality for retransmission should be considered.
Observation 3: For AI‑generated geometric constellations, both their ability to generalize across configurations/scenarios/other generalization aspects and the signaling overhead needed to convey shape‑specific parameters must be assessed, as these factors determine their practical viability.
Observation 4: The gains observed over the AWGN channel thanks to the PS do not carry over to other channels, e.g., fading channels. Even under the assumption of perfect CSI at the receiver, the performance may become worse than the uniform QAM, which provides very robust performance across different channel conditions.
Observation 5: It is preferred to ensure the same shaping across all QAM symbols and redundancy version values to limit the complexity of the MIMO detector.


	Spreadtrum
	Observation 2:  PS and GS both degrade PAPR performance relative to uniform QAM, especially for the UL DFT-s-OFDM waveform. This necessitates a "Net Gain" evaluation methodology including PA backoff.
Observation 1:  PS and GS both introduce substantial complexity and latency at the receiver.
Observation 2:  PS and GS both introduce new CSI processing overhead.
Observation 3:  PS specifically imposes a heavy physical layer storage burden due to the mandatory on-chip L1 buffer required by its block-level processing structure.
Observation 1:  The theoretical gain of PS and GS is weakened by both non-ideal factors and PAPR penalties (PA backoff). Evaluations ignoring these factors create an illusion of performance improvement.
Observation 2:  PS require a significant performance margin over the GS to compensate the additional implementation overhead of PS.
Observation 3:  The complexity of DM/DDM is dominated by the specific requirement for high-precise integer arithmetic, which is not typically supported by mainstream DSP architectures.
Observation 4:  The serial and block-based nature of DM/DDM will introduce large latency. 
Proposal 1:  Given that the serial and block-based nature of PS fundamentally conflicts with the essential PDSCH processing time (N1), leading to high chip area and buffer costs, PS should not be supported for 6G.

	HW
	Proposal 4:	Apply the following rules for collecting results and for summarizing observations in the study of 6G modulation:
-	The observation on performance should not be made/discussed until the complexity, storage impact and latency have been fully collected and discussed;
-	Observations are made for performance gains together with other aspects in the agreement, including at least transmitter and receiver complexity, latency impact and parallelism implementation, and storage requirements.
Proposal 5:	For candidate comparison, both performance and complexity/throughput should be considered, and the comparison of BLER performance is under the same computation complexity/throughput.
Observation 1:	CCDM, which is based on arithmetic coding, faces severe limitations that impact its efficiency and flexibility:
•	High-precision multiplication and division operations are required, leading to high computational complexity;
•	Serial processing of DM and de-DM results in high implementation delays causing low hardware throughput, which restricts the length of the CCDM block;
•	The finite-length loss is significant if CCDM block length is reduced to avoid DM/de-DM becoming hardware throughput bottleneck, making it impossible to achieve shaping gain with short block lengths in high hardware throughput;
•	Determining the input length of a composition introduces substantial computational complexity due to complex combinatorial calculations;
•	The details of quantization method and the bit width are required to be aligned between receiver side and transmitter side, thus significantly limiting the implementation flexibility for different vendors, which has never been restricted in previous generations of 3GPP specifications.
Observation 2:	ESS faces severe limitations that impact its efficiency and flexibility:
•	It requires high-precision addition and comparison, leading to high computational complexity;
•	Prohibitively high storage complexity of look up tables are required for ESS based DM;
•	Serial processing of DM and de-DM results in high implementation delays causing low hardware throughput
•	Fixed-point precision algorithms require a specified quantization bit width, offering limited flexibility in implementation.
Observation 3:	MPDM, which is also based on Arithmetic Coding, faces severe limitations that impact its efficiency and flexibility:
•	High-precision multiplication and division operations are required, leading to high computational complexity;
•	Serial DM and de-DM have large implementation delays and low throughput;
•	The details of quantization method and the bit width are required to be aligned between receiver side and transmitter side, significantly limiting the implementation flexibility for different vendors, which has never been restricted in previous generations of 3GPP specifications.

Observation 4:	The ECC-DM scheme can reuse existing 5G NR control channel coding module to achieve DM/de-DM purpose, therefore reducing the additional hardware impact/overhead due to the introduction of probabilistic shaping. 
Observation 5:	The de-DM processing is simple for ECC-DM, requiring only a polar transform operation at receiver side.
Observation 6:	ECC-DM achieves multi-level probabilistic shaping with a single binary-output DM without increasing complexity.
Observation 7:	The decoding operations in ECC-DM can directly reuse an existing SCL decoder, enabling shared utilization of the SCL core without additional decoding hardware.
Observation 8:	The ECC-DM does not need to align the implementation details, e.g., quantization method and quantization bit width, between the transmitter and receiver sides, thereby requiring the minimum standardization efforts and thus offering high implementation flexibility for different vendors to achieve diverse performance-complexity trade-off, which is consistent with core principle for 3GPP specifications. 
Proposal 1:	Adopt the following observations on constellation shaping with respect to the impact on channel coding chains:
-	Supporting probabilistic shaping requires significant changes for the legacy NR coding and modulation chain and introduces extra complexity, necessitating a substantial redesign of the NR coding and modulation chain; 
-	On the contrary, geometric shaping has acceptable impact on coding and modulation chains.

Observation 9:	The hardware throughput of typical probabilistic shaping schemes based on arithmetic coding is low:
•	CCDM, ESS and MPDM incurs ~10x processing delay over LDPC decoding and ~ 100x processing delay over LDPC encoding due to its inherent serial arithmetic nature, creating a throughput bottleneck. 
Observation 10:	To achieve a target 4G symbol per second throughput:
-	CCDM requires a DM length of 64, while a CCDM with DM length 1024 achieves a much lower throughput;
-	ESS requires a DM length of 96;
-	ECC-DM with a DM length 1024 achieves much higher throughput.  
Proposal 2:	Adopt the following observations on constellation shaping with respect to the demodulation complexity and storage overhead:
-	2D-NUC requires a prohibitive demodulation complexity in high modulation order: the demodulation complexity of 2D-NUC is approximately 14.4x for 1024QAM and 4.2x for 256QAM over the baseline LDPC decoding complexity;
-	Demodulation complexity of 1D-NUC is significantly lower than that of 2D-NUC;
-	The storage overhead of 2D-NUC is approximately 20x over 1D-NUC;
-	Probabilistic shaping has minor/limited impact on demodulation complexity and has similar storage overhead due to modulation/demodulation as uniform QAM.
Observation 11:	In the worst-case scenario, the computational complexity of sphere decoding (SD) is prohibitive (e.g., 3×108x over LDPC decoding).  
Observation 12:	In precoded MIMO system equipped with sphere decoding, probabilistic shaping results in significant performance loss (~3dB) over uniform QAM.
Observation 13:	With probabilistic shaping, the computational complexity of reduced ML detection (i.e., using QRM-MLD) is 1~10x of that for LDPC decoding. 
Proposal 3:	Adopt the observation that with 2D-NUC the computational complexity of reduced ML detection (i.e., using QRM-MLD) is 10~100 times of that for LDPC decoding, which is unacceptable at receiver side.
Proposal 4:	The prohibitive demodulation complexity rules out 2D-NUC, while other shaping proposals require more discussion on the benefit versus cost at least including complexity and storage. 
Observation 14:	Probabilistic shaping introduces additional complexity on both transmitter side (DM) and receiver side (de-DM), and the DM/de-DM complexity grow with the modulation order, and different DM schemes incur different complexities:
•	Complexity of CCDM is approximately 587.4x LDPC encoding for 1024QAM;
•	Complexity of ESS is 42.9x LDPC encoding for 1024QAM, and the storage of ESS is significantly high.
•	Complexity of MPDM can reach 7832x that of LDPC encoding for 1024QAM.
Observation 17:	The probabilistic shaping based on arithmetic coding, including CCDM, MPDM, and AESS, cannot work if the details of quantization method and the bit width are not aligned between receiver side and transmitter side, which significantly limit the implementation flexibility for different vendors and inconsistent with the core principle of 3GPP specification.
Observation 1:	Regarding the BLER performance comparison between PS, GS and uniform QAM (without AMC, shaping parameters are independent of the channel type): 
•	In AWGN channels:
	1D-NUC achieves gains ranging from 0~0.6dB depending on corresponding SE;
	2D-NUC achieves gains ranging from 0~0.8dB depending on the corresponding SE;
	CCDM64 introduces performance loss while the CCDM1024 cannot achieve the target hardware throughput; 
	ECC-DM and ESS achieves up to 1dB shaping gain;
•	In fading channels, the shaping gain of ESS experience a substantial reduction, and shaping losses are observed;
•	Due to significant finite-length loss, CCDM64 cannot achieve any shaping gain.
Observation 2:	Under the throughput requirement of 4G symbol per second:
•	For the DM complexity at transmitter side:
	ECC-DM is comparable to that of LDPC encoding, while the complexity of ESS and CCDM exceeds 10x of LDPC encoding.
•	For the de-DM complexity at receiver side:
	ECC-DM de-DM complexity is marginal because only polar transform is needed;
	CCDM contributes a complexity that corresponds to one iteration of LDPC decoding;
	ESS de-DM introduces significant storage requirement as in DM process (24.3M for LUT).
Observation 3:	Regarding the BLER performance comparison between PS, GS and uniform QAM (with AMC, shaping parameters and modulation orders are dependent on the channel type): 
•	CCDM cannot achieve any shaping gain due to significant finite-length loss;
•	The shaping gain of ESS experience a substantial reduction for fading channel and higher rank scheduling, meanwhile with a significant storage overhead on both transmitter and receiver sides;
•	2D-NUC provides less than 1dB shaping gains in most cases but introduces prohibitive demodulation complexity as observed in section 3.2.3.3;
•	ECC-DM achieves a stable link level shaping gain with small complexity overhead;
Proposal 1:	Do not consider CCDM and ESS due to the following drawbacks, while other shaping solutions require more justification considering the benefit versus the cost, including at least the complexity and storage.
	Extremely low area efficiency caused by their high complexity or storage overhead, which may cause large chip area overhead; 
	Low hardware throughput due to serial high precision calculation, or unexpected high rate loss when the DM length is reduced to improve the hardware throughput.
Observation 4:	System-level simulations (SLS) using an AWGN-based physical layer abstraction model show marginal gain of cell-average SE for Dense Urban scenario with carrier frequency 700MHz, and 7GHz.
Observation 5:	  For DFT-s-OFDM waveform, both geometric shaping and probabilistic shaping increases the PAPR, counteracting the goal of using DFT-s-OFDM. Such an increase is particularly pronounced in probabilistic shaping. 
Observation 6:	The final gain of shaping schemes should consider both the shaping gains and also the PAPR loss or MPR considering realistic PA.
Proposal 2:	For shaping schemes, the factors including at least phase noise, EVM requirement, MPR or A-MPR increase under realistic PA model require RAN4 confirmation or inputs.

	Oppo
	Observation 1: In AWGN and Rayleigh fading channels, 2D-NUC could achieve 0.6 dB and 0.4 dB gain at 10% BLER compared with uniform QAM, respectively.
Observation 2: In AWGN and Rayleigh fading channels, 1D-NUC has less than 0.2 dB performance degradation compared with 2D-NUC.
Observation 3: GS-based modulation could retain stable performance gain over different channel types with well-designed constellation patterns.
Observation 4: Uniform QAM and 1D-NUC require similar demapping complexity.
Observation 5: Compared with 2D-NUC, lower demodulation complexity could be achieved with 1D-NUC with slight performance degradation.
Proposal 1: Support geometrical shaping for 6GR modulation scheme, including:
	1D-NUC and 2D-NUC
	Specified constellations and non-specified downloadable constellations
Observation 6: PS-based modulation could have significant impact on Tx/Rx chain design, including code rate design, interleaving, scrambling, and redundancy version (RV) design, etc.
Observation 7: Ideal-DM-based PS could achieve about 1.2 dB performance gain compared with uniform QAM. However, the rate loss issue of practical DMs may degrade the performance gain of PS.
Figure 1: Performance of PS and QAM with different resources
Observation 8: The performance gain of PS reduces as the code block length decreases. With very small code block length, the performance of CCDM-based PS can be similar to uniform QAM.
Observation 9: In i.i.d. Rayleigh fading channel, the performance gain of PS significantly declines. Ideal-DM-based PS and CCDM-based PS can have 0.4 dB and 0.7 dB performance loss compared with uniform QAM at 10% BLER.
Observation 10: In i.i.d. Rayleigh fading channel, the performance gain of PS declines as the number of transmission resources reduces, and CCDM-based PS has 2.4 dB and 3.1 dB performance loss compared with uniform QAM with 100 REs and 50 REs, respectively.
Observation 11: Compared with uniform QAM, PS could exhibit performance gain in 1-layer transmissions but exhibits performance loss for 2-layer transmissions for both ideal and realistic channel estimation methods.
Observation 12: Compared with uniform QAM, PS is more sensitive to the code block size. The BLER performance shows significant variation between with and without CSI-RS overheads.
Observation 13: The performance of PS generally degrades for small MCSs and multi-layer transmissions with practical receivers.
Observation 14: Taking QAM demodulation as baseline, CCDM and D-CCDM introduce 4.82x and 9.51x additional complexity for PS scheme, respectively.
Observation 15: For PS-based modulation, the introduction of DM may lead to serial processing latency and/or storage overhead.
Observation 16: PS-based modulation exhibits ~1 dB PAPR increase with DFT-s-OFDM waveform compared with NR uniform QAM scheme.
Observation 17: Compared with fully-shaped PS, the performance of partially-shaped PS may slightly deteriorate with lower DM computational complexity.

	CATT
	Proposal 3: It is recommended that constellation shaping is considered when the spectral efficiency is above 3 bits per two-dimension symbol, or the constellation size is not less than 64.
Observation 3: Probabilistic shaping has a significant impact on the coding chain, including the addition of a distribution matcher module, modifications of bit interleaving and bit scrambling, etc.
Observation 4: For probabilistic shaping implemented by enumerative sphere shaping, the number of operations required by the decoding progress of the distribution matcher is about 5% of that required by demapping.
Observation 5: For probabilistic shaping implemented by enumerative sphere shaping, the distribution matcher requires storages to implement encoding and decoding. The storage sizes shown by Table 3 are up to 1.388 Mbits.
Observation 10:
•	In CP-OFDM, both GS and PS maintain nearly identical PAPR to uniform QAM.
•	In DFT-s-OFDM, GS and PS incur non-negligible PAPR increases compared to uniform QAM, with PS exhibiting more severe degradation than GS.

	LGE
	Observation 1: NUC outperforms NR Uniform QAM in AWGN channel as well as multi-path channels across a range of delay spreads and UE mobility conditions.
Observation 2: The NUC gain in AWGN are kept in multi-path channels with short, intermediate and long delay spreads under both pedestrian- and vehicular-speed UE mobility. 
Observation 3: For a given modulation order, the relative performance gain of NUCs is relatively larger at lower MCS levels than at higher MCS levels.
Proposal 1: Study the feasibility and performance benefit of constellation sharping techniques, including Non-Uniform Constellations (NUCs), for 6G modulation design.
Proposal 2: Study the applicability of the constellation shaping to the existing modulation orders in the 5G NR (e.g., from 64 QAM up to 1024 QAM).

	Tejas
	Observation 1 :- The de-mapping complexity of 1D-NUC is comparable to that of a uniform constellation, as both require a similar number of operations for LLR computation.
Observation 2 :- The de-mapping complexity of 2D-NUC is significantly higher than that of 1D-NUC due to the need for joint processing of in-phase and quadrature components.
Observation 3 :- Integrating NUC into the 5G‑NR PDSCH BICM chain yields shaping gains of up to 0.7 dB for 1D‑NUC and up to 0.8 dB for 2D‑NUC at a target BLER of 1%, under an AWGN channel, using NR MCS table 2 without retransmission.
Observation 4 :- Fading‑channel simulations with NUC integrated into the 5G‑NR PUSCH chain, targeting a BLER of 10% using MCS Table 2 under TDL‑A, TDL‑C, and TDL‑D channel models without retransmission, demonstrate shaping gains of up to 0.8 dB for both 1D‑NUC and 2D‑NUC.
Observation 5 :- Fading‑channel simulations with NUC integrated into the 5G‑NR PUSCH chain, targeting a BLER of 10% using MCS Table 2 under CDL‑A, CDL‑C, and CDL‑D channel models without retransmission, demonstrate shaping gains of up to 0.8 dB for both 1D‑NUC and 2D‑NUC.
Observation 6 :- Simulations with NUC integrated into the 5G‑NR PUSCH chain, evaluated at a target of 70% throughput using MCS Table 2 under the TDL‑A channel with retransmission, demonstrate shaping gains of up to 0.6 dB for 1D‑NUC and up to 0.7 dB for 2D‑NUC.
Observation 7 :- Simulations with NUC integrated into the 5G‑NR PUSCH chain using MCS Table 2 under the TDL‑A channel with retransmission show throughput gains of up to 10% for both 1D‑NUC and 2D‑NUC at the SNR corresponding to 70% throughput of the uniform constellation (UC).
Observation 8 :- NUC Performance evaluation indicates reduction in throughput (up to 2.39%) for MCS index corresponding to 16QAM compared to UC (under TDL-A channel using 5G-NR PUSCH chain using MCS table 2).
Observation 9 :- NUC optimized for AWGN channel and a target SNR also provides throughput gain under various fading channel.
Observation 10 :- Higher-order modulation schemes achieve greater shaping gain under both AWGN and fading channel.
Observation 11 :- For a given modulation order, the shaping gain observed in the simulations is higher at lower code rates compared to higher code rates.
   
Proposal 1 :- RAN1 to consider the following candidate modulation‑scheme directions, for further study, based on the observed performance–complexity trade‑offs:
-	For lower‑order QAM modulations (QPSK and 16QAM), continue to use uniform QAM.
-	For 64QAM, consider 2D‑NUC as a candidate, offering a balance between shaping gain and de‑mapping complexity.
-	For higher‑order modulations (≥256QAM), consider 1D‑NUC as a candidate due to its favorable gain‑to‑complexity trade‑off. 
Proposal 2 :- RAN1 to study enhancements to the MCS table that enable a flexible combination of uniform QAM, NUC‑based constellations, and other shaping schemes, including the associated signaling requirements, performance implications, and complexity considerations.
Observation 12 :- 2D‑NUC incurs a significantly higher constellation storage requirement compared to 1D‑NUC.
Proposal 3: RAN1 to study techniques to reduce the storage requirements associated with shaping‑based modulation schemes, including 1D‑NUC, 2D‑NUC, and other shaping approaches, while maintaining the achievable shaping gains.	
Observation 13 :- Integration of NUC into the channel coding and modulation chain requires only localized modifications to the modulation and demodulation blocks.
Observation 14 :- Adoption of NUC requires additional specification updates, including enhancements to the MCS tables, definition of constellation base values, and specification of procedures for reconstructing the complete constellation from the base representation.
Proposal 4: As part of the evaluation of shaping‑based modulation schemes, RAN1 to study the potential specification impact in addition to the achievable shaping gains.	

	CMCC
	Observation 2: For geometric shaping, the constellation design should ensure universal performance across diverse channel conditions.
Observation 3: Geometric shaping can reuse the 5G procedures for symbol mapping at the transmitter and symbol demapping at the receiver.
Observation 4: For geometrically-shaped constellations, if the constellation map relies on a pre-defined lookup table, the memory and access overhead at the transmitter and the demapping complexity at the receiver should be considered, especially for 1024 and higher-order schemes.
Observation 5: Probabilistic shaping can reuse the 5G constellation map.
Observation 6: Probabilistic shaping requires a redesign of the channel coding and modulation chain.
Observation 7: The core innovation of probabilistic shaping is the novel bit generation process, while the final step of mapping bits to a constellation point remains identical to legacy QAM.

	Xiaomo
	Observation 2: For 256QAM in AWGN channel, 2D-NUC scheme in ATSC 3.0 can provide about 0.42~0.77 dB gain in dB with respect to NR baseline at BLER 10%. 
Observation 3: For 256QAM in TDL-A channel, 2D-NUC scheme in ATSC 3.0 can provide about 0.49~0.8 dB gain in dB with respect to NR baseline at BLER 10%, when the number of PRBs is 6 for FDD or 56 for TDD. 
Observation 4: For 256QAM in TDL-A channel, 2D-NUC scheme in ATSC 3.0 can provide very marginal gain (almost no gain) with respect to NR baseline at BLER 10%, when the number of PRBs is 48 for FDD.
Observation 5:  The demapper complexity of 2D-NUC is much higher than 1D-NUC and unform QAM. 
Observation 6:  The demapper complexity of unform QAM can be lower than that for 1D-NUC, as it can be optimized by exploiting the uniform spacing of PAM levels.  
Observation 7: There are many candidate DM algorithms, where CCDM exhibits strong sequential dependencies and limits parallelization and throughput, and (A)ESS may have prohibitive requirements on storage.
Proposal 5: To have more focused analysis and evaluation, proponents are encouraged to clarify which DM algorithm is preferred first.

	ZTE
	Proposal 1:	Consider performance and complexity trade-off in the study of shaping modulation for 6GR.
Proposal 2:	Consider CDL channel model for evaluating the performance of shaping modulation in MIMO fading scenarios.
Observation 1: 	NUC modulation is a mature technique and has been widely used in broadcast standards.
Observation 2: 	According to our simulation results, 1D-NUC has the following performance gain:
•	0.13dB ~ 0.92dB shaping gain at BLER = 0.01 for MCS 11 to 27 under AWGN channel 
•	0.14dB~1.47dB shaping gain at BLER = 0.1 for MCS 11 to 26 under CDL-B channel with 4T4R and 2 MIMO layers.
•	the throughput gain is up to 14.2% for NR 256QAM table at the same spectrum efficiency under CDL-B channel with 32T4R antenna and maximum 4 layers.
•	the throughput gain is up to 11.9% for NR 256QAM table at the same spectrum efficiency under CDL-B channel with 32T4R antenna and maximum 2 layers.
•	the throughput gain is up to 18.3% for NR 256QAM table at the same spectrum efficiency under CDL-B channel with 4T32R antenna and maximum 4 layers.
•	the throughput gain is up to 11.1% for NR 256QAM table at the same spectrum efficiency under CDL-B channel with 4T32R antenna and maximum 2 layers.
Observation 3: 	1D-NUC and legacy QAM have no PAPR difference over CP-OFDM.
Observation 4: 	32-QAM can provide the lower PAPR comparing with the 16-QAM.
Proposal 3:	In NTN and NT scenario, PAPR reduction based on QAM with constellation shaping can be additionally considered.
Observation 1: 	Layer balancing precoding improves the performance of PAS but degrades performance of legacy QAM, resulting in larger shaping gain, compared to SVD precoding.
Observation 2: 	In the SE range of the NR 256QAM table, PAS can have the following performance.
•	0.31 dB ~ 1.01 dB shaping gain at BLER = 0.01 over AWGN channel.
•	0.04dB ~ 1.30dB shaping gain at BLER = 0.1 over CDL-B 4T4R channel with 2 MIMO layers.
•	more than 1.0dB performance loss at BLER = 0.1 over CDL-B 4T4R channel with 4 MIMO layers.
Observation 3: 	PAS QAM demodulation based on non-MB distribution is more complex than PAS QAM demodulation based on MB distribution.
Observation 4: 	Transmitter complexity for NUC modulation mainly arises from storage of constellation points and the impact of transmitter complexity for NUC is relatively small.
Observation 5: 	PAS schemes with (A)ESS mapping requires larger memory requirement for modulation and demodulation.
Observation 6: 	NUC modulation/demodulation is a full parallel process, making it easier to achieve ultra-high throughput for 6GR.
Observation 7: 	CCDM-based PAS and AESS-based PAS will degrade throughput at transmitter due to serial process.
Observation 8: 	Adaptive MCS and NUC can be applied for initial transmission and re-transmission.
Observation 9: 	Introducing NUC for 6GR does not affect the LDPC coding chain in 5G. The LDPC coding chain in 5G can be reused in 6GR.
Observation 10: 	IR-HARQ performance may degrade when PAS is used due to same MB distribution and MCS level for both initial transmission and re-transmission.
Observation 11: 	PAS modulation has potential impacts on coding chain:
•	Additional procedures including bit splitting, distribution matching and bit multiplexing 
•	Modified CB segmentation
•	Modified bit selection and bit interleaving
•	Modified scrambling
•	Modified demodulation
Proposal 1:	The following issues for PAS can be studied and evaluated:
•	Impact on channel coding chain
•	Serial process and storage caused by DM algorithms
•	Initial and retransmission performance
Observation 12: 	Complexity analysis can be observed as follows:
•	PAS causes throughput degradation compared to legacy QAM and Geometric shaping. 
•	Demodulation of 1D-NUC is slightly simpler than PAS  
•	AESS-based PAS introduces large storage requirement compared to legacy QAM and geometric shaping.
Proposal 2:	Support 1D-NUC considering performance and complexity trade-off for 6GR modulation.

	vivo
	Observation 1: 	There is a large singular value variation among different spatial layers.
Proposal 1:	For 6G PDSCH/PUSCH codeword-to-layer mapping, flexible CW-to-layer mapping and MCS assignment can be considered:
•	Option 1: CW per-layer mapping.
•	Option 2: Different modulation orders and same code rate for different layers
•	Option 3: extending two codewords to the case of the number of spatial layers is not larger than 4.
Observation 2: For AI generated constellations compared with legacy 256QAM with MCS 20~ 24 in AWGN channel,
	2D-NUC provides 0.56~0.93dB gain
	1D-NUC provides 0.35~0.72dB gain
	NUC selected from 4096QAM provides 0.23~0.74dB gain
Observation 3: For AI generated constellations compared with legacy 256QAM with MCS 20~ 24 in fading channel,
	2D-NUC provides 0.62~0.86dB gain
	1D-NUC provides 0.44~0.69dB gain
	NUC selected from 4096QAM provides 0.45~0.73dB gain
Proposal 1：Study AI generated constellations targeting different purposes such as spectral efficiency, demapper complexity, EVM requirements and PAPR.
Observation 4: Compared with legacy 256QAM with max-log demapper, under TDL-C 300ns, with 1T8R,
	AI generated constellation with max-log demapper has 1.12dB performance gain
	Legacy constellation with AI receiver has 1.16dB performance gain
	AI generated constellation with AI receiver has 1.75dB performance gain
Proposal 2: AI channel estimation and AI demapper can be considered as part of evaluation assumption for constellation shaping study.
Observation 5: Probabilistic shaping may have great impacts on the coding chain, such as the channel coding module, and some new building blocks are also needed. Large specification efforts could be needed. Furthermore, scrambling after coding will defeat the potential gain of PAS as scrambling bits will change the probability of modulation symbols.
Observation 6: Compared to legacy 256QAM using the existing MCS table, geometric shaping has
	0.56~0.96 dB BLER performance gain in AWGN channel for MCS 20~MCS24
	0.32~0.81 dB BLER performance gain in TDL-A channel for MCS 20~MCS24
Observation 7: Compared to legacy 256QAM using the existing MCS table, probabilistic shaping has
	0.65~1.35 dB BLER performance gain in AWGN channel for MCS 20~MCS24
	0.56~1.05 dB BLER performance gain in TDL-A channel for MCS 20~MCS24 with 6RB
	0.32~0.6 dB BLER performance loss in TDL-A channel for MCS 20~MCS24 with 24RB
Observation 8: Compared to legacy 256QAM using the existing MCS table, with 4T4R, 120km/h, TDL-A 30ns, geometric shaping has
	0.78~0.99 dB BLER performance gain with 6 RBs for MCS 20~MCS24
	0.81~0.99 dB BLER performance gain with 12 RBs for MCS 20~MCS24
Observation 9: Compared to legacy 256QAM using the existing MCS table, with 4T4R, 120km/h, TDL-A 30ns, probabilistic shaping has
	5.19~5.31 dB BLER performance loss with 6 RBs for MCS 20~MCS24
	4.90~5.02 dB BLER performance loss with 12 RBs for MCS 20~MCS24
Observation 10: Compared to legacy 256QAM using the existing MCS table, with one-time HARQ transmission, geometric shaping has
	0.24~0.66 dB BLER performance gain in TDL-A channel with 1T1R for MCS 20~MCS24
	0.32~0.70 dB BLER performance gain in TDL-A channel with 4T4R for MCS 20~MCS24
Observation 11: Compared to legacy 256QAM using the existing MCS table, with one-time HARQ transmission, probabilistic shaping has
	3.42~5.44 dB BLER performance loss in TDL-A channel with 1T1R for MCS 20~MCS24
	3.27~5.16 dB BLER performance loss in TDL-A channel with 4T4R for MCS 20~MCS24
Observation 12: Compared to legacy QAM using the existing MCS table, GS can provide up to 5% and 3% throughput gain with 6 RBs and 24 RBs respectively.  
Observation 13: Compared to legacy QAM using the existing MCS table, PS can provide 1% throughput gain with 6 RBs and no throughput gain with 24 RBs.
Observation 14: For CP-OFDM, GS, PS and uniform QAM have similar PAPR performance.
Observation 15: For DFT-s-OFDM, without additional enhancement, PS yields higher PAPR than GS, which exceeds uniform QAM.
Observation 16: AI generated PAPR-optimized GS constellation provides 0.71 dB BLER gain while maintaining similar PAPR as uniform QAM.
Observation 17: CCDM based PS requires higher computational complexity while ESS based PS requires higher storage capacity.
Observation 18: GS shares similar processing delay as uniform QAM, while PS introduces additional processing delay during shaping procedure.
Observation 19: Although 2D-NUC demapper yields higher complexity than demapper of 1D-NUC, PS and uniform QAM, it’s still not dominant factor compared to LDPC decoder complexity.
Observation 20: For 6G base stations with AI receivers, demapping complexity of GS 2D-NUC can be effectively handled by dedicated hardware accelerators such as GPUs or NPUs.

	IMU
	Observation  1: 	Both GCS and PCS can significantly improve spectral efficiency and BLER-vs-SNR over uniform constellations across practical channels, with achievable gains depending on modulation order, distribution-matcher design and blocklength, receiver complexity, and channel conditions.
Observation  2: 	GCS (and GCS+PCS) may incur significantly higher demodulation complexity because LLR evaluation cannot be decoupled into independent I/Q searches. Low-complexity receiver support (via near-separable mappings, structured labeling, bounded-complexity 2-D demappers, or efficient approximations) is therefore critical for shaped constellations to be viable across device classes.
Proposal 1: 	Study PCS/GCS for enhancing communication performance, prioritizing minimal-intrusion designs that reuse NR LDPC, interleaving, scrambling, bit-collection, and legacy QAM mapping, and are implementation-friendly in terms of complexity, latency, and storage. Report BLER/throughput under AWGN and 3GPP fading (SISO, MIMO rank=1 and >1), plus TX/RX complexity.
Proposal 2: 	RAN1 to study receiver architectures for GCS and GCS+PCS that maintain low complexity and latency, with priority on shaped constellations that are demappable with minimal complexity while reusing the existing NR RX chain as much as possible.

	NEC
	Observation 3: Geometric Shaping (GS) provides a robust framework for performance scaling. While 1D-NUC offers a low-complexity baseline, 2D-NUC—as proven in standards like ATSC 3.0—provides the necessary gains to justify the transition to 6G high-order modulation.
Observation 4: Probabilistic Shaping (PS) introduces significant architectural overhead by requiring modifications to the bit interleaver and scrambler. The complexity and latency associated with Distribution Matchers (DM) pose a high risk for high-speed   6G implementations compared to the more "plug-and-play" nature of Geometric Shaping.
Proposal 3: RAN1 should prioritize Geometric Shaping (GS) over Probabilistic Shaping (PS) as the primary study item for 6G modulation due to its superior compatibility with the existing NR coding and interleaving framework.
Proposal 4: RAN1 to support the study of both 1D-NUC and 2D-NUC. Specifically, 2D-NUC should be evaluated for high-spectral-efficiency use cases, leveraging design principles from established standards like ATSC 3.0 to manage demapper complexity.
Proposal 5: Focus on "non-paired" NUC frameworks that allow the transmitter to perform the shaping optimization, thereby minimizing the processing and power consumption burden on the UE receiver.

	Samsung
	Observation 3: 1-D NUC outperform uniform QAM over a wide range of operating Es/No points, channel model parameters, and antenna configurations.
Observation 4: For SE = {4.5210, 4.8188, 5.1136}, the 256-ary 1-D NUCs with indices {12, 13, 14} outperform the 64-ary 1-D NUCs with indices {7, 8, 9}, respectively.
Observation 5: For SE = {5.5577, 5.8935, 6.2249, 6.5746, 6.9189, 7.1608, 7.4069}, the 1024-ary 1-D NUCs with indices {23, 24, 25, 26, 27, 28, 29} outperform the 256-ary 1-D NUCs with indices {16, 17, 18, 19, 20, 21, 22}, respectively.
Proposal 3: Study 1D-NUC as a 6GR constellation shaping scheme.
Observation 6: The demodulation complexity for 1D-NUC is equivalent to that of uniform QAM in 5G NR systems.
[bookmark: _Ref220510308]Observation 7: For the AWGN channel, systematic PS with the legacy NR MCS indices achieves an SNR gain of approximately 0.02 to 1 dB to achieve the same BLER, compared to uniform QAM.
Observation 8: In MIMO fading channel applying rML receiver, systematic PS with SE=0.6667 achieves a shaping gain of approximately 0.74 to 1.4 dB over Uniform QAM, depending on the MIMO antenna configuration.
Observation 9: In MIMO fading channel using applying LMMSE receiver, systematic PS with SE=0.6667 achieves a shaping gain of approximately 0.52 to 0.83 dB over Uniform QAM, depending on the MIMO antenna configuration.
Proposal 4: Study systematic PS as a 6GR constellation shaping scheme.
Observation 10: The proposed 1-bit-level binary DM requires about 0.15× of the bitwise complexity of the NR-LDPC decoder under a matched throughput target.

	IDC
	Observation 1: PCS can be easily integrated with NR shared channel processing, reusing LDPC encoding and decoding schemes
Observation 2: Reusing the AWGN based PS/MB parameter (without optimization for fading channel) for fading channel (SISO, MIMO single layer) can provide good performance gain with LMMSE receiver.
•	0.5 – 0.7 dB performance gain is observed from PS for SISO fading channel.
•	0.9 – 1.1 dB performance gain is observed from PS for MIMO fading channel for single layer transmission.
Observation 3: PCS show good performance gain for MIMO single layer under different channel types, e.g., line-of-sight channel or non-line-of-sight channel.
Observation 4: The performance gain achieved by the PCS is not sensitive to precoder used in open loop precoding.
Observation 5: Similar performance gain is observed for single layer with close loop precoding and open loop precoding.
Observation 6: Similar performance gain is observed for MIMO single layer with 2T2R and with 8T4R.
Observation 7: Similar performance gain is observed for MIMO single layer with different delay spreads.  
Observation 8: Additional 0.2 dB performance gain can be achieved by optimizing the shaping parameter, e.g., MB parameter λ, for the fading channel for MIMO 2x2 single layer transmission.
Proposal 1: Study PCS as potential candidates for 6G joint coding and modulation with uniform QAM of NR as the baseline.

	Ericsson
	Observation 2	PSCM outperforms uniform QAM at 4T4R rank=1 with minor to moderate gain, robust performance with 16QAM, especially for low code rate indexes.
Observation 3	PSCM underperforms uniform QAM at 120km/h, at MCS indexes 11 and 12 with 64 QAM, the PSCM has significant loss. 
Observation 4	PSCM with 1 retransmission have no gain in MCS=16 and MCS=20 with fading channel. 
Observation 5	ATSC 3.0 outperforms uniform QAM at 64QAM and 256QAM with minor to moderate gain. 
Observation 6	ATSC 3.0 shows robust performance gain at high velocity scenarios.
Observation 7	ATSC 3.0 shows similar performance as uniform QAM at 16QAM.
Observation 8	For DFT-s-OFDM, there is a trade-off between NUC shaping gain and PAPR increase, and similar trade-off is expected for probabilistic shaping schemes.
Proposal 2	RAN1 to consider the resulting gain of constellation shaping for DFT-s-OFDM, by accounting MPR based on the RB allocation (e.g., inner/outer/edge), RB size, and constellation shape through system level simulation.
Observation 9	The shaping gains provided by 1D-NUC is in the range of 0.1-0.6 dB for 1D-NUC with modulation order 6 and 0.1-0.7dB for 1D-NUC with modulation order 8, whereas 1D-NUC with modulation order 4 provides no shaping gains in the SISO AWGN channel.
Observation 10	In SISO AWGN, ATSC 3.0 based 2D‑NUC provides higher shaping gains compared with 1D‑NUC for modulation orders 6 and 8. However, 1D‑NUC provides a much simpler implementation while achieving moderate shaping gains. Consideration of 1D-NUC for 6GR requires further investigation with practical channel estimation and other link impairments as well as demapper complexity.
Observation 11	With the same spectrum efficiency, using a modulation order different than modulation order used in NR MCS table may provide significant gain in fading channels in rank 4, albeit marginal gain in rank 1. 
Proposal 3	Study the performance differences of applying different modulation orders for the same spectrum efficiency with uniform QAM in fading channels.
Observation 13	PSCM requires significant modifications to the transport channel processing chain of 5G NR.
Observation 14	The computational (and storage, if applicable) complexity of PSCM depends on the number of shaped bits per amplitude for each modulation symbol.
Observation 15	The distribution-matcher implementation must be tightly synchronized between transmitter and receiver
Proposal 5	In PSCM investigation, RAN1 considers the hardware impact of several thousands of parallel distribution matchers for both transmitter and receiver.
Observation 16	Non-uniform constellation design with geometric shaping is a non-convex optimization problem, which is inherently difficult to solve. Restricting the feasible set only introduces ambiguity and yields, at best, heuristic solutions.
Observation 17	The demodulation complexity of 2D‑NUC remains a major bottleneck, especially since we currently lack an efficient demapper analogous to fast max-log-map demapper for QAM. This gap makes it essential to investigate 2D‑NUC demodulation in depth in order to establish realistic estimates of the demapper’s computational complexity.
Observation 18	Each of the two constellation shaping schemes has its own specific pros and cons with respect to performance, the trends of achievable gains are somewhat similar for uplink and downlink.
Observation 19	The complexity of constellation shaping schemes increases significantly compared to the case of uniform QAM.

	Lenovo
	Observation 1. The NP-NUC framework retains legacy QAM demapping at the receiver, while only the transmitter adopts NUC specifically designed based on the NP-NUC framework. Thus, receiver updates are not necessary to realize geometric shaping gains with NP-NUC.
Observation 2. The SNR gains of NUC range from 0.15 to 0.5 dB over AWGN channels, from 0.1 to 0.6 dB over TDL channels in SISO systems, and from 0.1 to 0.5 dB over CDL channels in MIMO systems. The SNR gains of NP-NUC range from 0.04 to 0.15 dB over AWGN channels, from 0 to 0.22 dB over TDL channels in SISO systems, and from 0 to 0.2 dB over CDL channels in MIMO systems.
Proposal 1. Study non-paired non-uniform constellation (NP-NUC) approach for geometric shaping, where the transmitter employs NUC, while the receiver uses the legacy QAM for demapping.
Observation 3. The SNR gains of PS range from 0.15 to 1.15 dB in AWGN channels.
Observation 4. In CP-OFDM systems, NUC and NP-NUC do not increase PAPR. In DFT-s-OFDM, NUC and NP-NUC increase PAPR. The PAPR increment caused by NP-NUC is much smaller than that caused by NUC.
Observation 5. With PS, the total decoding complexity is 1.53 times that of legacy uniform QAM, where decoding for PS includes both LDPC decoding and DDM. DDM for PS itself accounts for only 0.36 times the computational cost of LDPC decoding for uniform QAM.
Observation 6. 1D-NUC requires 4.22x the bitwise computations of legacy uniform QAM due to higher precision required. PS requires 2.09x the bitwise computations of legacy uniform QAM to incorporate prior symbol probabilities in calculating LLRs. 1D-NPNUC has the same demapping complexity as uniform QAM.

	Apple
	Observation 1: For probability shaping, various shaping methods were discussed in literature, with different tradeoff in performance, complexity, latency, and storage requirement. 
•	Fair comparison between different shaping methods requires brute-force search of optimal MCS parameter combination separately.  
Observation 2: Comparing optimized 16QAM PAS with uniform QAM in MIMO fading channel with MMSE receiver,
•	For 2-layer MIMO, PAS observe a performance gain of 0dB to 0.7dB in open loop MIMO. PAS shows similar performance to uniform QAM in close loop MIMO with wideband precoding. PAS shows 0.5dB to 1dB performance Loss compared to uniform QAM in close loop MIMO with PRG=2RB.    
•	For 4-layer MIMO, PAS observe a performance gain of 0.5dB to 1dB in open loop MIMO. PAS shows similar performance to uniform QAM in close loop MIMO with wideband precoding. PAS shows 0.7dB to 1.2dB loss in close loop MIMO with PRG = 2RB. 
Observation 3: Comparing optimized 64QAM PAS with uniform QAM in MIMO fading channel with MMSE receiver,
•	For 2-layer MIMO, PAS observe a performance gain of 0.5dB gain in open loop MIMO. PAS shows similar performance in close loop MIMO with wideband precoding. PAS shows performance loss of 0.5-1 dB compared to uniform QAM in close loop MIMO with PRG=2RB.    
•	For 4-layer MIMO, PAS observe a performance gain of ~0.5 dB in open loop MIMO. PAS shows similar performance compared to uniform QAM in close loop MIMO with wideband precoding. PAS shows 1-1.5dB loss in close loop MIMO with PRG = 2RB. 
•	For MCS 19, which compare 64QAM uniform QAM with 256QAM with PS, around 3-4dB PAS gain is observed across different MIMO and precoding configurations. 
o	MCS table for uniform QAM should be optimized.  
Observation 4: Comparing optimized 256QAM PAS with uniform QAM in MIMO fading channel with MMSE receiver,
•	For 2-layer MIMO, PAS observe 0.5dB gain to 1dB loss in open loop MIMO. PAS shows 1-2.5 dB performance loss compared to uniform QAM in close loop MIMO with PRG=2RB.    
•	For 4-layer MIMO, PAS observe 0.5dB gain to 0.7dB loss in open loop MIMO. PAS shows 1dB to 3dB loss in close loop MIMO with PRG = 2RB.

	MTK
	Observation 3: ESS has smaller rate loss than CCDM which make it more suitable for small to medium block lengths.
Observation 4: ESS is a good candidate for PAS due to its good performance and small rate loss for any shaper length. 
Observation 5: ESS storage can be further reduced when applying R-ESS or BL-ESS, subject to acceptable performance loss.
Observation 6: 1–2 dB gain can be observed in T-put performance with dynamic rank and MCS adaptation.
Proposal 2: RAN1 to support probabilistic constellation shaping for higher-order modulation.

	ETRI
	Observation 1: For the proposed geometric shaping (GS) schemes, the following observations can be made:
-	For 64QAM modulation order, GS provides up to 0.62 dB gain compared to 5G NR uniform constellations.
-	For 256QAM modulation order, GS provides up to 0.76 dB gain compared to 5G NR uniform constellations.
-	For 1024QAM modulation order, GS provides up to 0.7 dB gain compared to 5G NR uniform constellations.
-	GS schemes can be easily applied to the existing 5G NR BICM chain in a backward compatible manner.

Observation 2: For probabilistic shaping (PS) schemes, the following observations can be made:
-	PS would inevitably require fundamental modifications to the 5G NR BICM chain, including the redesign of key components (e.g., bit interleaver, scrambler, systematic bits reordering, etc.).
-	PS would require large memory resources (ESS) and introduce higher latency (CCDM), which will be challengeable in practice.
Proposal 1: RAN1 to consider the following proposals for 6G modulation schemes:
-	Lower order modulations (QPSK ~ 16QAM): Consider to maintain uniform constellations, as shaping methods do not provide meaningful gains for lower order modulations.
-	Higher order modulation (64QAM ~ 1024QAM): Consider the optional uses of geometric shaping (GS) schemes, since GS can be easily applied to the existing 5G NR BICM chain in a backward compatible manner.

	DCM
	Observation 4: Probabilistic Constellation Shaping (PCS) will increase the implementation complexity over QAM and have large specification impacts.
Observation 5: GCS optimized for various channel condition requires storage at both transmitter and receiver side. The performance gain of GCS over QAM increase with the modulation order, at the cost of increasing computation complexity at receiver side due to the complex-valued LLR computation.


	AT&T
	Proposal 1	The 6GR study on performance/complexity tradeoff of non-uniform constellations based on geometric shaping and/or probabilistic shaping is focused on high-order modulation values. 
Proposal 2	For 6GR proposals on non-uniform constellation and probabilistic shaping, prioritize designs that leverage the existing NR modulation architecture at both the transmit and receive chains. 
Proposal 3	For 6GR proposals on non-uniform constellation and probabilistic shaping, evaluation is needed for scenarios including SU-MIMO. 
Proposal 4	For 6GR proposals on non-uniform constellation, further emphasis is needed on the scalability of the constellation to include different values of constellation points, in addition to the underlying MCS selection procedure needed at the receiver side.
Proposal 7	Non-uniform modulation schemes that leverage the legacy NR uniform modulation implementation algorithms are prioritized in the 6GR study.

	Qualcomm
	Observation 2: A typical AC encoding implementation of CCDM is serial in the output sequence length, with encoding operations including addition, subtraction, comparison, multiplication, and division arithmetic.
Observation 3: A typical ESS encoding implementation requires fixed storage, and is serial in the output sequence length, with encoding operations including addition, subtraction, comparison arithmetic, and table lookups.
Proposal 1: Study DM enhancements toward lower complexity and higher throughput.
Observation 4: ESS generally has smaller rate loss than CCDM for a given output sequence length.
Proposal 2: RAN1 to study DM schemes to achieve optimized performance/rate loss and complexity/latency trade-off.
Observation 5: CCDM comprises 1/6.6 of those of the LDPC decoder (with NR LDPC code at 10 iterations and offset min-sum decoding), and 1/30 of the area of LDPC decoder to reach the same data rate.
Observation 6: The storage overhead of ESS is manageable in practical setups to achieve sufficient shaping gain.
Observation 7: Probabilistic shaping can re-use systematic bits priority mapping for unshaped bit levels in bit collection and interleaving.
Observation 8: Scrambling of unshaped bits, including parity bits, is compatible with probabilistic shaping.
Proposal 3: PS may fallback to uniform QAM transmission for HARQ retransmission.
Proposal 4: Study HARQ retransmission design for PS in 6GR.
Observation 9: For geometric shaping, the bit labeling order in bit-to-symbol mapping needs to be carefully designed in order to work well with the 5G NR LDPC code and SBPM mapping.
Observation 10: In geometric shaping, intersections in bit-level capacity arise due to joint optimization across the I/Q dimensions. 
Observation 11: The transition from modulation order m-1 to m occurs at lower SNR values for PS and GS than for uniform QAM. 
Observation 12: PS achieves significant gain over uniform QAM baseline in AWGN channel.
Observation 13: PS achieves 0.4~0.7 dB gain over GS in AWGN channel.
Observation 14: With maximum 512 block length for PS with CCDM, the performance loss is less than 0.1dB. With a maximum block length of 256 for PS using ESS, the performance loss is less than 0.2 dB, except for MCS 4.
Observation 15: Both PS and GS have robust HARQ performance on AWGN channel.
Observation 16: For SIMO scenarios with 8 and 32 Rx antennas, both PS and GS provide substantial gains over uniform QAM, where PS maintaining a stable gain over GS, similar to the AWGN channel. 
Observation 17: With accurate beamforming at the transmitter, similar shaping gains as in AWGN channel are observed over MIMO fading channels, with LMMSE receiver.  
Observation 18: PS may provide more than 1.53 dB performance gain in MIMO scenarios due to interference shaping, for both open-loop precoding, as well as closed-loop precoding with realistic SRS sounding periodicity. 
Observation 19: With ideal SRS chest, very short SRS periodicity, per-tone precoding, zero SRS processing delay, and number of Tx antennas equal number of Rx antennas and full rank transmission, SVD precoding may lead to severe layer imbalance, which yield performance degradation for both uniform QAM and PS, especially when the coding rate is high. 
Observation 20: With layer-balancing precoding, PS shows 1~1.5 dB performance gain over uniform QAM at the examined MCS values. 
Observation 21: With realistic SRS chest, moderate SRS periodicity, and per-PRG precoding, PS still achieves good performance gain for high MCS values with SVD precoding.
Observation 22: For both PS and uniform QAM, rML receiver provides significant performance gain over LMMSE receiver.
Observation 23: For SISO fading channel, with properly chosen coding rate/shaping parameters, PS demonstrates good performances gains over uniform QAM.
Observation 24: With closed-loop precoding and outer-loop link adaptation, PS may provide 5~16% throughput gains across wide range of SNR values and mobility conditions; realistic DMRS channel and noise/interference estimation
Observation 25: With MU-MIMO, the interference shaping gain from probabilistic shaping can be observed even with rank 2 due to the presence of rank-2 inter-user interference.
Observation 26: Both PS and GS have similar PAPR as uniform QAM when CP-OFDM waveform is used.
Observation 27: For DFT-S-OFDM waveform, PS with properly selected probability distributions (different from Maxwell-Boltzmann distribution) may provide similar PAPR to uniform QAM, while still providing meaningful shaping gain from both BICM capacity analysis as well as link level evaluations. 
Proposal 5: Study probabilistic shaping design for DFT-S-OFDM waveform to achieve a good trade-off between PAPR and link level performance gain.   
Observation 28: The demodulation complexity for PS is almost identical to that of uniform QAM with the same order, for both linear and nonlinear demodulator.  

Observation 29: The demodulation complexity for 2D GS can be prohibitive due to irregular constellation point locations, especially for large modulation order and high rank MIMO. Even with 1D GS, the area/complexity doubles compared to uniform QAM and PS with the same modulation order with rML receiver. 
Observation 30: the hardware cost to support PS (both demodulation and deshaping) in the UE receiver is very small: <4% relative to the area of an rML receiver designed for uniform QAM.  



Multiple companies provided evaluation results for PS/GS follow the recommended reporting format
	Company
	Proposals

	LGE
	Table C-1: NUC for AWGN
Table C-2 to C-7: NUC for CDL-A/CDL-B/CDL-C 3km/h and 100km/h


	Tejas
	Table 2-3, 2-4: 1D/2D-NUC AWGN
Table 2-7 to 2-20: 1D/2D-NUC Fading channel w/ and w/o retransmissions

	Xiaomi
	Table 1 to 5: LLS for AWGN and fading

	vivo
	Appendix D for GS 
Appendix E for PS

	Samsung
	1D-NUC: Table 2 for AWGN, Table 4 – Table 9 for fading. Constellation in Appendix A
PS: Table 10 for AWGN, Table 12 – Table 13 for fading

	IDC
	PS: Table 2 – Table 14

	Ericsson
	Table 8 for ATSC for DFTs. Table 9 for AWGN 1D-NUC

	Lenovo
	1D-NUC/1D-NPNUC AWGN and fading in Table A.1 to A.14
PS for AWGN in Table A.15

	MTK
	PS for AWGN for Table 2 – Table 5

	ETRI
	2D-NUC for AWGN in Table 1. Constellation in attached spreadsheet

	DCM
	8/16/64QAM-CS for fading w/ DFTs: Table 7 – Table 9

	
	

	
	



Closed discussion


Discussion 2.3-1 (closed with no agreement)
[FL notes]: For companies evaluated PS schemes, multiple distribution matcher structures are evaluated, including CCDM, ESS, ECDM, etc. There is no intention to do any down-selection at this phase. It is encouraged to evaluate any DM of interest to have better understanding on trade-offs. However, it is also good to have some common understanding on what are the types of PS schemes we are interested in.

For PS schemes considered, do we have the common understanding for the following:
· Question 1: DM is performed over (a subset of) information bits before encoding. The LDPC design is not expected to be affected by PS design
· Question 2: Are we focusing on fixed input length to fixed output length DM? 
· Most of the DM algorithms evaluated are fixed length input with fixed length output. A few companies also considered DM algorithms with variable length input and fixed length output. 
· Question 3: For PS, the distribution can be controlled for RVID=0. For other RVIS, is the common understanding uniform QAM will be used?



[image: ]

Please provide your view below:
	Company
	Comments

	OPPO
	We agree with FL that common understanding is beneficial for further alignment. Nevertheless, based on our understanding, common understanding can be equivalent to “agreement” to some extent, which is still a little bit early at this stage to focus on the specific design. Companies may need to use different assumptions to explore the possibility to further improve performance/complexity.
For question 1, we share similar view that NR LDPC design can be used for evaluations in current stage. But whether LDPC should be affected by PS or not may need to be discussed in channel coding agenda.

	Nokia
	Considering the PS impact only on the “LDPC design” falls too short. We rather support a more detailed and comprehensive assessment on the whole processing chain and the spec.

	Apple
	It is too early to narrow down design choices. At this moment, At this moment, the study for PS with even the theoretical optimal matcher shows performance loss in some condition.   

For Q1: DM is performed over full set or a subset of info bits. 
For Q2: We should not limit to sequence/block-based DM. Sequence/block-based DM in general has higher complexity, larger storage requirement and longer processing delay. 
The 1-dimensional matcher, proposed and studied in WiFi extensively in the past few years, it is the most computation simple and no added processing delay. However, the WiFi searched MCS table can not be used for 3GPP directly due to very different MCS granularity. 



	ZTE, Sanechips
	Firstly, one thing needed to be check for understanding is that the bit splitter, DM and bit concatenation are for CB level processing or TB level processing.
Secondly, for Question 1, we think the ‘LDPC design’ should be further clarified. It is related to the LDPC BG design or the LDPC coding chain design.
Thirdly, for Question 2, we think fixed input length to fixed output length DM is most simple way for DM algorithm.

	Huawei, HiSilicon
	Based on the inputs from companies it is clear that the listed bullets are not common understanding from the group.
For Question 1:
In our contribution 
[bookmark: _Ref208686308]
[image: ]
[bookmark: _Ref208907189]Figure 14: NR coding & modulation chain with probabilistic shaping being integrated
Supporting probabilistic shaping requires significant changes for the legacy NR coding and modulation chain and introduces extra complexity, necessitating a substantial redesign of the NR coding and modulation chain:
Modification on CB segmentation and CB concatenation: 
CB segmentation module must take into account the increment of bit numbers due to probabilistic shaping before FEC encoding when determine the code block size and the number of code blocks. 
At the receiver side, due to the modification in CB segmentation at the transmitter side, the corresponding impact/modification needs to be also considered in the CB concatenation module at the receiver accordingly.
New module of bit splitting: 
Bit splitting module demultiplexes the information bits into two bit-sequences. The first bit sequence serves as the input of DM to produce the shaped information bits. Meanwhile, the second bit sequence, called unshaped information bits, bypasses the DM processing and is used as sign bits in bit-to-symbol mapping. 
Since the bit splitting module is added at the transmitter, a bit concatenation module is required at the receiver to multiplex information bit sequence (obtained from distribution de-matching), and the unshaped information bits, obtained directly from the channel decoder.
New module for distribution matching: 
The DM module typically converts the uniform information bits to shaped information bits. In some DM schemes, the DM output is a symbol sequences, rather than bit sequences. In these cases, a symbol-to-bit mapper is required to convert the symbols to bits for channel encoding. 
At the receiver side, distribution de-matching (de-DM) module is required to recover the information bits from shaped information bits obtained from the channel decoder.
New module of bit concatenation: 
After distribution matching, the shaped and unshaped information bits are multiplexed to form a single bit sequence, in order to subsequently be encoded by the channel encoder. 
Accordingly, bit spitting module is required at the receiver to demultiplex the decoded information bits obtained from channel decoder.
Modification on bit interleaving: 
In probabilistic shaping, parity bits and unshaped information bits are intended to map to the sign bits (i.e., MSB of QAM symbols), followed by shaped information bits, which are mapped to the amplitudes (i.e., LSB of QAM symbols). Thus, to align the shaped information bits, unshaped information bits and parity bits (after rate-matching) to the pre-designed sign and amplitude bit positions in NR QAM bit label, the bit interleaving process in probabilistic shaping is expected to be modified. 
Modification on bit scrambling:
In probabilistic shaping, blindly using existing NR scrambling module to scramble the shaped information bits will make modulated symbols no longer follows the desired M-B distribution, thus diminishing the shaping gain. Therefore, when introducing probabilistic shaping, scrambling operations should be modified. 
Impact on Modulation and demodulation: 
For modulation, the energy normalization factors should be adjusted based on the symbol probability distribution. For demodulation, the prior information related to symbol probability distribution should be incorporated in the computation of log-likelihood ratios (LLRs).

This is also observed by several companies including Huawei, Nokia, Oppo, ZTE, vivo. Therefore, we propose to have the following observation regarding the PS impact on coding and modulation chains:

Proposed observation: Supporting probabilistic shaping requires significant changes for the legacy NR coding and modulation chain including at least the following aspects, introducing extra complexity and necessitating a substantial redesign of the NR coding and modulation chain:
· Modification on CB segmentation and CB concatenation: 
· New module of bit splitting: 
· New module for distribution matching: 
· New module of bit concatenation: 
· Modification on bit interleaving: 
· Modification on bit scrambling:
· Impact on Modulation and demodulation: 

For Question 2:
Several different DMs are proposed by companies. Our suggestion is to discuss and compare the different DM algorithms proposed by companies including CCDM, ESS, MPDM, ECC-DM etc. Based on the inputs from companies, we observe at least the following observations can be discussed for endorsement:

· Observation: Serial processing of DM and de-DM, including at least CCDM, ESS and MPDM, results in high implementation delays causing low hardware throughput, which restricts the length of the DM block and requires a support a large number of parallel DM/de-DMs;
· Observation: The reduced length of DM for CCDM, MPDM, and ESS shall introduce rate loss, causing performance loss.
· Observation: ESS based PS requires significant high storage capacity.

Meanwhile, we provided the ECC-DM in this meeting showing a good performance and high area efficiency. Therefore, we encourage FL to also consider the discussion on the following observations regarding ECC-DM:
· The ECC-DM scheme can reuse existing 5G NR control channel coding module to achieve DM/de-DM purpose, therefore reducing the additional hardware impact/overhead due to the introduction of probabilistic shaping. 
· [bookmark: _Hlk218628227]The de-DM processing is simple for ECC-DM, requiring only a polar transform operation at receiver side;
· The ECC-DM does not need to align the implementation details, e.g., quantization method and quantization bit width, between the transmitter and receiver sides, thereby requiring the minimum standardization efforts and thus offering high implementation flexibility for different vendors to achieve diverse performance-complexity trade-off, which is consistent with core principle for 3GPP specifications.

For question 3: 
Regarding the retransmission for probabilistic shaping, we see also some other views. Therefore, how to support HARQ retransmission needs further discussion and study for probabilistic shaping.

Finally, Huawei and Ericsson showed some analysis on the strict restriction on specifying the quantization methods and bit width. Can feature lead also organize discussions on the following observation?

· Observation: The probabilistic shaping based on arithmetic coding, including CCDM, MPDM, and AESS, cannot work if the details of quantization method and the bit width are not aligned between receiver side and transmitter side, which significantly limit the implementation flexibility for different vendors and inconsistent with the core principle of 3GPP specification.


	Samsung
	We appreciate the clarification that there is no intention to perform any down-selection of PS schemes at this stage, and we agree that evaluating a wide range of DM structures is beneficial for understanding the associated trade-offs. Regarding the specific questions:
Question 1: We agree that DM should be performed prior to channel encoding. Applying DM after encoding may have a significant impact on LLR generation and overall performance, and therefore is not preferred.
Question 2: We also agree that fixed-input, fixed-output DM schemes are more appropriate for effective system definition and practical realization. Given that scheduling, coding, and modulation parameters are configured, the system should be able to define all PS-related operations unambiguously.
Question 3: At this stage, we believe that there has not yet been sufficient discussion or study to reach a common understanding. There may still be opportunities for performance improvement, and therefore it may be premature to conclude that uniform QAM should be used for RVIs other than RVID=0.

	Interdigital
	We agree with FL that getting further common understanding would be beneficial, and that it is too early for down-selection. We note that the contributions are overall quite detailed, and that some early observations could already be drawn.
Q1: we agree that the baseline should be no LDPC design change
Q2: we should not restrict ourselves at the moment while still 
in the SI phase
Q3: we should not put such limitation at this stage, and similar to Q2, such discussion should occur later in the process. That said, this aspect should be part of the study

	vivo
	For Question 1, we agree DM is performed over information bits before encoding, however, it’s not clear whether LDPC is affected or not, e.g. LDPC segmentation may be impacted.
For Question 2, the input length is dependent on the expected output length and the probability distribution, as long as one of input length and output length is fixed, the other length is determined as well.
For Question 3: PS does not work for RV other than 0.

	IMU
	At this point narrowing down the choices is not a good idea. PS choices need further study

	Sony
	We agree with Nokia – the impact of constellation shaping should be studied on the whole processing chain. We can see scenarios in which certain shaped constellations are only useable with certain LDPC code rates etc.

	
	




Discussion 2.3-2 (closed and merged to 2.3-6)
Potential observations: 
· For PS, the number of shaped bits per I/Q sample is a design parameter. With less bits shaped per I/Q, 
· The DM/DDM complexity and/or memory requirement decrease
· Shaping gain decreases

Please provide your view below:
	Company
	Comments

	OPPO
	Similar to Discussion 2.3-4, the observations on complexity can be drawn for both GS and PS. For instance, some companies may observe that the complexity of 1D-NUC is smaller than 2D-NUC.
Additionally, any complexity comparison should use uniform QAM as baseline as per previous agreements.

	Lenovo
	This observation may not be true when the number of DM blocks is not fixed. With less bits shaped, but with less DM blocks, the block lengths of DMs might increase, which could increase overall complexity. Therefore, the number of shaped bits should be discussed together with block lengths of DMs and how DMs are used (e.g., multiple DM blocks are used in parallel).


	Apple
	Should compare to uniform QAM for performance gain and added complexity and latency. We agreed to uniform QAM is the basis for study. 

For both PS and GS, uniform QAM is the baseline.

	ZTE, Sanechips
	We believe that it is necessary to clearly define the comparison targets before drawing conclusions. To this end, we have the following suggestion about modifications
· The DM/DDM complexity and/or memory requirement decrease compared to fully shaping PS.
· Shaping gain decreases compared to fully shaping PS.
Moreover, we think at least the range of the number of shaped bits per I/Q sample can be concluded. For example, the maximum number of shaped bits per I/Q sample is 2. 

	Samsung
	We generally agree with the FL’s statements from a shaping gain perspective, namely that reducing the number of shaped bits per I/Q sample leads to lower DM/DDM complexity and memory requirements, at the cost of reduced shaping gain. However, we note that this relationship may not always hold when other important system performance metrics, such as PAPR, are taken into account.
In addition, we believe it would be helpful to note that, when the number of shaped bits per I/Q sample is kept below a certain level, the impact on the channel coding chain can be minimized, which may be an important practical consideration from a system design perspective.

	Interdigital
	We generally agree with OPPO that the complexity observations should be drawn for both GCS and PCS in a general constellation shaping section. 
Regarding the observation, we think it is a bit broad at this stage, as the number of bits shaped has an impact on the performance. More simulation results with the number of shaped bits would be beneficial to draw conclusions

	vivo
	Depending on the shaping schemes, we do not necessarily have this observation. Given that we did not have sufficient results so far, we suggest not having this observation.

	Sony
	This depends on the shaping scheme. So we do not agree globally with this observation.

	
	



Discussion 2.3-3 (closed and merged to 2.3-6)
Potential observations: 
· For PS, the block length of DM is a design parameter. Consider performance/complexity tradeoff as a function of DM block length. E.g., as DM block length decreases, 
· The DM/DDM complexity and/or memory requirement decrease
· Shaping gain decreases
· Parallelism increases (when multiple DM/DDM blocks are available)
· DM/DDM processing delay decreases (when multiple DM/DDM blocks are available)

Please provide your view below:
	Company
	Comments

	OPPO
	Support to consider performance/complexity tradeoff for both GS and PS.
For the first sub-bullet, complexity/storage of each DM/DDM may decrease. But for now it may not be clear that whether total complexity/storage for all DM/DDM decrease or not.

	Lenovo
	The number of shaped bits should be discussed together with DM block lengths and how DMs are used (e.g., multiple DM blocks are used in parallel) in order to investigate the performance/complexity tradeoff of the overall system.

	Apple
	Should compare to uniform QAM for performance gain and added complexity and latency. We agreed to uniform QAM is the basis for study. 

For both PS and GS, uniform QAM is the baseline

	ZTE, Sanechips
	We think the third bullet and forth bullet are not clear to us. Firstly, parallelism increase is mainly due to multiple DM/DDM cores at transmitter/receiver. Secondly, DM/DDM processing delay is hard to evaluate, we think it is more evident to have some observations on the throughput.

	Spreadtrum
	We generally agree with the trade-off analysis. 
For the second sub-bullet, we might consider the 'rate loss' associated with short block lengths. Simulation results from some companies indicate that rate loss will cause a significant degradation in shaping gain or even performance loss in fading channel. It would be helpful to ensure that the trade-off analysis captures this performance loss.

	Huawei, HiSilicon
	DM length shall impact the processing latency causing a restriction on hardware throughput. While, the reduced DM length shall impact the performance of the DM. The proposed observation from FL only simply says the increase of complexity/DM numbers and decrease of the gains. This cannot give clear information regarding the real impact of probabilistic shaping on the real implementation. Therefore, we propose to discuss and agree the following observation:

Proposed observation: For probabilistic shaping, if DM and de-DM is based on the serial processing, including CCDM, MPDM, and ESS:
· The serial processing of DM and de-DM, including at least CCDM, ESS and MPDM, results in high implementation delays causing low hardware throughput, which restricts the length of the DM block and requires a support of a large number of parallel DM/de-DMs;
· The reduced length of DM for CCDM, MPDM, and ESS shall introduce rate loss, causing performance loss.
· When evaluations are reported and discussed, the assumed DM length is required to be reported, and the corresponding achievable hardware throughput and complexity are required to be reported with the assumed number of parallel DMs;


	Samsung
	We agree with the first two bullets regarding the trade-off between performance and complexity as a function of the DM block length. In particular, we have observed that when the DM output length becomes smaller than approximately 500 bits, entropy loss starts to occur, and it is also natural that complexity is largely determined by the block length.
For the latter two bullets, we note that these aspects are primarily related to implementation considerations. As such, explicitly including them as general observations at this stage may not be appropriate.

	Interdigital
	The general bullet point sounds reasonable. It may be too early to make the sub-bullets observations, The aspects mentioned (complexity, etc.) need to be studied more, and the trade-off carefully evaluated


Discussion 2.3-5 (replaced by 2.3-5A)
For PAPR of PS and GS compared with uniform QAM, 
For CP-OFDM, PS/GS does not further degrade PAPR, and does not improve PAPR either
For DFT-s-OFDM, PS/GS further degrades PAPR if PS/GS design is only optimized for link performance gain

Please provide your view below:
	Company
	Comments

	OPPO
	Based on some company’s result, PAPR can be improved for GS if the PAPR is considered as one of the optimization target.

	Lenovo
	The SNR gain of a shaped constellation in BLER and/or spectral efficiency might be reduced if PS or GS is designed by also including “minimizing the PAPR” as an additional constraint. Rather than considering/discussing about PAPR, it would be more appropriate to consider Net Gain which accounts for both the link performance gain and the impact on PAPR due to constellation shaping. This would also be inline with the agreement we made in the previous meeting
----------
Agreement
For DFT-s-OFDM, further study how/whether Net Gain over uniform QAM can be achieved by PS/GS.
-----------
Therefore, we wonder whether this separate discussion on PAPR is needed. 

	ZTE, Sanechips
	In our views, the first bullet is fine for us. However, for the second bullet, for PAPR decrease, it targets to the scenarios for coverage enhancement, which is related to low modulation order. For shaping modulation, we think it targets to higher performance at high modulation order or high spectral efficiency. To this end, we think second bullet needs to be further clarified. 

	DOCOMO
	The second sub-bullet regarding to the optimized PS/GS for PAPR should be discussed in Section 2.4, with the metric of net gain instead of PAPR only. 
In this section, we think that the observations should mainly focus on the PS/GS optimized for link performance gain. In this case, the observations/proposals from many companies listed in the table of Section 2.3 could be considered, e.g., “GS/PS for SE improvement would degrade PAPR performance. The PAPR increase is particularly large for PS.”

	Xiaomi
	Agree

	Samsung
	We agree with the first bullet that, for CP-OFDM, PS/GS neither degrades nor improves PAPR compared to uniform QAM. For the second bullet regarding DFT-s-OFDM, we believe it is still difficult to draw a definitive conclusion at this stage, as this aspect has not yet been rigorously proven or sufficiently verified under a broad set of assumptions and evaluations.

	vivo
	We are fine with the first sub-bullet.
For the second sub-bullet, we propose to modify it as follows:
For DFT-s-OFDM, 
· PS/GS further degrades PAPR if PS/GS design is only optimized for link performance gain
With optimization to improve MPR, GS can achieve better PAPR than uniform QAM.

	IMU
	PAPR can be improved with PS/GS if it is one of the optimization targets. However, in practice, the main motivation for PS/GS is to enhance spectral efficiency. Nevertheless, PS/GS schemes that have better PAPR performance should be prioritized. Also, the gains of PS/GS should be evaluated for different scenarios and waveform options.

	Sony
	We agree with FL comment on the margin. Constellation shaping for DFT-s-OFDM should target net gain. This will of course reduce PAPR compared to uniform QAM.

	
	



Discussion 2.3-6 (agreed with modifications)
Parameters affect the PS complexity and performance trade-off are at least:
· DM output length in unit of I/Q symbol,
· # of bits shaped per I/Q, 
· # of PS distributions
· # of DM blocks needed to support the target throughput of 6GR
· DM algorithm and bitwidth of variables in the DM algorithm
Parameters affect the GS complexity and performance trade-off are at least:
· 1D-NUC or 2D-NUC
· # of constellations
· Bitwidth for describing the constellation
· Bits to constellation mapping
These parameters shall be submitted together with performance results. 
Companies are encouraged to try out different combinations of the parameters to understand different performance and complexity trade-offs, 

Active discussion

Discussion 2.3-4
Potential observations:
· For AWGN channel fixed MCS simulation, 
· PS/GS both show shaping SNR gain over a wide range of MCS/SE points. 
· The shaping gain is generally higher for higher MCS. 
· For GS (especially 1D-NUC), the shaping gain is close to 0 for MCS with 16QAM modulation order.
· The variation across company results is due to shaping design applied, parameter choices, and finer implementation differences
· On average, PS has higher shaping gain than GS, at the cost of larger impact to the structure of transmit and receive chain
· Between 1D-NUC and 2D-NUC, 2D-NUC has better shaping gain (0.2~0.3dB in the range of interest for AWGN channel), while requires large receiver complexity, especially when rML receiver is used 
· For UE receiver, 2D-NUC is considered as not practical 
· FFS: For gNB receiver, if the complexity of 2D-NUC can be acceptable, especially when MMSE or AI/ML based demapper is used

FL notes: Multiple companies submitted AWGN channel results, which are summarized in the figures below. The constellations used by different companies are not the same of course, but the general trend is relatively consistent.

[image: ]
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Please provide your view below:
	Company
	Comments

	Lenovo
	We do not agree with the third sbullet. 
The Non-paired NUCs (NP-NUC), proposed and discussed in detail by Lenovo in the last meeting and in this meeting, does NOT require any additional receiver complexity, as the there is NO need to update/adopt the receiver modules and the receivers currently being used for legacy uniform constellations can be re-used. We recommend adding another sub-bullet, as below, highlighted in  green color:
   
· For AWGN channel fixed MCS simulation, 
· PS/GS both show shaping SNR gain over a wide range of MCS/SE points. 
· The shaping gain is generally higher for higher MCS. 
· For GS (especially 1D-NUC), the shaping gain is close to 0 for MCS with 16QAM modulation order.
· The variation across company results is due to shaping design applied, parameter choices, and finer implementation differences
· On average, PS has higher shaping gain than GS, at the cost of larger impact to the structure of transmit and receive chain
· Between 1D-NUC and 2D-NUC, 2D-NUC has better shaping gain (0.2~0.3dB in the range of interest for AWGN channel), while requires large receiver complexity, especially when rML receiver is used 
· For UE receiver, 2D-NUC is considered as not practical 
· FFS: For gNB receiver, if the complexity of 2D-NUC can be acceptable, especially when MMSE or AI/ML based demapper is used
· Non-paired NUCs, both in 1-D and 2-D, does not require any additional complexity at the receiver and work with legacy receivers.

Also, we think it is too early to rule-out 2D NUC as not practical and we suggest to remove the sub-bullets related to the complexity of the 2d-NUC.  


	Nokia
	We don’t support making observations on “gains” without addressing the corresponding complexity. Gains shall be immediately put into complexity/latency/storage implementation costs, spec impact etc. context. Losses of PS/GS have been reported too. In any case, “gains” over AWGN channel are not the most relevant one.

	Tejas
	We agree with the listed observations from “SNR gain” point of view, additional observations related to compute complexity, storge and specification impact needs to be listed.

	Apple 
	On second bullet, PS does not only impact structure. It added hardware complexity, computation complexity and storage and latency. 

	ZTE, Sanechips
	On the second sub-bullet, we provide some observations on PS that not only larger impact to the structure of transmit and receive chain, but also additional DM/DDM complexity/storage and impact to throughput. To this end, we suggest to modify the second bullet as:
· On average, PS has higher shaping gain than GS, at the cost of additional DM/DDM complexity/storage, impact to throughput and larger impact to the structure of transmit and receive chain.
Based on AI-demodulator at BS side, we think non-AI demodulator should be the baseline for AI demodulator study. But for now, shaping modulation based on non-AI demodulator is still discussing. To this end, we suggest to delete AI/ML demapper in the FFS point:
· FFS: For gNB receiver, if the complexity of 2D-NUC can be acceptable, especially when MMSE or AI/ML based demapper is used

	DOCOMO
	AWGN channel is only used for calibration. We think that the performance observation in AWGN channel is meaningless for system design. This observation is not needed. We could focus on the observations in fading channel and the robustness over different fading channels, etc.

	Xiaomi
	The observations should be more concrete. For instance, it needs to include: under which assumptions, how many companies observe that the performance gain/loss of GS/PS is in which range. 

Except for receiver complexity, observations should also be made for transmitter complexity, latency, parallelism implementation, and storage requirements.  

	OPPO
	Based on previous agreements, AWGN channel is introduced for calibration purposes. Observations on performance should be made for different channel types to reflect their overall performance. As for the AWGN channel, the performance gain still diverges, where further alignment may still be needed.

	Huawei, HiSilicon
	1. For the first bullet:
For probabilistic shaping: Regarding the discussion on the performance of probabilistic shaping, it is important to report the corresponding parameters for the DM design, including at least the DM length and the number of parallel DMs required. This is very important to check whether the reported results can achieve the target throughput of 6GR. For example, FL captures our results of CCDM with DM length 1024, however CCDM with DM length 1024 has a much lower throughput than needed, making the DM a throughput bottleneck. Therefore, we use CCDM with DM length 64 as the CCDM BLER performance because CCDM with length 64 can achieve the throughput target. This incorrectly capturing of our results is actually an evidence that it is very important to report DM length, achievable throughput, the number of required parallel DMs, and the complexity.  We have agreed in previous meetings that the BLER performance shall be reported together with complexity, storage and throughput. Therefore, we strongly request FL to discuss the performance of probabilistic shaping together with related complexity and achievable hardware throughput. We have the following proposals also in our contributions. We cannot agree the observation on the performance without the knowledge that whether it will be the throughput bottleneck and whether it could be implementable in practical implementation.
1. Apply the following rules for collecting results and for summarizing observations in the study of 6G modulation:
· The observation on performance should not be made/discussed until the complexity, storage impact and latency have been fully collected and discussed;
· Observations are made for performance gains together with other aspects in the agreement, including at least transmitter and receiver complexity, latency impact and parallelism implementation, and storage requirements.
1. For candidate comparison, both performance and complexity/throughput should be considered, and the comparison of BLER performance is under the same computation complexity/throughput.

2. For GS, we are fine with the following observation:
· For GS (especially 1D-NUC), the shaping gain is close to 0 for MCS with 16QAM modulation order.

3. For the second bullet: due to the reason mentioned in the first bullet, we cannot achieve observation in the second bullet.

4. For the third bullet, as a network vendor, we show our views in our contribution that 2D-NUC have unacceptable demodulation/demapper complexity for gNB side. 

	Samsung
	We appreciate the FL’s effort in compiling the results from all Tdocs into a single summary, which is very helpful for gaining an overall view of the reported observations. At the same time, we note that these results are not calibrated across companies. As such, we would like to emphasize that the summarized experimental results provided to the FL should not be used as a basis for definitive conclusions at this stage.

We generally agree with the observation that the shaping gains of both GS and PS are limited for 16QAM and become more meaningful for higher modulation orders, such as 64QAM and above.

Regarding the impact of PS on the transmit and receive chains, we note that, with an efficient PS design, the additional impact can be largely confined to the DM/DDM blocks, without requiring significant changes to the overall transmitter and receiver chain.

For 2D-NUC, while some performance gain is observed, we consider that the associated increase in demodulation complexity makes it less practical from a system perspective, especially when weighed against the relatively modest shaping gain.

	InterDigital
	Thanks for the FL for the nice summary. We think that these observations need more discussion. Perhaps at this stage we can agree to the top bullet/sub-bullet and continue the discussion on the specific, more detailed observations

	vivo
	We think the observation of GS and PS performance should be captured together for both AWGN and fading channel, it’s useless if a technique works well in AWGN channel but suffers great losses in fading channel. 

	IMU
	The impact of PS for complexity and other trade-offs need further study

	ETRI
	It is too early to say 2D-NUC is not practical, It is being used in other practical systems (e.g. broadcasting standards)

	Spreadtrum
	[bookmark: _GoBack]Thanks for the FL summary. We agree with the performance related observations based on the AWGN channel. However, relying solely on AWGN channel allows for an optimistic estimation that may not hold in realistic deployments. To ensure a comprehensive assessment, we suggest modifying the text to address the performance in fading channels. This can be done by either adding a Note stating that 'FFS: performance impact in fading channels', or by introducing a new observation that 'Shaping gains in fading channels are observed to be diminished compared to AWGN'. We believe explicitly capturing this distinction is crucial for evaluating the real-world feasibility.






Discussion 2.3-5A (online)
Observation: 
For PAPR of PS and GS compared with uniform QAM, 
For CP-OFDM, PS/GS does not further degrade PAPR, and does not improve PAPR either

FL notes: Seems that we can at least agree on CP-OFDM case. 

	Company
	Comments

	DOCOMO
	This observation for CP-OFDM only is not necessary, since this is obvious for CP-OFDM from theory, e.g., central limit theorem, not only from the observations of evaluation results. For the PAPR discussion, DFT-s-OFDM should be the focus.




Discussion 2.3-7
For PS, please provide your view on which TX/RX chain functionalities in NR has to be modified or may be modified, in addition to the DM block in the TX chain and DDM block in the RX chain. Some examples are
· TBS computation and CB segmentation
· Scrambling
· Bit interleaving

	Company
	Comments

	Huawei, HiSilicon
	Regarding the Tx and Rx coding and modulation chains impact, we identified the following observations. We suggest to further discuss and make an observation based on the further offline discussion.

Proposed observation: 
Supporting probabilistic shaping requires changes for the legacy NR coding and modulation chain including at least the following aspects:
· Modification on CB segmentation: 
· When determine the code block size and the number of code blocks, CB segmentation module must take into account the increment of bit numbers due to the distribution matching; 
· New module of bit splitting: 
· Bit splitting module demultiplexes the information bits into an information bit sequence as the input of the DM and a sequence of unshaped information bits;
· Full shaping and partial shaping may have different impact;
· New module for distribution matching (DM): a new module, Distribution matcher is added into the coding and modulation chain, which converts the information bits to the shaped information bits.
· Depending on different DM schemes, the DM module output can be a symbol sequences or a bit sequence. If the output is a symbol sequence, a symbol-to-bit mapper is additionally required to convert the symbols to bits;
· There are different distribution matcher algorithms, e.g., CCDM, ESS, ECC-DM, which can have different computational complexity, storage requirement, and latency/throughput impact.
· New module of bit concatenation: After distribution matching, the shaped and unshaped information bits are required to be multiplexed to form a single bit sequence as the input of the channel coding; 
· Modification on bit interleaving: The bit interleaving process in probabilistic shaping is expected to be modified to map the shaped information bits, unshaped information bits and parity bits (after rate-matching) to the designated sign or amplitude bit positions;
· Modification on bit scrambling: Scrambling operations shall be modified to avoid the scrambling over the shaped information bits.
· Impact on Modulation and demodulation: The energy normalization factors should be adjusted based on the symbol probability distribution. 

At the receiver side: the counterpart modifications/new processing of the following aspects are observed when introducing probabilistic shaping:
· Impact on demodulation: The prior information related to symbol probability distribution should be incorporated in the computation of log-likelihood ratios (LLRs).
· Modification on descrambling;
· Modification on bit de-interleaving;
· New module of bit splitting;
· New module for de-DM: a new module is added, which converts the received shaped information bits to unshaped information bits.
· New module of bit concatenation;
· Modification on CB concatenation; 




Discussion 2.3-8
For GS, please provide your view on which TX/RX chain functionalities in NR has to be modified or may be modified, in addition to mapper in TX chain and demapper in RX chain

	Company
	Comments

	Tejas
	In our view, GS does not require any modifications to the TX/RX functionality beyond the mapper in the TX chain and the de-mapper in the RX chain. Potential enhancements to the bit interleaver can be explored, and these would apply equally to both GS and uniform QAM.

	Lenovo
	We should note and recognise the fact that there are different ways in which geometric shaping can be done. While some techniques of designing NUC through GS need to change the mapper at the TX and the demapper at the RX, we would like to emphasize that, for GS with Non-paired NUC (NP-NUC), as presented in  R1-2600799, R1-2508623, R1-2507484, there is NO need to modify the RX chain.
Hence, the proposal needs to be modified as:
For GS, please provide your view on which TX/RX chain functionalities in NR need to be modified or may need to be modified 

	DOCOMO
	Only mapper in Tx and demapping in Rx are necessary. No other TX/RX chain functionalities should be modified for GS.



Discussions on new modulations for PAPR reduction
We received following proposals on new modulations for PAPR reduction
	Company
	Proposals

	Xiaomi
	Proposal 3: For enhanced modulation schemes for PAPR reduction based on uniform modulation, RAN1 discussion is proceeded under waveform agenda.

	ZTE
	Observation 1: 	If the bandwidth of I-modulation is larger than that of the original π/2-BPSK/QPSK/QAM, it corresponds to spectrum expansion; if the bandwidth of I-modulation is smaller than that of the original, it corresponds to spectrum truncation.
Observation 2: 	For π/2-BPSK, the I-modulation scheme achieves approximately 2.6 dB net gain compared to conventional π/2-BPSK without transparent FDSS and approximately 1 dB net gain compared to conventional π/2-BPSK with transparent FDSS for edge or outer PRB allocations.
Observation 3: 	For QPSK, the I-modulation scheme achieves a maximum net gain of 2.5 dB relative to conventional QPSK without transparent FDSS for outer PRB allocations.
Observation 4: 	For 16QAM, the I-modulation scheme achieves approximately 0.5 dB net gain relative to conventional 16QAM.
Proposal 1:	I-modulation (I-π/2-BPSK/QPSK/QAM) scheme should be considered to reduce PAPR for DFT-s-OFDM.

	IMU
	DFT-s-OFDM already reduces PAPR versus CP-OFDM through single-carrier precoding. Constellation shaping (PCS/GCS) can further suppress peaks by reshaping symbol statistics (e.g., lowering the probability of high-amplitude points) while retaining the NR mapper and LDPC chain. The combination DFT-s-OFDM + shaping therefore targets additional PAPR reduction without introducing a new waveform, and can be evaluated alongside interpolated π/2-BPSK, OQPSK, rotated-QPSK.
RAN1 to study constellation shaping with DFT-s-OFDM for PAPR reduction and PA efficiency gains, using uniform QAM as the baseline and minimal TX/RX changes. Evaluate PCS/GCS with DFT-s-OFDM for PAPR/CCDF reduction and PA behavior, alongside BLER/throughput. Include effects of DM blocklength, PA models, and conformance (EVM, ACLR, MPR/A-MPR).
Square (even-order) QAM constellations (M= 2^2k) contain corner points with the largest symbol magnitude, which increases peak excursions in the transmitted waveform and can lead to higher PAPR / stricter PA linearity constraints.
Non-square (odd-order) QAM constellations (M= 2^(2k+1)), exemplified by 32-QAM, can avoid the extreme corner points and therefore reduce the maximum instantaneous symbol magnitude, which can translate to lower PAPR (and potentially reduced MPR/OBO) for DFT-s-OFDM.
Study odd-order (non-square) QAM, starting with 32-QAM, as an optional modulation for DFT-s-OFDM in 6GR to improve PAPR.
Pruning-QAM has the potential to reduce PAPR of DFT-s-OFDM, thereby enhancing the coverage.

	MTK
	Proposal 1: For DFT-s-OFDM, support O-QPSK for coverage enhancement.

	Panasonic
	Proposal 2: In addition to 5G NR pi/2-BPSK modulation, RAN1 can assess the need to introduce MPR / PAPR reduction technique such as phase rotated QPSK targeting coverage enhancement, especially for UL.
Proposal 3: 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.
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 and modulation in DL is unclear.
Proposal 4: RAN1 can assess the need to introduce non-uniform constellation without increasing implementation complexity for MPR / PAPR reduction and/or spectral efficiency improvement.


	DCM
	Observation 1: Proposed 16QAM-CS could achieve a flexible tradeoff between the PAPR and BLER by adjusting the shaping parameter.
Observation 2: Proposed 8QAM-CS and 16QAM-CS are independent with the channel coding rate. The definition via bit-to-symbol mapping table or closed-form equation requires low storage. 
Observation 3: By limiting the constellation points and bit labelling as a subset of high-order QAM constellation points, QAM-based constellation shaping (QAM-CS) could provide lower PAPR than QAM and lower implementation complexity than Geometric Constellation Shaping (GCS) and could be considered as a candidate of 6G modulation schemes.
Proposal 1: Study QAM-based Constellation Shaping (QAM-CS) for PAPR reduction. Net gain over UE/gNB complexity and compatibility with uniform QAM should be assessed.
Observation 6: The quadrant symmetric design of QAM-CS could greatly reduce the storage requirements.
Proposal 2: Study QAM-CS for SE improvement. Shaping gain over UE/gNB complexity and compatibility with uniform QAM should be assessed.
Proposal 3: MCS table design for GCS should consider the tradeoff between complexity and performance. 2D-NUC (or either 1D-NUC or 2D-NUC) could be supported for low modulation orders. 1D-NUC could be supported for high modulation orders. The threshold for low and high modulation orders should be further studied.
Observation 12: 64QAM-CS could achieve better BLER performance than 64QAM. The maximum shaping gain of 0.8dB could be observed. 
Proposal 6: 64QAM-CS could be the high-SE candidate scheme of 64QAM.



PAPR enhancements with legacy uniform QAM DFT-s-OFDM:
Offset-QPSK category: MTK( O-QPSK)
Interpolation modulation: ZTE
Phase rotated QPSK: Panasonic  
PAPR enhancement with PS/GS for DFT-s-OFDM: IMU
Non-square (uniform) constellation for PAPR reduction for DFT-s-OFDM: 
IMU (eg. 32-QAM)
DCM: 8/16/32QAM-CS

Active discussion
Discussion 2.4-1
For legacy constellation enhancement targeting PAPR reduction for DFT-s-OFDM waveform, there is active related discussion in waveform agenda item. The FL recommends to continue discussion in the waveform agenda item.

Please provide your view
	Company
	Comments

	Lenovo
	Support

	Nokia
	support

	Tejas
	Support

	LGE
	Support

	Apple
	Support

	DOCOMO
	Support.

	Xiaomi
	Support

	Spreadtrum
	Support

	Huawei, HiSilicon
	Fine with it.

	Samsung
	Support

	vivo
	Support

	ETRI
	Support

	Panasonic
	OK

	Sony
	Support

	
	



Discussion 2.4-2
There are proposals with shaping related techniques (including non-square QAM, and QAM-CS, etc) to improve the PAPR for DFT-s-OFDM waveform. Per earlier agreement, Net Gain will be used as metric for such evaluation. The proponents are encouraged to provide Net Gain evaluation. We will continue discussion when more information becomes available.

Please provide your view
	Company
	Comments

	Lenovo
	Support. Considering Net Gain would be more appropriate as a metric.  

	Nokia
	We recommend the use of Net Gain in the same way as agreed in the waveform agenda item

	Tejas
	Support

	Apple
	Support

	DOCOMO
	Net gain was already agreed in the last meeting, which should not be repeatedly discussed. We provided the net gain of QAM-CS in our contribution in this meeting. 
Regarding how to evaluate net gain, the agreements in Waveform agenda could be reused as listed below:
-------------------
Agreement (made in RAN1#122bis)
· 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 PA model should be used
· When calculating the Tx power gain, the RAN4 metrics on the Tx power should be taken into account. 
· For SNR degradation, fading channel and non-ideal channel estimation, including DMRS configuration, and equalization is encouraged.
· FFS: Other evaluation metrics
· Note: Companies to report how to calculate the Tx power gain, modulation and coding
Agreement (made in RAN1#123)
Add the following metrics for UL PAPR reduction to the existing agreement (made in RAN1#122b)
· Net gain@10% BLER assuming similar spectral efficiency and same occupied bandwidth for each compared method
ACLR, EVM, IBE
----------------

	Xiaomi
	Support

	Spreadtrum
	Support

	Huawei, HiSilicon
	We feel it is better to discuss this shaping scheme in waveform discussion considering all the candidates for PAPR reduction should be compared with each other. 
Otherwise, how do we compare with the solutions/candidates in waveform session?

	Samsung
	Support

	vivo
	From our understanding, QAM-CS is also one kind of GS scheme, for lower modulation order QAM-CS, such as 8QAM-CS, 32QAM-CS, we agree it’s mainly focused on PAPR, while for higher modulation order, 64QAM-CS or 256QAM-CS selected from 1K/4K QAM, these constellations can also be used to provide shaping gains while maintaining reasonable PAPR performance, this can be jointly discussed in section 2.3. 

	ETRI
	Support

	Panasonic
	Support

	Sony
	Support

	DOCOMO2
	We agree with vivo’s comment. We are fine to discuss QAM-CS for PAPR reduction and SE improvement in section 2.3. In addition, we are open on whether to discuss schemes targeting to two design purposes (PAPR/SE) separately or jointly for different modulation orders.



Discussions on joint channel coding and modulation
	Company
	Summaries of evaluations provided

	Spreadtrum
	Proposal 3:  Don’t support joint channel coding and modulation in 6GR.
-	Note: it is not precluded to discuss “joint channel coding and modulation” use case in 6G AI.

	Xiaomi
	Proposal 7: Reuse the 5G NR BICM framework in 6GR for coding-modulation concatenation.

	vivo
	Proposal 5: The imbalance between different bits in QAM symbols should be considered in the mapping between coded bits and modulated symbols, for example, in the form of a better bit interleaver design.
Observation 25: Compared with NR design, the cross-codeblock interleaver design, e.g., MGCM can better leverage the unequal sub-channel capacity of QAM modulated symbols, by jointly modulating multiple different (e.g., coding rates/schemes) coded blocks. 
Observation 26: In the scenario of UCI multiplexed with UL-SCH, the cross-codeblock interleaver design, e.g., MGCM, can greatly simplify the RE allocation pattern, and meanwhile achieve greater throughput (larger than 10% in some simulated scenarios) for UL-SCH or deliver more UCI payload compared to NR baseline.
Proposal 6: Further study the cross-codeblock interleaver design, e.g., MGCM, as a solution for joint coding and modulation, considering at least the following two use cases:
	Two SCH data blocks coded by LDPC using different coding rates
	Multiplexed UCI and UL-SCH data blocks, respectively coded by Polar and LDPC

	Sony
	Observation 1: Receiver tests confirm that TB-DBICM is superior to BICM
Observation 2: As the number of codewords involved in the TB-DBICM signal increases, the performance increases.
Observation 3: A HARQ retransmission for a code block n in TB-DBICM may lead to code block n+1 being correctly decoded.
Observation 4: TB-DBICM allows for major reductions of the number of HARQ transmissions.
Proposal 1: RAN1 should adopt TB-DBICM in uplink and/or downlink for high-end UEs.
Observation 11: For low SE, 8QAM-CS could achieve similar BLER performance as 16QAM but require much lower MPR. When RF requirements of 16QAM are considered, the 1dB net gain could be observed. 
Proposal 5: 8QAM-CS could be the low-PAPR candidate scheme of 16QAM under SE smaller than 1.9131bps/Hz.

	AT&T
	Proposal 6	LCM procedures for AI/ML-based joint source coding, channel coding and modulation is deprioritized in the 6GR study.
•	FFS: whether the joint source coding, channel coding and/or modulation is signaled/specified explicitly without an underlying LCM procedure.


	
	



Summary of proposals under this topic:
BICM related interleaver enhancements:
· Study: vivo (MGCM), DBICM (Sony)
· No need for enhancements: Xiaomi

Active discussion
Discussion 2.5-1
FL recommends continuing discussion on BICM enhancements when more information becomes available or more companies show interest.

Please provide your view
	Company
	Comments

	Tejas
	Support

	Sony
	Support

	Lenovo
	Support



Other topics
	Company
	Proposals

	Oppo
	Observation 1: For 256QAM, AI/ML based demodulator outperforms max-log demodulator about 0.1dB.
Observation 2: For 256 2D-NUC, AI/ML based demodulator outperforms max-log demodulator about 0.2dB.
Observation 3: 256 2D-NUC with AI/ML based demodulator outperforms 256QAM with max-log demodulator about 0.8dB.
Proposal 1: Study AI/ML based demodulation for different constellations.
Proposal 1: To jointly design modulation and MIMO for better performance, study the cross-layer modulation for geometric shaping.
Observation 1: For AI/ML based cross-layer modulation and precoding, BLER performance gains can be achieved.

	LGE
	Observation 4: Mixed modulation can support various spectral efficiency more efficiently with improved reliability than the conventional NR modulation scheme.
Proposal 3: Study the feasibility and performance benefit of mixed modulation for 6GR.

	Panasonic
	Proposal 5: Resource-specific modulation order assignment should be studied at least with carrier / BWP granularity.
	FFS: Finer granularity such as PBG / RB is further considered.

	ZTE
	Observation 1: 	There is a large singular value variation among different spatial layers.
Proposal 1:	For 6G PDSCH/PUSCH codeword-to-layer mapping, flexible CW-to-layer mapping and MCS assignment can be considered:
•	Option 1: CW per-layer mapping.
•	Option 2: Different modulation orders and same code rate for different layers
•	Option 3: extending two codewords to the case of the number of spatial layers is not larger than 4.

	IDC
	Observation 9: Under AI/ML-based (de)modulation sub-case A, solutions employing AI/ML for offline design of modulation constellation, without assuming use of AI/ML at the receiver during training or inference, can be used for implementation of geometric or probabilistic constellation shaping options. 
•	For solutions of this type, no inferencing is necessary during link (Tx/Rx) operation and there is no need for LCM support.
Proposal 2: Under AI/ML-based (de)modulation sub-case A, solutions employing AI/ML for offline design of modulation constellation that do not assume use of AI/ML at the receiver during training or inference can be considered as part of ongoing studies on NUC.
Observation 10: Under AI/ML-based (de)modulation sub-case A, solutions employing AI/ML for offline design of modulation constellation, assuming use of AI/ML at the receiver during training and inference where the training of the model for constellation design and that of the receiver model are separately performed, require:
•	additional generalization studies across different AI/ML receiver models;
•	specification support for functionality/model LCM at the receiver side
•	clear and fair non-AI/ML baseline for NUC to evaluate the gains from AI/ML-based operation over non-AI/ML solutions.

Proposal 3: Under AI/ML-based (de)modulation sub-case A, solutions employing AI/ML for offline design of modulation constellation that assume use of AI/ML at the receiver during training and inference, where the training of the model for constellation design and that of the receiver model are separately performed, are not considered for studies until suitable non-AI/ML baselines for NUC are identified. 
Observation 11: For AI/ML-based (de)modulation sub-case B involving two-sided AI/ML models,
•	In addition to the modulation and demodulation blocks, propagation channel and other Tx and Rx blocks, typically need to be included in the end-to-end constellation and receiver learning loop. 
•	Inter-vendor collaboration for end-to-end joint training for constellation design and AI/ML receiver is expected to be significantly more complex compared to the Rel-18/19 AI/ML CSI compression.
Proposal 4: AI/ML-based (de)modulation sub-cases involving two-sided models (e.g., sub-case B) should not be considered in Rel-20 due to their significant complexity for the inter-vendor training collaboration, lack of clarity on suitable baseline(s) for 6GR, and to avoid parallel work and studies on very related topics across 5GA and 6GR.

	AT&T
	Proposal 1	The baseline for AI/ML-based (de-)modulation is set to modulation and non-AI/ML candidate non-uniform (de-)modulation scheme(s), taking the constellation-related signaling overhead and the supported LCM procedure signaling/complexity into account for comparison.
Proposal 2	The baseline for AI/ML-based joint (de-)modulation and precoding is based on non-AI/ML candidate (de-)modulation scheme(s), in addition to the candidate AI/ML-based standalone (de-)modulation.
Proposal 3	Evaluation of AI/ML-based (de-)modulation is deferred at least until at least one non-AI/ML based non-uniform (de-)modulation scheme is characterized as a candidate for 6GR (de-)modulation.

	Nokia
	Proposal 8: For the evaluation of geometrically shaped constellations, deprioritize the study on AI two-sided model approach for constellation shaping.
Proposal 9: For the evaluation of geometrically shaped constellations, consider AI receiver as potential receiver assumption (in addition to agreed assumptions on LMMSE (UL), rML/LMMSE (DL)), where geometrically shaped constellations can be optimized for AI receiver.
Observation 3: For AI‑generated geometric constellations, both their ability to generalize across configurations/scenarios/other generalization aspects and the signaling overhead needed to convey shape‑specific parameters must be assessed, as these factors determine their practical viability

	vivo
	Observation 4: Compared with legacy 256QAM with max-log demapper, under TDL-C 300ns, with 1T8R,
· AI generated constellation with max-log demapper has 1.12dB performance gain
· Legacy constellation with AI receiver has 1.16dB performance gain
· AI generated constellation with AI receiver has 1.75dB performance gain
Proposal 2: AI channel estimation and AI demapper can be considered as part of evaluation assumption for constellation shaping study.




A few proposals received on mixed modulation:
LGE: Mixed modulation by mixing different modulation orders on different REs
Panasonic: PBG/RB level mixed modulation depends on channel quality
ZTE: Different modulation for different spatial layers to address different SINR for different spatial layer

AI/ML based (de)modulation considered by: Oppo, IDC, AT&T

Active discussion
Discussion 2.6-1
FL recommends continuing discussion AI/ML based (de)modulation when more information becomes available or more companies show interest.	Comment by Jing Jiang: GS that was trained by AI would be characterized as GS (how they are trained or what the receiver is, transparent to spec)

Please provide your view
	Company
	Comments

	OPPO
	Based on our understanding, the training of constellation of GS can be spec transparent, but
AI receiver is not transparent to spec, where at least the Life-Cycle Management (LCM) of demodulation network should be taken into account. For instance, at least data collection, inference, and performance monitoring of AI receiver at UE side need to be standardized. So that NW and UE can get aligned knowledge of AI receiver model.

	Nokia
	We would like to draw the attention of the FL that Nokia proposals w.r.t. AI/ML (de)modulation have been added to the table above. We would like to clarify which “more information” are needed here.

	Samsung
	We generally agree with the FL’s recommendation to first focus on fundamental modulation aspects, such as the maximum modulation order for DL/UL and baseline constellation shaping techniques, to enable smooth and efficient discussions. 

	vivo
	We also added our observation and proposal for AI receiver in the above table. From this meeting, AI related discussion including AI generated constellation and AI receiver will be discussed in this agenda, we think AI generated constellation may be discussed as a scheme of GS, but AI receiver needs to be separately discussed. Since AI receiver also has impacts on the comparison of shaping schemes, we propose to consider AI receiver in evaluation assumption as well.

	ETRI
	For GS design using AI/ML, it is transparent to specification.
For AI receiver item, we agree that more information is needed.



Discussion 2.6-2
For mixed modulation designs, different modulation order for different spatial layers is discussed in MIMO agenda item, and FL recommends to continue discussion there. For other mixed modulation designs, FL recommends continuing discussion when more information becomes available or more companies show interest.

Please provide your view
	Company
	Comments

	Nokia
	This topic is being discussed under the codeword-to-layer mapping topic in MIMO agenda item. We support continue discussing it in the MIMO agenda item.

	Tejas
	Support

	LGE
	As far as we understand, this topic is related to the MCS table design, so we think that this topic is appropriate to be discussed under Modulation agenda

	Samsung
	We generally agree with the FL’s recommendation that mixed modulation designs with different modulation orders across spatial layers are appropriately discussed under the MIMO agenda item. Once a high-level agreement is reached on channel coding and modulation, there may be a need to revisit certain mixed modulation designs within this session, if deemed necessary, to ensure overall consistency and alignment across design aspects.

	ETRI
	OK to discuss in modulation agenda as well.



[bookmark: _Toc206082281]Agreements so far
R1-122:
Agreement
· For 6GR DL, 5G NR uniform QPSK, 16QAM, 64QAM, 256QAM and 1024QAM are supported as basis for study for data channel
· FFS: Enhancements and other modulation schemes
· For 6GR UL, 5G NR uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for study for CP-OFDM for data channel
· FFS: Enhancements and other modulation schemes
· For 6GR UL, 5G NR pi/2 BPSK, uniform QPSK, 16QAM, 64QAM, and 256QAM are supported as basis for study for DFT-s-OFDM for data channel
· FFS: Enhancements and other modulation schemes

R1-122bis:
Agreement
For 6GR constellation shaping evaluation for CP-OFDM, and improved MCS table, the proposed scheme will be compared with non-shaping with NR MCS table. The evaluation and comparison should consider at least the following:
· BLER performance under AWGN channel (at least for performance calibration)
· 1st transmission (baseline) and with HARQ re-transmission
· BLER performance under fading channel with fixed MCS
· 1st transmission (baseline) and with HARQ re-transmission
· Throughput performance with link adaptation (adaptive MCS and rank) under fading channel
· Needs to provide assumptions on rate adaptation (e.g., target BLER for 1st transmission, maximum # of retransmissions)
· Transmitter and receiver complexity (e.g., shaping/deshaping, demapper), latency, parallelism implementation, and storage requirements, 
· Other KPI not excluded, such as PAPR, EVM, MPR/A-MPR
· Expected spec impact
· FFS detailed assumption of constellation shaping and improved MCS table
· System level evaluation can be done after link level evaluation. 
Agreement
For 6GR constellation shaping study, proponent is encouraged to provide details for the PS/GS schemes considered for evaluation and comparison, including at least the following
· Probabilistic shaping for CP-OFDM and DFT-s-OFDM
· Use the list of spectrum efficiencies in NR MCS table as starting point, and provide constellation (including normalization), coding rate and target probabilistic distribution for each SE
· If multiple coding rate and target probabilistic distribution pairs are provided for each SE, how to switch between them
· Relationship between shaping and FEC, coded bits to modulation symbol mapping, and other modules (such as scrambling, interleaving), in transmit and receive chains. How to handle HARQ retransmission
· PS algorithm details (for example, source coding based, channel coding based, etc) and parameters (such as block length, rate loss)
· Geometric shaping for CP-OFDM and DFT-s-OFDM
· Use the list of spectrum efficiencies in NR MCS table as starting point, and provide target constellation shape (including normalization) (1D-NUC, 2D-NUC, QAM-CS, etc) for each SE
· If multiple constellation shapes are provided for each SE, how to switch between them
· GS mapping details, such as bit to constellation point mapping and shape
· Relationship with other blocks (such as scrambling, interleaving). How to handle HARQ retransmission
Agreement
For link level simulation for modulation evaluation, companies are encouraged to evaluate with the following assumptions and should report the exact scheme evaluated.
· channel configuration, including Channel profiles,Tx/RX antenna settings
· For MIMO scenario: SU-MIMO or MU-MIMO, follow agenda item 11.2 for MIMO when available.
· Precoder assumption
· Close loop MIMO (reciprocal beamforming (e.g., SVD, SLR/RZF, etc.), codebook based)
· Realistic CSI/SRS/AP-SRS periodicity and delay, and SRS chanEst assumptions, 
· or genie beamforming
· Open loop MIMO
· Receiver assumption (for MIMO): LMMSE (baseline) for UL, rML or LMMSE for DL
· LLR demapper: Max-log (baseline) or Log-MAP
· Channel estimation: Realistic (baseline) or ideal
· Other assumptions: Channel coding NR-LDPC (baseline), PxSCH bandwidth, SCS, FD interleaver used or not, 5GNR BICM interleaver usage
· Note: For MIMO, SIMO, MISO and SISO are included when possible

Agreement
For 6GR constellation shaping evaluation for DFT-s-OFDM, and improved MCS table, the proposed scheme will be compared with non-shaping with NR MCS table. In addition to what has been agreed for CP-OFDM in earlier agreement, the evaluation and comparison should further consider at least the following:
· PAPR/CM of the resulting waveform
· EVM, MPR/A-MPR
Agreement
For the study of uniform 4096QAM for DL and uniform 1024QAM for UL, need to study performance (assuming realistic channel estimation, time/freq synchronization assumption, phase noise assumption, etc), complexity/power consumption, requirements, benefit/necessity under applicable scenarios, associated restrictions, and challenges (such as EVM requirement, PAPR increase, MPR or A-MPR increase under realistic PA model).
· FFS: How to involve RAN4 early
· FFS: Shaping of higher order modulation
· System level evaluation can be done after link level evaluation. 
R1-123:
Agreement
For PS/GS fixed MCS performance reporting for 10% BLER (other target x% BLER can also be reported), adopt the following format for simulation as a starting point for result reporting.
	NR reference
	Scheme A (e.g, PS, 1D-NUC, 2D-NUC etc)

	SE
	(Mod order, coding rate)
	SE point specific parameters
	Baseline (uniform QAM) SNR to reach target BLER
	Gain/loss in dB wrt NR baseline at target BLER  x%

	SE x
	(modOrder, coding rate)
	…
	
	

	SE y
	(modOrder, coding rate)
	…
	
	

	SE z
	(modOrder, coding rate)
	…
	
	

	SE point independent assumptions
	Common assumptions for the scheme simulated, including channel type (AWGN, SISO, SIMO, MIMO) and antenna configuration, number of spatial layers, number of RB allocated, TB size, shaping algorithm used (including block length), freq domain interleaver applied or not, receiver assumption, precoding assumption, realistic channel estimation, etc


Note: For NR MCS reference, since NR has multiple MCS tables, it is not enough to provide the MCS index. Instead, need to provide the (modulation order, coding rate) pair for the simulated SE
Note: For SE point specific parameters:
For GS, this can be a pointer to the constellation used for this SE point
For PS, this can be a constellation size, coding rate and shaping parameter used for this SE point
Note: Other metrics (at least complexity) will be merged into the same table with other columns, if details of the metrics are agreeable.
Note: For AMC study, if possible, we can use the same table format
Agreement
On how to evaluate complexity, storage requirement, delay and parallelism/serialism for PS and GS compared with uniform QAM. 
For PS
· The demapper complexity is compared with uniform QAM demapper complexity
· Can report the demapper complexity with PS and the demapper complexity of NR MCS with the same spectrum efficiency, and the ratio of the complexities
· Also report the number of spatial layers, dm-algorithm used and the receiver type (e.g., LMMSE or rML), and fixed point assumed or floating point assumed.
· The Distribution Matcher (DM)/Distribution De-Matcher (DDM) complexity and/or storage requirement as a function of the DM algorithm used (ESS, CCDM, etc), precision of fixed point implementation, block length, and the number of bit levels shaped per symbol
· For complexity, can report the complexity normalized by the number of information bits 
· As a reference, can also report the computation complexity of LDPC decoding with 10 iterations.
· For storage requirement, can report the overall storage needed for DM/DDM for supporting all MCS in the MCS table and all shaping related parameters
· DM and DDM complexity and storage will be counted separately
· The DM/DDM processing delay, parallelism/serialism, as a function of DM design and block length, and their impact to throughput
For GS, 
· The demapper complexity is compared with uniform QAM demapper complexity
· Can report the ratio of GS demapper complexity over the uniform QAM demapper complexity
· Also report if 1D-NUC or 2D-NUC is used, # of spatial layers, and the receiver type (e.g., LMMSE or rML)
· Also need to report the assumption on complexity counting, e.g, fixed point assumed or floating point assumed
· The storage requirement for storing all the constellations corresponding to the MCS indices in the MCS table, as a function of precision of constellation point storage
· Processing delay and parallelism/serialism, if applicable, and their impact to throughput
Note: the complexity is represented by the numbers of comparison, addition/subtraction, and multiplication/division operations, normalized by the number of information bits.
Note: For complexity as a function of SE point, will add a column in the already agreed performance reporting table.
Note: For complexity/storage not as a function of SE point, will add a row in the already agreed performance reporting table.
Note: Spec impact will be separately evaluated, include BICM, scrambling, etc


Note: 
For 4K uniform QAM DL and 1K uniform QAM UL link level performance study, the following format can be used for performance reporting.
	(modOrder, coding rate*1024, SE)
	Assumed TX/RX EVM
	Channel 1
	Channel 2
	Channel 3

	
	
	SNR to achieve target BLER
	SNR to achieve target BLER
	SNR to achieve target BLER

	(10, 900.5, 8.7939) for DL evaluation
(8, 916.5, 7.1602) for UL evaluation
	Legacy EVM for 1K QAM for DL and 256QAM for UL respectively
	
	
	

	(10, 948, 9.2578) for DL evaluation
(8, 948, 7.4063) for UL evaluation
	Legacy EVM for 1K QAM for DL and 256 QAM for UL respectively
	
	
	

	SE1
	
	
	
	

	SE2
	
	
	
	

	SE3
	
	
	
	

	Other parameters
	
	
	
	


· For assumed TX/RX EVM, before we receive any concrete numbers from RAN4, companies can provide their assumptions. One example can be 6dB tighter than the EVM of 1K QAM for DL and 256QAM for UL.
· Other parameters include: Channel estimation assumption (genie or realistic), channel configurations (AWGN, SISO, SIMO, MIMO and TX/RX antenna configurations, channel types, number of spatial layers,), assumed residual freq offset range, number of allocated RBs, etc
· Two highest MCS points in DL 1K QAM and UL 256QAM in NR added in the table for comparison.
· This is preliminary result and not intended for TR
Note: For high order uniform QAM for DL 4K QAM and UL 1K QAM, to provide the UPT with the high order QAM (DL 4K QAM and UL 1K QAM) over the UPT without the high order QAM under the assumed deployment scenario.
Agreement
For PS/GS fixed MCS performance reporting for 10% BLER (other target x% BLER can also be reported), adopt the following format for simulation as a starting point for result reporting.
	NR reference
	Scheme A (e.g, PS, 1D-NUC, 2D-NUC etc)

	SE
	(Mod order, coding rate)
	SE point specific parameters
	Baseline (uniform QAM) SNR to reach target BLER
	Gain/loss in dB wrt NR baseline at target BLER  x%

	SE x
	(modOrder, coding rate)
	…
	
	

	SE y
	(modOrder, coding rate)
	…
	
	

	SE z
	(modOrder, coding rate)
	…
	
	

	SE point independent assumptions
	Common assumptions for the scheme simulated, including channel type (AWGN, SISO, SIMO, MIMO) and antenna configuration, number of spatial layers, number of RB allocated, TB size, shaping algorithm used (including block length), freq domain interleaver applied or not, receiver assumption, precoding assumption, realistic channel estimation, etc


Note: For NR MCS reference, since NR has multiple MCS tables, it is not enough to provide the MCS index. Instead, need to provide the (modulation order, coding rate) pair for the simulated SE
Note: For SE point specific parameters:
For GS, this can be a pointer to the constellation used for this SE point
For PS, this can be a constellation size, coding rate and shaping parameter used for this SE point
Note: Other metrics (at least complexity) will be merged into the same table with other columns, if details of the metrics are agreeable.
Note: For AMC study, if possible, we can use the same table format
Agreement 
To evaluate the proposal to allow a single spectrum efficiency point to be supported by multiple MCS entries (with different modulation order and coding rate combinations with uniform QAM or with different shaping parameters, coding rate, and constellation size combinations for PS and different coding rate and constellation combinations for GS). 
· When providing results, to provide the following information 
· Details on the design of MCS table with overlapping MCS entries and expected size of MCS table, including performance comparison of designs with the same expected size of MCS table
· Performance benefit under different channel and rank assumptions
· As baseline, provide performance with legacy MCS table up to 256 QAM 
· Can additionally provide performance with legacy MCS table up to 1K QAM
· For PS/GS, provide performance allowing each SE point to be mapped to one or more MCS entries
· For PS/GS, provide performance allowing each SE point to be mapped to only one MCS entry (from the set of one or more MCS entries)
· For uniform QAM, provide performance allowing each SE point to be mapped to one or more MCS entries
· MCS selection mechanism across multiple MCS corresponding to the same spectrum efficiency.
· If UE feedback is needed for gNB to select between multiple MCS entries corresponding to the same SE, provide details on what is to be fed back
· FFS: How different MPR for different modulation order is captured in the simulation for uplink
· FFS: How different EVM for different modulation order is captured in the simulation
· For the purpose of this study, the same set of SE points as in legacy uniform QAM table will be used as starting point.
· When reporting performance, also report other assumptions, including channel type (AWGN, SISO, SIMO, MIMO) and antenna configuration, number of spatial layers, number of RB allocated, TB size, shaping algorithm used (including block length), freq domain interleaver applied or not, receiver assumption, precoding assumption, realistic channel estimation, etc
· To propose how to align shaping parameters or how to align coding rate for facilitating comparison.

Agreement
For DFT-s-OFDM, further study how/whether Net Gain over uniform QAM can be achieved by PS/GS.
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