3GPP TSG RAN WG1 #112bis-e		R1-2303053
e-Meeting, April 17th – April 26th, 2023

Agenda Item:	9.2.3.2
Source:	Google
Title:	On Enhancement of AI/ML based Beam Management
Document for:	Discussion/Decision
Introduction
In RAN1 #112, the following agreements on enhancement of AI/ML based BM have been achieved.
	Conclusion
For the sub use case BM-Case1 and BM-Case2, “Alt.2: DL Rx beam prediction” is deprioritized.

Agreement 
Regarding the performance metric(s) of AI/ML model monitoring for BM-Case1 and BM-Case2, study the following alternatives (including feasibility/necessity) with potential down-selection:
· Alt.1: Beam prediction accuracy related KPIs, e.g., Top-K/1 beam prediction accuracy
· Alt.2: Link quality related KPIs, e.g., throughput, L1-RSRP, L1-SINR, hypothetical BLER
· Alt.3: Performance metric based on input/output data distribution of AI/ML 
· Alt.4: The L1-RSRP difference evaluated by comparing measured RSRP and predicted RSRP 
· Other alternatives are not precluded
· Note: At least the performance and spec impact should be considered

Conclusion
Regarding the explicit assistance information from UE to network for NW-side AI/ML model, RAN1 has no consensus to support the following information
· UE location
· UE moving direction
· UE Rx beam shape/direction


Agreement
For BM-Case1 and BM-Case2 with a UE-side AI/ML model, study the necessity, feasibility and the potential specification impact (if needed) of the following information reported from UE to network: 
· Predicted L1-RSRP(s) corresponding to the DL Tx beam(s) or beam pair(s)
· Whether/how to differentiate predicted L1-RSRP and measured L1-RSRP
· Confidence/probability information related to the output of AI/ML model inference (e.g., predicted beams)
· FFS: Definition/content of confidence/probability information
· Note: At least the performance and spec impact should be considered

Agreement
For BM-Case1 and BM-Case2 with a UE-side AI/ML model, study potential specification impact of AI model inference from the following additional aspects on top of previous agreements: 
· Indication of the associated Set A from network to UE, e.g., association/mapping of beams within Set A and beams within Set B if applicable
· Beam indication from network for UE reception
· Note: The second bullet may or may not have additional specification impact (e.g., legacy mechanism may be reused).

Conclusion
Regarding the explicit assistance information from network to UE for UE-side AI/ML model, RAN1 has no consensus to support the following information
· NW-side beam shape information
· E.g., 3dB beamwidth, beam boresight directions, beam shape, Tx beam angle, etc.
· Note: Other information (e.g., relative information) of Tx beam(s) preserving sensitive proprietary information is a separate discussion 
· e.g., some information following the same principle of Rel-17 positioning agreement

Agreement
For BM-Case1 and BM-Case2 with a UE-side AI/ML model, regarding NW-side performance monitoring, study the following aspects as a starting point including the study of necessity: 
· Configuration/Signaling from gNB to UE for measurement and/or reporting
· UE reporting to NW (e.g., for the calculation of performance metric) 
· Indication from NW for UE to do LCM operations 
· Other aspect(s) is not precluded
· Note1: At least the performance and reporting overhead of model monitoring mechanism should be considered

Agreement
For BM-Case1 and BM-Case2 with a UE-side AI/ML model, regarding UE-side performance monitoring, study the following aspects as a starting point including the study of necessity and feasibility: 
· Indication/request/report from UE to gNB for performance monitoring 
· Note: The indictation/request/report may be not needed in some case(s)
· Configuration/Signaling from gNB to UE for performance monitoring
· Other aspect(s) is not precluded





In this contribution, we provide some discussion on enhancement of AI/ML based BM.
Spatial-domain beam prediction
Input
In RAN1 #109, the following alternatives on input for spatial domain beam prediction were agreed.
	Conclusion 
Regarding the sub use case BM-Case1, further study the following alternatives for AI/ML input:
· Alt.1: Only L1-RSRP measurement based on Set B
· Alt.2: L1-RSRP measurement based on Set B and assistance information
· FFS: Assistance information. The following were mentioned by companions in the discussion:  Tx and/or Rx beam shape information (e.g., Tx and/or Rx beam pattern, Tx and/or Rx beam boresight direction (azimuth and elevation), 3dB beamwidth, etc.), expected Tx and/or Rx beam for the prediction (e.g., expected Tx and/or Rx angle, Tx and/or Rx beam ID for the prediction), UE position information, UE direction information, Tx beam usage information, UE orientation information, etc.
·  Note: The provision of assistance information may be infeasible due to the concern of disclosing proprietary information to the other side.
· Alt.3: CIR based on Set B
· Alt.4: L1-RSRP measurement based on Set B and the corresponding DL Tx and/or Rx beam ID
· Note1: It is up to companies to provide other alternative(s) including the combination of some alternatives
· Note2: All the inputs are “nominal” and only for discussion purpose.



Compared to L1-RSRP, CIR can provide more channel properties. Further, for L1-RSRP and CIR, the channel estimation error may potentially lead to prediction error. Thus, L1-SINR can be considered as a complementary to provide some information on potential channel estimation or measurement error. As CIR could provide more information than L1-RSRP, the number of beams in Set B for CIR measurement could be much smaller than the number of beams for L1-RSRP measurement. Therefore, with regard to reference signal overhead, the CIR based on set B should be supported. In addition, the CIR plus L1-SINR can be considered as another alternative for further study.
From some previous evaluation, it can be observed that to achieve the same beam prediction accuracy, CIR based beam prediction requires measurement from less number of beams compared to L1-RSRP based measurement. In [2] [3], it is shown that to achieve the same beam prediction accuracy, e.g. 70%, CIR based beam prediction requires the measurement from 1 network beam as shown in Figure 1, but L1-RSRP based beam prediction requires measurement from more than 12 network beams as shown in Figure 2. Thus with regard to the BM RS overhead, the CIR based beam prediction should be supported.


Figure 1: CIR based spatial domain beam prediction (small BM RS overhead)


Figure 2: L1-RSRP based spatial domain beam prediction (large BM RS overhead)
Proposal 1: For spatial domain beam prediction, support Alt3 (CIR based on set B).
Further, in the actual network, some UEs may locate closely and share the same velocity, e.g., the UEs are in a car, as shown in Figure 8. For such UEs, it is possible to perform UE-group based beam prediction. Thus, the input could be based on the beam report from one or a subset of UEs in a UE group, and the output could be the predicted beams for the group of UEs.
[image: ]
Figure 3: A potential scenario for UE-group based beam prediction
Proposal 2: Study the input from the beam report from a group of UEs for UE-group based beam prediction, where the UEs in a group share the similar location and velocity.

Output
For spatial domain beam prediction, the beam selection could be a classification question. Thus, the output could be the possibility for each beams to be the best beam in beam set A. Then the top N beams with the highest possibility could be assumed as the beam search space for next step beam search. Another possible way is to consider the predicted L1-RSRP as the output. However, the predicted L1-RSRP could provide the same functionality as the best beam possibility for each beam from the beam selection point of view. Thus, it could be sufficient to use the best beam accuracy as the output.
Proposal 3: For spatial domain beam prediction, support the best beam possibility for each beam in Set A as the output. 
In addition, in RAN1 #110, the following alternatives on output is agreed.
	Agreement
Regarding the sub use case BM-Case1 and BM-Case2, study the following alternatives for AI/ML output:
· Alt.1: Tx and/or Rx Beam ID(s) and/or the predicted L1-RSRP of the N predicted DL Tx and/or Rx beams 
· E.g., N predicted beams can be the top-N predicted beams
· Alt.2: Tx and/or Rx Beam ID(s) of the N predicted DL Tx and/or Rx beams and  other information
· FFS: other information (e.g., probability for the beam to be the best beam, the associated confidence, beam application time/dwelling time, Predicted Beam failure) 
· E.g., N predicted beams can be the top-N predicted beams
· Alt.3: Tx and/or Rx Beam angle(s) and/or the predicted L1-RSRP of the N predicted DL Tx and/or Rx beams
· E.g., N predicted beams can be the top-N predicted beams
· FFS: details of Beam angle(s)
· FFS: how to select the N DL Tx and/or Rx beams (e.g., L1-RSRP higher than a threshold, a sum probability of being the best beams higher than a threshold, RSRP corresponding to the expected Tx and/or Rx beam direction(s))
· Note1: It is up to companies to provide other alternative(s) 
· Note2: Beam ID is only used for discussion purpose
· Note3: All the outputs are “nominal” and only for discussion purpose
· Note4: Values of N is up to each company. 
· Note5: All of the outputs in the above alternatives may vary based on whether the AI/ML model inference is at UE side or gNB side.
· Note 6: The Top-N beam IDs might have been derived via post-processing of the ML-model output




For the output of beam prediction, in general, there could be the following two options:
· Option 1 (codebook-based beamforming): Predict the beam from a beam codebook
· Option 2 (Channel-based beamforming): Predict the channel eigen vector, which is used as the beamforming weight
Figure 4 illustrates the simulation results for the RSRP distribution for the options above. It can be observed that the channel-based beamforming can provide at least 5 dB performance gain compared to the codebook-based beamforming. Therefore, it is necessary to study the channel eigenvector (Alt3) as the output for beam prediction.
[image: ]
Figure 4: Simulation results for RSRP distribution for channel-based beamforming and codebook based beamforming

Proposal 4: For spatial-domain beam prediction, the output for Alt3 can be the channel eigenvector used for network beam generation.
In addition, one possible issue is whether to support predicted L1-RSRP as the output. We compared two schemes for L1-RSRP prediction:
· ML-based L1-RSRP prediction: The L1-RSRPs from a subset of network beams are used as the input, and the L1-RSRPs of all the network beams are the output of the ML. The input and output are normalized. 
· Non-ML based L1-RSRP prediction: The highest L1-RSRP from the subset of network beams are used as the predicted L1-RSRP.
We calculated the error between the predicted L1-RSRP and actual L1-RSRP for the top-N predicted beams. Table 1 illustrates the average error for the L1-RSRP prediction schemes. Figure 5 illustrates the CDF of the L1-RSRP prediction error for each beam for both ML-based and non-ML based scheme. In the evaluation, the input is the L1-RSRPs form 8 network beams. It can be observed that ML-based L1-RSRP cannot provide performance gain compared to non-ML based scheme.
Table 1: Average error for L1-RSRP prediction
	
	Average error for ML based L1-RSRP prediction [dB]
	Average error for non-ML based L1-RSRP prediction [dB]

	Top-1 beam
	4.4642
	1.8889

	Top-2 beam
	4.3309
	1.7120

	Top-4 beam
	4.5043
	1.9163

	Top-8 beam
	4.5553
	3.3471



[image: ]
Figure 5: CDF of L1-RSRP prediction error

Proposal 5: Do not support spec impact for L1-RSRP prediction.
Moreover, based on current study, the beam prediction is to predict the “strong” beam. However, for MU-MIMO operation, the “weak” beam information is also important for the network to determine UE pairing. Without the “weak” beam information, the network cannot identify the potential mutual interference for the co-scheduled UEs, as shown in Figure 6.
[image: ]
Figure 6: A potential issue for beam selection for MU-MIMO
The MU-MIMO operation is an important feature to improve the spectrum efficiency. Figure 7 illustrates a simulation result to compare the performance between MU-MIMO and SU-MIMO based on full buffer traffic, where for MU-MIMO, two cases are studied – UE pairing without “weak” beam information and UE pairing with “weak” beam information. It can be observed that MU-MIMO with UE pairing without “weak” beam information could not provide performance gain, but MU-MIMO with UE pairing based on “weak” beam information can provide significant performance gain. Therefore, it should be studied to predict the weak beam information in addition to the strong beam. 

Figure 7: Average cell SE for MU-MIMO and SU-MIMO

Figure 8: Cell edge SE for MU-MIMO and SU-MIMO

Proposal 6: For spatial-domain beam prediction, study to predict the “weak” beam to facilitate the MU-MIMO UE pairing.

Performance validation
For spatial domain beam prediction, performance validation is necessary. Current beam from an indicated TCI can be a reference. If none of the predicted beam(s) cannot provide better beam quality than current beam plus an offset, it can be assumed the beam prediction cannot pass the performance validation. Then, the gNB and UE may fallback to use non-AI/ML based beam selection.
Proposal 7: For spatial domain beam prediction, the beam quality for current beam from an indicated TCI can be used for performance validation, and if none of the predicted beam(s) can provide better beam quality than current beam, the predicted beam(s) are assumed to fall to pass the performance validation.
Time-domain beam prediction
Input
In RAN1 #109, the following alternatives on input for time-domain beam prediction were agreed.
	Conclusion 
Regarding the sub use case BM-Case2, further study the following alternatives of measurement results for AI/ML input (for each past measurement instance):
· Alt.1: Only L1-RSRP measurement based on Set B
· Alt 2: L1-RSRP measurement based on Set B and assistance information
· FFS: Assistance information. The following were mentioned by companies in the discussion:, Tx and/or Rx beam angle, position information, UE direction information, positioning-related measurement (such as Multi-RTT), expected Tx and/or Rx beam/occasion for the prediction (e.g., expected Tx and/or Rx beam angle for the prediction, expected occasions of the prediction), Tx and/or Rx  beam shape information (e.g., Tx and/or Rx beam pattern, Tx and/or Rx beam pointing angles beam boresight directions (azimuth and elevation), 3dB beamwidth, etc.) , increase ratio of L1-RSRP for best N beams, UE orientation information
· Note: The provision of assistance information may be infeasible due to the concern of disclosing proprietary information to the other side.
· Alt.3: L1-RSRP measurement based on Set B and the corresponding DL Tx and/or Rx beam ID
· Note1: It is up to companies to provide other alternative(s) including the combination of some alternatives
· Note2: All the inputs are “nominal” and only for discussion purpose.
· 



Similar to time-domain beam prediction, compared to L1-RSRP, CIR can provide more channel properties. As CIR could provide more information than L1-RSRP, the number of beams in Set B for CIR measurement could be much smaller than the number of beams for L1-RSRP measurement. Therefore, with regard to reference signal overhead, the CIR based on set B should be studied. In addition, the CIR plus L1-SINR can be considered as another alternative for further study, with regard to the potential channel estimation error for CIR.
Proposal 8: For time-domain beam prediction, support to add CIR measurement based on set B as one alternative.
Output
For time-domain beam prediction, similar to spatial-domain beam prediction, the beam selection could be a classification question. Thus, the output could be the possibility for each beams to be the best beam in beam set A. Then the top N beams with the highest possibility could be assumed as the beam search space for next step beam search. 
Proposal 9: For time-domain beam prediction, support the best beam possibility for each beam in Set A as the output. 
In addition, similar to the output for spatial domain beam prediction, the output for the AI/ML should be the angle for DL Rx beam or DL Tx beam for NW-based or UE-based AI/ML for time domain beam prediction.
Proposal 10: When AI/ML model is implemented in the NW side, the output for the AI/ML for time domain beam prediction with spec impact should be the reference angle for DL Rx beam refinement (Alt3).
Proposal 11: When AI/ML model is implemented in the UE side, the output for the AI/ML model for time domain beam prediction with spec impact should be the reference angle for DL Tx beam refinement (Alt3).

Performance validation
For time-domain beam prediction, performance validation is necessary. Current beam from an indicated TCI can be a reference for performance validation. If none of the predicted beam(s) can provide better beam quality than current beam plus an offset, it can be assumed the beam prediction cannot pass the performance validation. Thus, although gNB may provide a TCI based on the predicted beam for beam prediction, in addition to the ACK/NACK for the TCI update signaling, some additional UE feedback before the beam action time can be studied for performance validation for predicted beams.
Figure 9 shows the procedure for UE feedback on performance validation for time domain beam prediction. The UE’s movement/rotation and blockage may cause some abrupt beam change. Then the previously indicated predicted beam could get invalid. Therefore, in addition to the ACK for the TCI update signaling, before the action time for the predicted beam, UE can report some information on performance validation for the predicted beam. If the predicted beam passes the performance validation, the gNB and UE can switch to the predicted beam at the action time; otherwise, gNB can send an updated TCI indication to the UE to overwrite or withdraw the previously indicated predicted beam. 


Figure 9: UE feedback on performance validation for time domain beam prediction
Proposal 12: For time-domain beam prediction, the beam quality for current beam from an indicated TCI can be used for performance validation, and if none of the predicted beam(s) can provide better beam quality than current beam, the predicted beam(s) are assumed to fall to pass the performance validation.
Proposal 13:  Study UE feedback before the beam action time for performance validation for predicted beam in addition to the ACK/NACK for the TCI update signaling.
General aspects
Currently, there are two BM frameworks: Rel-17 unified TCI framework and Rel-15/Rel-18 BM framework. The Rel-17 unified TCI framework supports beam indication with lower overhead and latency, and supports inter-cell BM. The Rel-15/Rel-16 BM framework supports per channel/resource beam indication, which can provide better robustness. In addition, the Rel-15/Rel-16 BM framework is widely used in current deployment. For AI based BM, the study should be based on both Rel-17 unified TCI framework and Rel-15/Rel-16 BM framework.
Proposal 14: For AI/ML based BM, the study should be based on both Rel-17 unified TCI framework and Rel-15/Rel-16 BM framework.
In addition, currently the agreed EVM for BM is only based on FR2-1 band, i.e. 30GHz. It is unreasonable to preclude the AI/ML based BM enhancement for FR1 and FR2-2. In FR1, currently beam report and beam indication are mandatory features. In FR2-2, the gNB and UE may maintain more beams. Thus the beam management procedure could be much more complicated than FR 2-1. Therefore, the AI/ML based time/spatial domain beam prediction should be applicable for both FR1 and FR2.
Proposal 15: The study of AI/ML based BM should consider both FR1 and FR2.
Additional spec impact on AI/ML in the gNB side
For AI/ML in the gNB side, the UE can report the beam quality for some beams, but there could be some measurement and quantization error. Currently the maximum measurement error for L1-RSRP is defined as 9.5 dB in 38.133. With regard to the quantization error, there could be up to 11 dB measurement and quantization error for the L1-RSRP. Table 2 and Table 3 illustrates the performance for beam prediction with perfect L1-RSRP and L1-RSRP with measurement error. It can be observed that there could be significant performance degradation with measurement and quantization error.
Table 2: Beam prediction accuracy from 4 measured beams with 1 dB margin
	Predicted beam
	Perfect L1-RSRP
	L1-RSRP with up to 5dB measurement error
	L1-RSRP with up to 10 dB measurement error

	Top-1
	47.98%
	30.28%
	19.82%

	Top-2
	65.49%
	46.92%
	32.12%

	Top-4
	82.09%
	65.58%
	49.01%

	Top-8
	93.62%
	84.82%
	70.76%



Table 3: Beam prediction accuracy from 4 measured beams with 0 dB margin
	Predicted beam
	Perfect L1-RSRP
	L1-RSRP with up to 5dB measurement error
	L1-RSRP with up to 10 dB measurement error

	Top-1
	33.66%
	20.04%
	12.35%

	Top-2
	51.77%
	33.63%
	21.41%

	Top-4
	70.90%
	51.63%
	36.17%

	Top-8
	88.92%
	74.68%
	58.35%



Therefore, the further study on potential spec impact for AI/ML in gNB side should focus on the enhancement that can reduce the measurement and quantization error, including potential enhancement on CSI-RS coverage enhancement, more advanced receiver to reduce measurement error, high-resolution L1-RSRP quantization scheme and so on.
Proposal 16: For AI/ML in gNB side, study the following potential enhancement to reduce the L1-RSRP measurement and quantization error.
· CSI-RS coverage enhancement
· More advanced receiver to reduce measurement error
· High-resolution quantization scheme to reduce quantization error

Additional spec impact on AI/ML in UE side
For AI/ML in UE side, the key issue is to maintain the same understanding between the gNB and UE on the beam grid assumption. This should not require the gNB to disclose its beam grid. However, similar to CSI report, the UE can report the predicted beam to the gNB based on a certain beam-codebook. Then, such beam-codebook and the reported predicted beam matrix indicator (BMI) from the beam-codebook can tell the gNB the predicted beam information. Thus, the potential spec impact on the AI/ML in UE side should be based on a beam-codebook, which is similar to legacy CSI report framework.
Proposal 17: For AI/ML in UE side, study the potential enhancement to maintain the same understanding between the gNB and UE with regard to the reported beam information based on a beam-codebook similar to CSI feedback based on a codebook
· The UE can report a beam matrix indicator (BMI) based on the beam-codebook
 
Conclusion
In this contribution, we provided discussion on enhancement of AI/ML based BM. Based on the discussion, the following proposals have been achieved.
Proposal 1: For spatial domain beam prediction, support Alt3 (CIR based on set B).
Proposal 2: Study the input from the beam report from a group of UEs for UE-group based beam prediction, where the UEs in a group share the similar location and velocity.
Proposal 3: For spatial domain beam prediction, support the best beam possibility for each beam in Set A as the output. 
Proposal 4: For spatial-domain beam prediction, the output for Alt3 can be the channel eigenvector used for network beam generation.
Proposal 5: Do not support spec impact for L1-RSRP prediction.
Proposal 6: For spatial-domain beam prediction, study to predict the “weak” beam to facilitate the MU-MIMO UE pairing.
Proposal 7: For spatial domain beam prediction, the beam quality for current beam from an indicated TCI can be used for performance validation, and if none of the predicted beam(s) can provide better beam quality than current beam, the predicted beam(s) are assumed to fall to pass the performance validation.
Proposal 8: For time-domain beam prediction, support to add CIR measurement based on set B as one alternative.
Proposal 9: For time-domain beam prediction, support the best beam possibility for each beam in Set A as the output. 
Proposal 10: When AI/ML model is implemented in the NW side, the output for the AI/ML for time domain beam prediction with spec impact should be the reference angle for DL Rx beam refinement (Alt3).
Proposal 11: When AI/ML model is implemented in the UE side, the output for the AI/ML model for time domain beam prediction with spec impact should be the reference angle for DL Tx beam refinement (Alt3).
Proposal 12: For time-domain beam prediction, the beam quality for current beam from an indicated TCI can be used for performance validation, and if none of the predicted beam(s) can provide better beam quality than current beam, the predicted beam(s) are assumed to fall to pass the performance validation.
Proposal 13:  Study UE feedback before the beam action time for performance validation for predicted beam in addition to the ACK/NACK for the TCI update signaling.
Proposal 14: For AI based BM, the study should be based on both Rel-17 unified TCI framework and Rel-15/Rel-16 BM framework.
Proposal 15: The study of AI/ML based BM should consider both FR1 and FR2.
Proposal 16: For AI/ML in gNB side, study the following potential enhancement to reduce the L1-RSRP measurement and quantization error.
· CSI-RS coverage enhancement
· More advanced receiver to reduce measurement error
· High-resolution quantization scheme to reduce quantization error
Proposal 17: For AI/ML in UE side, study the potential enhancement to maintain the same understanding between the gNB and UE with regard to the reported beam information based on a beam-codebook similar to CSI feedback based on a codebook
· The UE can report a beam matrix indicator (BMI) based on the beam-codebook
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 Average cell SE [bit/s/Hz]	SU-MIMO	MU-MIMO without weak beam information	MU-MIMO with weak beam information	4.0339999999999998	4.1349999999999998	5.63	



 Cell edge SE (5% CDF) [bit/s/Hz]	SU-MIMO	MU-MIMO without weak beam information	MU-MIMO with weak beam information	9.4100000000000003E-2	7.1599999999999997E-2	0.1215	
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