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Introduction
NR beamforming procedure [1] was discussed in RAN1 #85 and the following agreements have been reached:
· Consider different channel reciprocity assumptions in beam management procedures 
· At a TRP or UE, with TX and RX channel reciprocity (full or partial) (e.g., beam reciprocity), TX beam (or RX beam) can be obtained from RX beam (or TX beam) to reduce overhead and latency
· Without TX and RX channel reciprocity, beam management procedure may require TX and RX beam sweeping in both DL and UL links
· RAN1 study different methods of determining Tx and Rx beam(s) for communication on one link direction (uplink or downlink), e.g.,
· Joint determination: Tx beam and Rx beam are determined jointly
· Separate determination: Tx beam or Rx beam are determined sequentially. 
· Multi-stage determination: for instance, coarse Tx-Rx beam determination followed by fine Tx-Rx beam determination
· Study beam management procedure with and without explicit signaling of beam(s) or beam group(s) used for transmission
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]This contribution further elaborates the existing approaches of different methods of determining Tx and Rx beam(s) for communication on one link direction (uplink or downlink), and evaluates them in terms of metrics such as overhead and spectrum efficiency, which is beneficial for the following RAN1 discussion about how to achieve NR beamforming.
Discussion
Beam sweeping, or so-call beam training, targets to identify the optimal/desirable beam or multiple beam patterns for subsequent data transmission, given the pre-defined beam patterns. Plenty of studies on UE-group-specific beam sweeping have been carried out which can roughly be divided into three categories:
· Exhaustive search 
· Multi-level-feedback search
· Sweeping-precoding-based search
which are analyzed in the following subsections, respectively. 
Exhaustive search
A straightforward approach for beamforming [2] is exhaustive search that the transceiver measures the reception signal-to-noise ratios (SNRs), RSRPs or spectrum efficiency of all possible beam pairs, and then searches for the best pair under the certain criterions. After beam sweeping, the best TX beam ID would be fed back to the transmitter via implicit or explicit approaches. In light of this, the overhead induced by exhaustive search become very expensive, and in detail the number of probing pairs (NPP) is up to KrKt, where Kr and Kt denote the numbers of reception and transmission beams, respectively. 
The whole sweeping overhead is very costly especially for large-scale array. It is because that the number of reception and transmission beams is generally twice of antenna elements in order to reduce the loss at the intersections of two neighboring beam patterns. For instance, in the case of 256 TX elements (for BS) and 16 RX elements (for UEs), the NPP is up to (256*2)*(16*2)=16384.
Reference signals for beam training required for this scheme are basically independent of the traffic load in the network. To be more specific, the beamforming reference signals (BRSs) can be broadcast to all UEs without special identification, and each UE searches for the desirable beam pair exhaustively, which means that its overhead per UE would be diluted down for UE-group-specific beam sweeping.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Observation 1:  The exhaustive search can dilute down its overhead per UE for UE-group-specific beam sweeping, although the whole sweeping overhead is very large especially for the large-scale array.
Multi-level-feedback search
To reduce the overhead of beam training, multi-level-feedback search can be considered as another approach. Without loss of generality, this scheme consists of the following steps:
Step1: The TRP starts sweeping from lower-resolution beam pairs, each beam of which covers several higher-resolution ones, and the beam pair leading to the highest received SNR, RSRP or spectrum efficiency would be selected;
Step2: The index of selected transmission beam needs to be fed back to the transmitter after each sweeping;
Step3: In the next level, higher-resolution beam pairs covered by the selected beam pair in the earlier stage are swept, subsequently the best higher-resolution beam pair is selected according to reception SNR, RSRP or spectrum efficiency 
Step4: The steps 2~3 are repeated until the expected beam pair is identified.
Notice that, via iterative searches, the training overhead can be significantly reduced versus the exhaustive search, and its NPP can be reduced to O(log(KrKt)) with unlimited levels or feedbacks. However, in practice, considering the complexity of standardization and the overhead of feedback, the number of levels has to be limited. 
Therefore, in order to simplify the process of multi-level-feedback search, the scheme is implemented in a two-phase solution, including 
1) coarse beam sweeping;
2)  fine beam sweeping.
 Regarding coarse beam sweeping, it has three stages, i.e. 
1) transmit-beam sweep with omni-reception pattern; 
2) feedback of available transmission-beam indices; 
3) receive-beam sweep under the recently selected transmit beam. 
The NPP of this scheme becomes Kr + Kt. Subsequently, the receiver or transmitter can optionally trigger TX/RX-specific beam refinement, which can be used for the further beam alignment especially for large-scale antenna arrays. The multi-level feedback search has one key feature: the one or several feedbacks on the selected beam within beam sweeping procedure, which can effectively reduce unnecessary sweeps. 
It is highlighted that the effectiveness of this scheme relies on the sparsity of physical channel, under which the channel gains are contributed by limited dominate/significant paths [3]. In other words, the signal power obtained in a lower-resolution beam originates from its correspondingly unique higher-resolution beam instead of all of those beams. Fortunately, in high frequency channels, the number of clusters or paths is much less than that of beam pairs for the NR TX/RX antenna arrays.    
Regarding the UE-group-specific beam sweeping, this multi-level-feedback search only can train multiple UEs via the one-by-one method, and the training overhead grows with the increase of UEs.  This search with mandatorily coarse beam sweeping has a NPP of TKr + Kt, where T denotes the number of UEs. Notice that in the 1st phase of coarse beam, multiple UEs can perform this transmission-beam training simultaneously and hence this portion of sweeping overhead is irrelevant to the traffic load.  
Observation 2:  The multi-level-feedback search has one key feature: the one or several feedback operation on the selected beam within beam sweeping procedure, which can effectively reduce unnecessary sweeps, according to the sparsity of physical channel.
Observation 3: The multi-level-feedback search only can train multiple UEs via the one-by-one method, and the training overhead grows with the increase of UEs.
Sweeping-precoding-based search
The precoding of sweeping beams for above-mentioned two approaches is both agnostic to RXs, which means that BS/UEs do not needs to know the precoders and every sweeping beam just needs an ID index regardless of implicit or explicit methods. On the other hand, if the BS analog/digital/hybrid precoding weights in beamforming procedure should be known for each UE, the whole procedure of NR beamforming would be accelerated obviously [4][5]. This scheme is termed the sweeping-precoding-based search. This search assumes that 
1) the precoding of tx sweeping beams is known for rx;
2) the precoding for beam sweeping might be different from those in data transmission;
To be more specific, the beam reference signals with certain precoding weights are broadcast to all destination UEs with no feedback. Then, each UE dedicates to estimating the propagation channel with regarding to various sweeping-beam precoding and subsequently detecting the best beam pairs based on the pre-defined transmission-beam codebook, which is equivalent to space domain search due to directional patterns for transmission beam. 



Via exploiting the sparsity of physical channel, this sweeping-precoding-based search can use some advanced algorithms like compressed sensing to reduce the NPP to  where the parameter is termed the NPP factor, which reinforces the efficiency of this scheme. Generally, this parameter can be empirically set to 2-4 in practice [5]. Like the exhaustive search, this scheme does not need any feedback within beam sweeping procedure as shown in Figure 1. In light of this, the scheme enables training multiple UE simultaneously and is independent of traffic load.


[bookmark: _Ref462894117]Figure 1 Diagram of sweeping-precoding-based search
Observation 4:  The sweeping-precoding-based search efficiently achieves the UE-group-specific beam sweeping, although its BS precoding during beam sweeping is known/non-transparent for each UE.
Observation 5:  The effectiveness of multi-level-feedback and sweeping-precoding-based searches both relies on the sparsity of physical channel, where the channel gains are contributed by limited dominate/significant paths.
Performance Evaluation
The configuration on performance evaluation is summarized in Table 2 in Annex1.  Additionally, for the multi-level-feedback search, we here just consider the three-stage coarse beamforming approach; for the sweeping-precoding-based search, the elements of probing antenna weights are independently drawn from±1Bernoulli distribution.
Firstly, we compare the training overhead of these approaches in UE-group-specific beam sweeping. The number of assisted symbols in the reference signals is adopted as the metric of beam sweeping overhead. For the purpose of presentation, these numbers of assisted symbols for various approaches are summarized in Table 1, where N denotes the number of beam-sweeping sequence for each pair shown in Table 2. The comparison of training overhead is shown in Figure 2, where T =10 and Kr=Kt.  It is observed that, compared with exhaustive search, the beam-sweeping overheads of the multi-level-feedback and sweeping-precoding-based approaches are both reduced, especially for sweeping-precoding-based search. Meanwhile, these reductions grow substantially as the number of beams becomes larger.
[bookmark: _Ref457923440]Table 1 Comparisons of beam-sweeping overhead
	
	Number of assisted symbols

	Exhaustive search
	


	Multi-level-feedback search
	


	Sweeping-precoding-based search
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[bookmark: _Ref457923609]Figure 2 Overhead comparison of the assisted symbols
Afterward, the spectral efficiencies for these approaches are evaluated in CDL-D model. We here consider a typical case that T = 10 and Kr = Kt = 32. These assisted symbols of exhaustive, multi-level-feedback and sweeping-precoding-based search with α = 2, 3, 4 consist of 1.05×106, 3.6×105, 2.05 × 104, 3.07 × 104, 4.09 × 104 symbols, respectively. It means that the sweeping-precoding-based search with a typical configuration of α = 3 only needs 2.9% and 8.6% symbols versus exhaustive and multi-level-feedback search, respectively. The training overhead has been saved once the precoding during beam sweeping is known/non-transparent. Simulation results of spectral efficiencies, which are calculated by Shannon capacity in the selected beam pair without considering the training and feedback overheads, are shown in Figure 3. Simulation results demonstrate that, in this typical scenario, the exhaustive search obtains promising performance; meanwhile the multi-level-feedback and sweeping-precoding-based approaches only have a very slight performance degradation at very low transmission SNR, while greatly reducing the training overhead. 
[image: ]
[bookmark: _Ref457923661]Figure 3 Performance comparison between various beam-sweeping approaches
Observation 6: The exhaustive search obtains promising performance; meanwhile, the multi-level-feedback and sweeping-precoding-based approaches have a slight performance degradation in terms of theoretically spectral efficiency, while greatly reducing the training overhead. 
Proposal: To include the following approaches in RAN1's further study on NR beamforming with UE-group-specific beam sweeping:
· Exhaustive search;
· Multi-level-feedback search;
· Sweeping-precoding-based search; 
Conclusion
This contribution provides our observations and proposals as following for the methods for determining Tx and Rx beam(s) for NR MIMO: 
Observation 1:  The exhaustive search can dilute its overhead per UE down for UE-group-specific beam sweeping, although the whole sweeping overhead is very large especially for the large-scale array.
Observation 2:  The multi-level-feedback search has one key feature: the one or several feedback operation on the selected beam within beam sweeping procedure, which can effectively reduce unnecessary sweeps, according to the sparsity of physical channel.
Observation 3: The multi-level-feedback search only can train multiple UEs via the one-by-one method, and the training overhead grows with the increase of UEs.
Observation 4:  The sweeping-precoding-based search efficiently achieves the UE-group-specific beam sweeping, although its BS precoding during beam sweeping are known/non-transparent for each UE.
Observation 5:  The effectiveness of multi-level-feedback and sweeping-precoding-based searches both relies on the sparsity of physical channel, where the channel gains are contributed by limited dominate/significant paths.
Observation 6: The exhaustive search obtains promising performance; meanwhile, the multi-level-feedback and sweeping-precoding-based approaches have a slight performance degradation in terms of theoretically spectral efficiency, while greatly reducing the training overhead.
Proposal: To include the following approaches in RAN1's further study on NR beamforming with UE-group-specific beam sweeping:
· Exhaustive search;
· Multi-level-feedback search;
· Sweeping-precoding-based search; 
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Annex
[bookmark: _Ref457923475]Table 2 Evaluation assumption
	Parameter
	Values

	Channel model
	3GPP TR38.900 CDL-D model (Delay spread = 10 ns) [6]

	Bandwidth
	100MHz 

	BS antenna configurations
	M=1,N=16,P=1, Mg=1, Ng =1, dH = dV = 0.5lambda


	BS antenna pattern
	Omnidirectional

	BS port mapping
	all 16 elements for each polarization on each panel are mapped to a single CRS port; 


	BS codebook for RF phase shifters
	DFT codebook with the 2-bit quantization, where the set of selective phase shift variable consists of {0°, 90°, 180°, 270°};

	MS antenna configurations
	M=1,N=16,P=1, Mg=1, Ng =1, dH = dV = 0.5lambda


	UE array orientation
	ΩUT, uniformly distributed on [0,360] degree, ΩUT,= 90 degree, ΩUT, = 0 degree

	UE antenna pattern
	Omnidirectional

	UE beamforming
	Analog

	UE codebook for RF phase shifters
	DFT codebook with the 2-bit quantization, where the set of selective phase shift variable consists of {0°, 90°, 180°, 270°};

	Training Sequence for each probing beam pair
	Gloay sequence with a length of 1024 samples

	Metrics
	1) The number of probing pairs (NPP), i.e, the number of sweeping blocks

	
	2) Spectral efficiency versus transmission SNR
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