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1. [bookmark: _Ref5850594]Introduction
At RAN #94, a new study on artificial intelligence/machine learning for NR air interface has been approved [1] with the following goals briefly summarized as below.

Study the 3GPP framework for AI/ML for air-interface corresponding to each target use case regarding aspects such as performance, complexity, and potential specification impact.

Use cases to focus on: 
· Initial set of use cases includes: 
· CSI feedback enhancement, e.g., overhead reduction, improved accuracy, prediction [RAN1]
· Beam management, e.g., beam prediction in time, and/or spatial domain for overhead and latency reduction, beam selection accuracy improvement [RAN1]
· Positioning accuracy enhancements for different scenarios including, e.g., those with heavy NLOS conditions [RAN1] 
· Finalize representative sub use cases for each use case for characterization and baseline performance evaluations by RAN#98
· The AI/ML approaches for the selected sub use cases need to be diverse enough to support various requirements on the gNB-UE collaboration levels
Assess potential specification impact, specifically for the agreed use cases in the final representative set and for a common framework:
· PHY layer aspects, e.g., (RAN1)
· Consider aspects related to, e.g., the potential specification of the AI Model lifecycle management, and dataset construction for training, validation and test for the selected use cases
· Use case and collaboration level specific specification impact, such as new signalling, means for training and validation data assistance, assistance information, measurement, and feedback
In this document, we discuss various aspects of the above-mentioned goals for the beam management use case.

2. Beam Prediction in Time Domain
[bookmark: _Hlk100867512]In this section, we describe different aspects of temporal beam prediction including the potential benefits, signalling aspects, and the inherent trade-offs for the cases in which the prediction is carried out at UE side and gNB side.

2.1 Motivation
[bookmark: _Hlk101980253]Leveraging historical information about beams (e.g., strongest beam IDs along with their associated RSRPs) may be useful in predicting information about beams in future time instances. This prediction task can be carried out at UE based on previous beam measurements and/or at gNB based on previous beam measurement reports from UE. Depending on where the prediction task is carried out, the study should focus on the corresponding signalling implications as well as performance gains. The purpose of this section is to discuss different signalling aspects of temporal beam prediction as well as potential benefits and trade-offs.

A sub use case of temporal beam prediction is beam blockage prediction which is suggested to be considered for future study. 
Example: Let us assume that a UE can predict blockage based on the history of beam measurements. One of the ways that this UE capability could be useful is that UE can proactively indicate to gNB that a blockage is imminent, and the gNB can take this information into account and proactively switch the downlink beam to a secondary beam. The existing methods for beam failure detection and recovery are reactive in nature, in which the blockage event is detected first, and then the beam failure recovery procedure is initiated.

Proposal 1: RAN1 should study temporal beam prediction and identify aspects of temporal beam prediction where AI/ML-assisted methods are beneficial.
· Aspects of temporal beam prediction may include prediction of future strongest beam-ID(s) and/or future L1-RSRP values associated with strongest beam IDs.
· FFS: study the signalling aspects related to beam blockage/failure prediction.

2.2 [bookmark: _Hlk101909261]Potential Specification Impact
[bookmark: _Hlk101909622]In the following subsections, we consider different phases of ML workflow laid out in [2] and explain the signalling aspects associated with each phase.
2.2.1 [bookmark: _Hlk101909103]Spec impact for model development and training phase
Model development and training strategies is a multi-faceted problem that require extensive testing and tuning. As elaborated in [2], on-device models today and in the near future need offline engineering for model development. This includes model development, training, quantization, compiling the model to hardware primitives with power, area, and latency consideration, target-chip-specific run-time binary image generation, and going through full UE testing. This is like today’s non-ML implementations that go through similar offline development and extensive UE testing, and ML algorithms will not be exceptions. Various options can be discussed in RAN1 in terms of different levels of network control, but offline development and training should be the focus to guarantee a concrete outcome that can lead to specification work in the potential Rel-19 WI.

Proposal 2: For UE-side training, RAN1 should focus on offline training scenario, in which the development and training of the AI model for temporal beam prediction happens offline without the need to involve 3gpp signaling.

Assistance information for training
Example: consider temporal beam prediction at UE side. UE may benefit from assistance information from gNB which may in turn be used as auxiliary inputs to on-device models for temporal beam prediction. Some examples of such assistance information could be beam pointing angles, 3dB beamwidth, and/or beam shape of gNB beams. Note that indication of gNB beam shape to UE has been included as a feature in the positioning context [3]. Having such assistance information in addition to beam IDs has several benefits including better sample efficiency and better model generalization, as outlined in [2].

Proposal 3: RAN1 should study the signalling aspects related to gNB sending assistance information to help UE with data collection for training, for the purpose of temporal beam prediction.

2.2.2 [bookmark: _Hlk101909317]Spec impact for inference phase
Prediction of information about beams in future time instances may lead to different signalling implications based on the node in which the prediction task is carried out. In the following two sub-sections, the signalling aspects related to UE-side and gNB-side temporal beam prediction is discussed.

2.2.2.1 UE-side temporal beam prediction
[bookmark: _Hlk101964109]Let us consider downlink communications as an example and describe what signalling aspects can be enabled by temporal beam prediction at UE and how this signalling may be beneficial. Consider a downlink reference signal (e.g., CSI-RS) that is being sent with a certain periodicity. Predicting information about beams in future time instances may enable enhanced UE L1 report through which the predicted strongest beam ID(s) as well as their associated predicted L1-RSRPs can be reported. Based on this enhanced L1 report, gNB may increase the period of downlink reference signals by relying on temporal UE predictions. This would in turn lead to UE power saving, due to reduced number of downlink RS measurements in a given period of time. 

Another signalling aspect related to UE-side temporal beam prediction is receiving assistance information from gNB which may enable, enhance, or facilitate the prediction. Some examples of such assistance information are beam pointing angles, 3dB beamwidth or beam shape of gNB beams. Such assistance information may be used as an auxiliary input to on-device models for beam prediction.

2.2.2.2 [bookmark: _Hlk101909380]gNB-side temporal beam prediction
[bookmark: _Hlk101968543]To enhance or facilitate temporal beam prediction at the gNB side, gNB may benefit from some assistance information that UE can provide in the form of meta data which could help with gNB data collection.

Temporal beam prediction at UE and gNB have different requirements in terms of signalling overhead and the associated beam prediction accuracy. For instance, gNB only has access to a subset of UE measurements and having access to more beam measurements may improve gNB-side beam prediction accuracy. On the other hand, in order for gNB to have access to more UE beam measurements the UE report overhead would inevitably need to increase. The trade-off between beam prediction accuracy and required signalling overhead should be considered in the study for UE-side and gNB-side prediction, and the benefits and drawbacks of temporal beam prediction at each side should be identified.

Proposal 4: RAN1 should study and evaluate the benefits of temporal beam prediction at UE and gNB and the associated signalling needed to assist or enable beam prediction at each side.
· The trade-off between beam prediction accuracy and required signalling overhead should be considered in the study.

2.2.3 [bookmark: _Hlk101301469]Spec impact for model performance monitoring
The on-device models trained for the purpose of temporal beam prediction may be subject to performance degradation in certain scenarios, deployments, or use cases, when they get deployed in the field. One main reason for performance degradation could be the fact that they have not been trained well enough for a particular scenario, deployment, or use case. There needs to be a mechanism defined in Spec through which the performance of on-device temporal beam prediction can be monitored. This mechanism could be in the form of exchanging information about beam prediction quality, which is in turn a function of inference errors at beam prediction instances. Also, there could be a metric defined for beam prediction quality and if a certain criterion is not satisfied, the on-device model could be deactivated. The on-device model may later be activated if it has been sufficiently trained for the deployment scenario and a certain prediction quality requirement has been met. In order for the UE to be able to evaluate on-device temporal beam prediction quality, gNB may provide assistance signalling to help UE in comparing predicted measurements with actual measurements.

Proposal 5: For temporal beam prediction, RAN1 should study the signalling aspects related to exchanging information about beam prediction quality and a metric for beam prediction quality
· Study the impact of beam prediction quality on activating/deactivating AI/ML module at UE.

Proposal 6: For temporal beam prediction, RAN1 should study the signalling aspects related to gNB sending assistance signalling to help UE in comparing predicted measurements with actual measurements.
· This assistance signalling can be in the form of additional reference signals.

3. Beam Prediction in Spatial Domain
In this section, we describe different aspects of spatial domain beam prediction including the potential benefits, signalling aspects, and the inherent trade-offs for the cases in which the prediction is carried out at UE side and gNB side.

We will consider two types of spatial domain beam prediction in the next two sections:
[bookmark: _Hlk101983138]Codebook-based spatial domain beam prediction: in this case, the prediction space is composed of beams from a codebook, and the output of the predictor is a beam or a set of beams optionally along with their predicted L1-RSRPs. 
Non-codebook-based spatial domain beam prediction: the prediction space in this case is not limited to beams from a codebook and incorporates custom generated beams at UE and/or gNB. It has been shown through evaluation results in [4] that creating custom beams at UE and/or gNB may lead to improved spectral efficiency by optimizing the beam management procedure.

3.1 Codebook-based spatial domain beam prediction
In this section, we focus on codebook-based spatial domain beam prediction and discuss the signalling aspects as well as a few suggested use cases for study.
3.1.1 Motivation
Leveraging beam measurements on a first beam set may be useful in predicting information about beams on a second beam set. This prediction task can be carried out at UE based on beam measurements on a first set and/or at gNB based on beam measurement reports from UE. Depending on where the prediction task is carried out, the study should focus on the corresponding signalling implications as well as performance gains. The purpose of this section is to discuss different signalling aspects of spatial domain beam prediction and propose a few use cases for which spatial domain beam prediction may be studied.

The spatial domain beam prediction mentioned in this section may refer to prediction over spatial domain for a given measurement instance or over time and spatial domains (use measurements from multiple previous measurement instances on first beam set to predict L1-RSRP vector(s) and/or strongest beam-ID(s) over a second beam set).

Proposal 7: RAN1 should study codebook-based spatial domain beam prediction and identify aspects of codebook-based spatial domain beam prediction where AI/ML-assisted methods are beneficial.
· Aspects of spatial domain beam prediction may include prediction of L1-RSRP vector(s) and/or strongest beam-ID(s) over a second beam set based on measurements on a first beam set.

3.1.2 Two illustrative use cases
Use Case 1
[bookmark: _Hlk101961406]Let us consider the downlink scenario and spatial domain beam prediction at the UE side. Consider the scenario in which UE performs measurements on a first beam set from a gNB codebook and predicts information (e.g., best beam IDs, optionally along with corresponding predicted L1-RSRPs) about second beam set from the same gNB codebook. 
· Example sub use case: initial access
· Perform measurements on a first set of SSBs (based on pre-determined pattern of SSB beams configured by gNB which could be down-sampled versions of legacy SSBs) and predict strongest SSB beam-ID(s) optionally along with corresponding predicted L1-RSRPs.
· Advantage: Instead of UE attempting to measure all SSB beams, it only measures a subset of them, and this leads to UE power saving. 
This use case is applicable to gNB-side spatial domain beam prediction as well, in which gNB uses UE measurement reports corresponding to first beam set to predict information (e.g., best beam IDs, optionally along with corresponding predicted L1-RSRPs) about second beam set from the same gNB codebook
· FFS: RAN1 should study the signalling aspects needed to enable this use case, for UE-side and gNB-side spatial domain beam prediction.
Use Case 2
Let us again consider the downlink scenario and spatial domain beam prediction at the UE side. Consider the scenario in which UE performs measurements on a first beam set from a gNB codebook and predicts information (e.g., best beam IDs, optionally along with corresponding predicted L1-RSRPs) about second beam set where first and second beam sets are from different gNB codebooks (beams from first beam set have larger beamwidth compared to beams from second beam set). 
· Example sub use case: serving beam refinement
· Perform measurements on a set of SSB beams (or multiple sets of SSB beams over time) and predict information about refined beams e.g., strongest CSI-RS beam-ID(s) optionally along with associated predicted L1-RSRPs.
· Advantage: Instead of UE attempting to measure a larger set of refined beams to find the strongest beam, if the UE has spatial domain beam prediction capability, it can measure a smaller set of refined beams. Also, the overhead of downlink refined beam RS can be reduced leveraging this UE capability. Therefore, this can lead to downlink RS overhead savings and/or UE power saving due to reduced number of refined beam measurements.
This use case is applicable to gNB-side spatial domain beam prediction as well, in which gNB uses UE measurement reports corresponding to first beam set (with wider beams) to predict information (e.g., best beam IDs, optionally along with corresponding predicted L1-RSRPs) about second beam set (with narrower beams).
· FFS: RAN1 should study the signalling aspects needed to enable this use case, for UE-side and gNB-side spatial domain beam prediction.
3.1.3 Potential specification impact
In the following subsections, we consider different phases of ML workflow laid out in [2] and explain the signalling aspects associated with each phase.

3.1.3.1 Spec impact for model development and training phase
The arguments made in Section 2.2.1 in favour of offline training for temporal beam prediction are applicable to spatial domain beam perdition as well. 

Proposal 8: For UE-side training, RAN1 should focus on offline training scenario for codebook-based spatial domain beam prediction, in which the AI/ML model design and training does not involve 3gpp signalling.

Assistance information for training
Example: consider spatial domain beam prediction at UE side. UE may benefit from assistance information from gNB which may in turn be used as auxiliary inputs to on-device models for spatial domain beam prediction. Some examples of such assistance information could be beam pointing angles, 3dB beamwidth, and/or beam shape of gNB beams. Having such assistance information in addition to beam IDs has several benefits including better sample efficiency and better model generalization, as outlined in [2].

Proposal 9: For UE-side training, RAN1 should study the signalling aspects related to gNB sending assistance information to help UE with data collection for training, for the purpose of codebook-based spatial domain beam prediction.

3.1.3.2 Spec impact for inference phase
Prediction of information about second beam set based on measurements on first beam set may lead to different signalling implications based on the node in which the prediction task is carried out. In the following two sub-sections, the signalling aspects related to UE-side and gNB-side spatial domain beam prediction is discussed.

3.1.3.2.1 UE-side spatial domain beam prediction
Let us consider Use Case 1 discussed in Section 3.1.2 (initial access sub use case) and describe what signalling aspects can be enabled by spatial domain beam prediction at UE and how this signalling may be beneficial. UE may measure only a subset of SSB beams and predict the strongest SSB beam ID(s) optionally along with the corresponding RSRPs and can report the predicted strongest beam ID(s) optionally along with the corresponding RSRPs to gNB. This would in turn lead to UE power saving, due to reduced number of SSB beam measurements. 
Now, let us consider Use Case 2 discussed in Section 3.1.2 (serving beam refinement) and describe what signalling aspects can be enabled by spatial domain beam prediction at UE and how this signalling may be beneficial. UE may be able to predict strongest refined beam ID(s), e.g., CSI-RS IDs optionally along with their corresponding L1-RSRP values, based on wider beam measurements, e.g., SSB beam measurements. This may enable enhanced L1 report containing information about predicted refined beams. gNB may use this information to reduce the overhead of refined beams. This would in turn lead to reduced refined downlink RS overhead and UE power saving due to reduced refined beam measurements.
Another signalling aspect related to UE-side spatial domain beam prediction is receiving assistance information from gNB which may enable, enhance, or facilitate the prediction. Some examples of such assistance information are beam pointing angles, 3dB beamwidth or beam shape of gNB beams. Such assistance information may be used as an auxiliary input to on-device models for beam prediction.
3.1.3.2.2 gNB-side spatial domain beam prediction
To enhance or facilitate spatial domain beam prediction at the gNB side, gNB may benefit from some assistance information that UE can provide in the form of meta data which could help with gNB data collection. 
Spatial domain beam prediction at UE and gNB have different requirements in terms of signalling overhead and the associated beam prediction accuracy. For instance, for both Use Case 1 and Use Case 2, if we consider gNB-side beam prediction, gNB will need to rely on UE measurement reports of (a subset of) first beam set, in order to predict information about second beam set. Having access to more beam measurements may improve gNB-side beam prediction accuracy. On the other hand, in order for gNB to have access to more UE beam measurements the UE report overhead would inevitably need to increase. The trade-off between beam prediction accuracy and required signalling overhead should be considered in the study for UE-side and gNB-side prediction, and the benefits and drawbacks of spatial domain beam prediction at each side should be identified.

Proposal 10: RAN1 should study and evaluate the benefits of codebook-based spatial (+time) domain beam prediction at UE and gNB and the associated signalling needed to assist or enable beam prediction at each side.
· The trade-off between beam prediction accuracy and required signalling overhead should be considered in the study.

3.1.3.3 Spec impact for model performance monitoring
The on-device models trained for the purpose of spatial domain beam prediction may be subject to performance degradation in certain scenarios, deployments, or use cases, when they get deployed in the field. One main reason for performance degradation could be the fact that they have not been trained well enough for a particular scenario, deployment, or use case. There needs to be a mechanism defined in Spec through which the performance of on-device temporal beam prediction can be monitored. This mechanism could be in the form of exchanging information about beam prediction quality, which is in turn a function of inference errors at beam prediction instances. Also, there could be a metric defined for beam prediction quality and if a certain criterion is not satisfied, the on-device model could be deactivated. The on-device model may later be activated if it has been sufficiently trained for the deployment scenario and a certain prediction quality requirement has been met. In order for the UE to be able to evaluate on-device spatial domain beam prediction quality, gNB may provide assistance signalling to help UE in comparing predicted measurements with actual measurements.

Proposal 11: For spatial domain beam prediction, RAN1 should study the signalling aspects related to exchanging information about beam prediction quality and a metric for beam prediction quality
· Study the impact of beam prediction quality on activating/deactivating AI/ML module at UE

Proposal 12: For spatial domain beam prediction, RAN1 should study the signalling aspects related to gNB sending assistance signalling to help UE in comparing predicted measurements with actual measurements.
· This assistance signalling can be in the form of additional reference signals.

3.2 Non-codebook-based spatial domain beam prediction
The de-facto method for communication at mmWave frequencies in existing implementations is analog beamforming using predefined codebooks at transmitters and receivers. While analog beamforming makes mmWave communications practically realizable by allowing hardware architectures with limited RF-baseband chains, the purpose of this subsection is to explore what could be done beyond the said approach by inferring additional information about the underlying raw channel using beamformed measurements and AI-assisted methods.
One of the ways that we can enable non-codebook-based spatial domain beam prediction is through estimation of channel AoA/AoD and tailoring the beam management process to leverage this information. To illustrate this point, consider the downlink scenario in which UE (and gNB) generate custom (non-codebook-based) beams with their beam pointing angles directed towards estimated AoA (and AoD) of the strongest channel path (beams  and  in Figure 1, respectively). Using these custom beams that are not part of UE (and gNB) codebooks may lead to performance improvements e.g., in the form of increased spectral efficiency.

[image: ]
Figure 1: Illustration of non-codebook-based beams tailored to channel AoA/AoD characteristics

Proposal 13: RAN1 should study methods for non-codebook-based spatial domain beam prediction and study signalling aspects needed to enable such a prediction
· One enabler for non-codebook-based spatial domain prediction is estimation of channel AoA(s)/AoD(s) and tailoring beam management process to leverage this information
· Signalling aspects for channel AoA/AoD estimation at UE:
· Enhanced UE L1 report indicating information about channel AoA(s)/AoD(s)

4. Conclusions
In this paper, we discussed signalling aspects related to beam prediction use case for Rel-18 SI and made the following proposals:

Proposal 1: RAN1 should study temporal beam prediction and identify aspects of temporal beam prediction where AI/ML-assisted methods are beneficial.

Proposal 2: For UE-side training, RAN1 should focus on offline training scenario, in which the development and training of the AI model for temporal beam prediction happens offline without the need to involve 3gpp signaling.

Proposal 3: RAN1 should study the signalling aspects related to gNB sending assistance information to help UE with data collection for training, for the purpose of temporal beam prediction.

Proposal 4: RAN1 should study and evaluate the benefits of temporal beam prediction at UE and gNB and the associated signalling needed to assist or enable beam prediction at each side.

Proposal 5: For temporal beam prediction, RAN1 should study the signalling aspects related to exchanging information about beam prediction quality and a metric for beam prediction quality

Proposal 6: For temporal beam prediction, RAN1 should study the signalling aspects related to gNB sending assistance signalling to help UE in comparing predicted measurements with actual measurements.

Proposal 7: RAN1 should study codebook-based spatial domain beam prediction and identify aspects of codebook-based spatial domain beam prediction where AI/ML-assisted methods are beneficial.

Proposal 8: For UE-side training, RAN1 should focus on offline training scenario for codebook-based spatial domain beam prediction, in which the AI/ML model design and training does not involve 3gpp signalling.

Proposal 9: For UE-side training, RAN1 should study the signalling aspects related to gNB sending assistance information to help UE with data collection for training, for the purpose of codebook-based spatial domain beam prediction.

Proposal 10: RAN1 should study and evaluate the benefits of codebook-based spatial (+time) domain beam prediction at UE and gNB and the associated signalling needed to assist or enable beam prediction at each side.

Proposal 11: For spatial domain beam prediction, RAN1 should study the signalling aspects related to exchanging information about beam prediction quality and a metric for beam prediction quality.

Proposal 12: For spatial domain beam prediction, RAN1 should study the signalling aspects related to gNB sending assistance signalling to help UE in comparing predicted measurements with actual measurements.
Proposal 13: RAN1 should study methods for non-codebook-based spatial domain beam prediction and study signalling aspects needed to enable such a prediction.
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