
[bookmark: OLE_LINK20][bookmark: _Toc193024528]3GPP TSG-RAN WG4 Meeting # 111	R4-2407333
Fukuoka City, Fukuoka , Japan, 20th – 24th May, 2024


Agenda item:	10.11.2
Source: 	Qualcomm Incorporated
Title: 	On AI/ML RAN4 Use Cases: Beam Management
Document for:	Approval
Introduction
We present our view on the scope of AI/ML work item in this contribution.
Discussion
Beam Prediction Testability Discussion
There are two cases captured in 38.843 for beam prediction of DL Tx beam use case:
· BM-Case1: Spatial-domain Downlink beam prediction for Set A of beams based on measurement results of Set B of beams
· BM-Case2: Temporal Downlink beam prediction for Set A of beams based on the historic measurement results of Set B of beams
The prediction for set A includes:
· 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
-	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
We start with BM-Case 1. To verify the accuracy of the L1-RSRP prediction, sufficient randomness and variation in time and spatial domain of L1-RSRP of Set B and Set A beams has to be configured in the test and emulated by the test equipment. In addition, spatial domain prediction relies on sufficient number of observed beams (in Set B) from different (peak direction) AoAs on UE’s sphere coverage to learn the spatial domain characteristics and statistics to infer correlation between Set B and Set A in order to predict Set A from Set B. Note that beamwidth is one of the important observed characteristics to infer the correlation between beams, and therefore the test configurations have to capture beam patterns representing the Tx antenna gain w.r.t. AoDs.
Observation 1: An effective test case for beam prediction use case BM-Case1 requires the following:
· Sufficient randomness and variation in time and spatial domain of L1-RSRP has to be emulated in the test
· Support emulation of DL Tx beam sweeping with enough number of Tx beams in Set B and Set A 
Observation 2: RAN4 L1-RSRP and other measurement test configurations support only:
· Deterministic and static power configuration on each AoA
· Emulation of received signals from up to 2 AoAs
MIMO OTA testing environment defined in Rel-17 support only:
· Emulation of CDL channel with fixed DL beam to the channel
· Emulation of received signals from up to 6 AoAs/probes, and the coverage (in terms of area on the sphere) by the 6 probes is very limited and sparse based on TR 38.827 Table 6.2.3-1, most of them are in Theta [0,30] and Phi [0,120], only one “mirror” point at negative Phi region.

	Probe Number
	Theta [deg]
	Phi 
[deg]

	1
	0.0
	0.0

	2
	11.2
	116.7

	3
	20.6
	-104.3

	4
	20.6
	104.3

	5
	20.6
	75.7

	6
	30.0
	90.0



From observation 1 and 2, we can understand the gap between RAN4 latest test setup support and the requirements for implementing an effective BM-Case 1 test. The randomness and variation in time and spatial domain of L1-RSRP is typically from the propagation channel, which models pathloss/channel as the function of (1) AoD of the Tx beam (2) AoA of the Rx beam (3) fading on each path, and UE movement, either line movement or rotation. 
Observation 3: The following conditions contribute to randomness and variation in time and spatial domain of L1-RSRP
· Propagation conditions as a function of (1) AoD of the Tx beam (2) AoA of the Rx beam (3) fading condition, e.g., a CDL channel
· Tx beamforming gain on the AoDs in the propagation conditions
· UE movement
In MIMO OTA test environment, the receive power of the DUT UE in the test chamber on 6 AoAs can be programmed based on the CDL model to be emulated. However, the input to the CDL channel model on each AoD is fixed, and therefore we can only emulate signals transmitted from a fixed DL Tx beam. Therefore, we need to enable the variation of input to the CDL channel model to emulate the DL Tx beam sweeping in the MIMO OTA test environment. Based on the Observation 1 to 3, the enhancement enables the BM-Case 1 test in the MIMO OTA environment. 
Proposal 1: DL Tx beam sweeping for BM-Case 1 test can be emulated by the time-varying input power to the CDL channel model emulated on top of MIMO OTA test environment.
Proposal 1 can be implemented by considering the test system model as the below figure. We explain how RAN4 defines the quantities in the system model and how TE vendors implement the system model in the following:
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We first explain why single probe is not sufficient to emulate beam sweeping. Suppose we only have the blue probe, which has AoD = 30 degrees (blue line on the beam gain figure below). With antenna element configuration M=4 and N = 4 and  and using the antenna model in 38.901 clause 7.3, we plot the Tx beamforming gain in the following (beam peak direction 30 is beam 1, 60 is beam 2, 70 is beam 3):
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If we consider single path (without multipath fading), UE always see that beam 1 is 12dB stronger than beam 2, and beam 2 is 4dB stronger than beam 3. To better illustrate this case, we have the picture below for beam 1 and 2:
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In this case, UE can easily predict the best beam by directly using the dataset, e.g., derive the average from dataset (beam 1 is 12dB stronger than beam 2, beam 2 is 4dB stronger than beam 3), then always report beam 1 is the best and RSRP is 12dB stronger than beam 2 or 16dB stronger than beam 3 (if beam 2 and/or 3 are in set B and beam 1 is in set A). No neural network is needed. Moreover, when TE sweeps more beams, there are more and more beams look similar from UE perspective, since in the entire beam pattern of each beam (as plotted above), we only select one AoD angle to observe, and therefore many of the beams look alike even though their beam pattern may look different.

However, if we add a few more probes and consider multi-path fading CDL models, we need to consider the orange and green lines and add them up on fading channel with varying gain also on different AoAs. The above simple algorithm can’t apply, and machine learning model is needed. We describe the mathematical details of the multi-path fading CDL model with beam sweeping below. 

We start with explaining how we can emulate the DL Tx beam transmission through a fading channel, e.g., CDL channel, by configuring the power transmitted by the probes on different AoAs.
· Tx beamforming gain as a function of beam index and AOD:  
RAN4 needs to define the set of beam indexes  with size , and each beam index is defined by its beam peak direction. With beam peak direction defined and array size (M,N) and polarization P, based on antenna modeling in 38.901 clause 7.3, we can derive .
· Channel gain (from CDL channel model) on each path:  is a function of AOD and AOA of the path
· Receive power emulation on  (the power transmitted by the probe on ) when DL Tx beam is  and transmission power (before Tx gain) is 

Proposal 2: Received power emulation can follow the formula below:


Where  is Tx beamforming gain as a function of beam index and AOD, and channel gain (from CDL channel model) on each path, , is a function of AOD and AOA of the path.
RAN4 needs to define the set of  with size , note that , and  depends on how much coverage (within UE spherical coverage) and granularity on AoA we want to model. In the simplest setup, we can use one probe to emulate the power dynamics on one AoA, which is based on . However, such a simplest setup doesn’t work for BM-Case 1 test because all other AoAs in the CDL model are missing, the received power emulation is inaccurate and many Tx beams may look very similar since UE can only observe the power on one AoA. Without accurate received power emulation and distinguishable Tx beams, the prediction model testing is ineffective. Therefore, we need sufficient large  to accurately emulate the received power and the UE can observe different received power on different AoAs when different Tx beams are transmitting. 
Based on the above formulation, we explain how we can emulate DL Tx beam sweeping by the proposed test system model in the following. Let the Tx beam used in time t denoted by  based on the beam sweeping RS transmission pattern, and the channel gain at time t denoted by , then DL Tx beam sweeping is emulated by configuring the probe on each AoA following the power as a function of time:

Note that  is sampled based on the distribution from CDL model. We can verify TE by checking whether  trajectory aligns to the distribution based on 

Proposal 3: Tx beam sweep can be emulated based on the following formula by the probes on AoAk:

Where AoAk is the AoA of probe k, channel gain at time t denoted by  sampled from CDL model, and Tx beam used in time t denoted by  based on the beam sweeping RS transmission pattern. Note that the probe power configuration can be verified by comparing the probe power as a function of time and the distribution of .

We discuss the impact of Rx beamforming gain and the issue of ground truth availability in the following
· Rx beamforming gain as a function of Rx beam index  and angle of arrival :  
Combine with the above power on each AoA, we can derive the following:
· UE receives power when DL Tx beam  is transmitting

TE is supposed to verify the UE received power/Tx beam rank report against . However, since  is unknown to TE, ground truth of  is also unknown to TE. If we rewrite the received power as a function of time with Tx beam sweeping function , we have the following:


Observation 4: UE received power when DL Tx beam  is transmitting can be formulated as:

However, this quantity is unknown to TE since TE doesn’t have access to the .
One potential resolution is explained in the following observation:
Observation 5: One candidate resolution to ground truth availability is explained in the following. We can configure the test and TE channel emulator (fader) so that the channel from t0 to t1 is the same as channel from t1 to t2

And so does the beam sweeping 

Then we can consider “measured”  from t1 to t2 as ground truth, and compare it against predicted  from t0 to t1 by designing the test as t0 to t1, only set B is transmitted; and in t = t1 to t2, both set A and B are transmitted and TE request measurement report (for both set A and B).
RAN4 requirement should define for the AI/ML model trained by a proper set of data that aligns with the test setup, i.e., the configurations, such as beams in Set B and Set A, gNB antenna physical characteristics, for training data generation should align with the configurations during the RAN4 test, and the existence of proper signaling based on RAN1/2 network signaling design is a side condition to apply the requirement. Moreover, size and composition of Set B and Set A have impact on the accuracy of beam prediction, and therefore should be taken into account when defining the requirement.
Proposal 4: The following issues should be considered when defining the beam prediction accuracy requirements
· Consistency between training and testing data (from the perspectives of beams in Set B and Set A, physical characteristics of gNB antenna etc.) should be guaranteed by signaling conveyed to UE.
· The impact of size and composition of Set B and Set A on accuracy requirement.
To better emulate the practical operating scenario, we can consider UE rotation, which can be done by rotating the holder of UE. Note that as depicted in Fig. 1, the AoA is based on UE coordination. Therefore, AoA becomes a time varying function, and the probes have to cover , but the equation in proposal 3 still hold with AoA replaced by time varying functions. We summarize the UE rotation emulation in the following.
Proposal 5: RAN4 can consider UE rotation by leveraging the physical motion control of the DUT holder. With UE rotation, the probe coverage becomes , where AoAs are time varying functions based on UE rotation (note that AoA is represented in UE coordination system). The probe functions for emulating Tx sweeping remain the same as proposal 3 except that AoAs become functions of time:


Conclusion
Observation 1: An effective test case for beam prediction use case BM-Case1 requires the following:
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· Support emulation of DL Tx beam sweeping with enough number of Tx beams in Set B and Set A 
Observation 2: RAN4 L1-RSRP and other measurement test configurations support only:
· Deterministic and static power configuration on each AoA
· Emulation of received signals from up to 2 AoAs
MIMO OTA testing environment defined in Rel-17 support only:
· Emulation of CDL channel with fixed DL beam to the channel
· Emulation of received signals from up to 6 AoAs/probes, and the coverage (in terms of area on the sphere) by the 6 probes is very limited and sparse based on TR 38.827 Table 6.2.3-1, most of them are in Theta [0,30] and Phi [0,120], only one “mirror” point at negative Phi region.
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· Propagation conditions as a function of (1) AoD of the Tx beam (2) AoA of the Rx beam (3) fading condition, e.g., a CDL channel
· Tx beamforming gain on the AoDs in the propagation conditions
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Proposal 1: DL Tx beam sweeping for BM-Case 1 test can be emulated by the time-varying input power to the CDL channel model emulated on top of MIMO OTA test environment.
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Where  is Tx beamforming gain as a function of beam index and AOD, and channel gain (from CDL channel model) on each path, , is a function of AOD and AOA of the path.
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Where AoAk is the AoA of probe k, channel gain at time t denoted by  sampled from CDL model, and Tx beam used in time t denoted by  based on the beam sweeping RS transmission pattern. Note that the probe power configuration can be verified by comparing the probe power as a function of time and the distribution of .


Observation 4: UE received power when DL Tx beam  is transmitting can be formulated as:

However, this quantity is unknown to TE since TE doesn’t have access to the .
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Then we can consider “measured”  from t1 to t2 as ground truth, and compare it against predicted  from t0 to t1 by designing the test as t0 to t1, only set B is transmitted; and in t = t1 to t2, both set A and B are transmitted and TE request measurement report (for both set A and B).
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· Consistency between training and testing data (from the perspectives of beams in Set B and Set A, physical characteristics of gNB antenna etc.) should be guaranteed by signaling conveyed to UE.
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