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1. Introduction
As it is widely known that as the carrier frequency increases, the severe pathloss becomes a crucial limitation to guarantee the sufficient coverage area. Since the path loss is inversely proportional to logarithm of the carrier frequency, the link quality decreases severely for high frequency band system using the same antenna configuration at the TRP/UE and at the same separation distance. Utilizing dozens or even hundreds of antenna elements to generate the beam formed signal is an effective way to compensate the severe path loss by providing significant beam forming gain, e.g. approximate 18dB gain for 88 antenna array at TRP and about 9dB gain for 24 antenna array at UE. In the RAN1#85 meeting, two beam-based approaches have been agreed to be studied in RAN1 for New Radio (NR) Access Technology [1]. The first is a single beam-based approach, where the beam weight of a specific antenna panel is fixed. This single beam can be used for covering a DL coverage area and/or UL coverage distance of a TRP/ UE, as is the case for LTE cell-specific channels/RS. The second is a multi-beam based approach, where the beam weight of a specific antenna panel can be dynamically changed over time.
2. Beam acquisition considerations 
In order to benefit from beamforming, TRP and UE needs to properly manage the beamforming weight at both ends of the link. For downlink, both TRP transmission beam and UE reception beam needs to be managed. The uplink may or may not reuse the downlink beam management procedure [2]. Several different options exist for TRP/UE beam acquisition.
One option is to acquire the UE beam and the TRP beam separately. For UE beam acquisition, the TRP transmits repeated reference signals with a wide beam during multiple consecutive OFDM symbols, which enables UE to perform beam sweeping and choose a good beam weight according to received signal quality. For instance, repeated synchronous reference signals are transmitted by the TRP during multiple consecutive OFDM symbols for UE side narrow beam sweeping. In the reverse link, PRACH can be transmitted with repeated waveform by the UE to enable TRP side beam acquisition. This option has short beam acquisition latency but reliability is limited by beamforming at one end only.  It is also possible that the acquired TRP beam and UE beam are mismatched for data communication.
Another option is to acquire UE beam and TRP beam jointly at UE side. TRP transmits the reference signal with different narrow beams during multiple consecutive OFDM symbols, which enables the receiver to perform the TRP beam acquisition, as well as UE beam acquisition at the same time. For instance, TRP transmits specifically designed beam training RS periodically. Then UE may determine the TRP beam using omnidirectional beam first, and determine UE   beam further or determine TRP/UE side beam pair using narrow beam in one sweep cycle. Here, the preferred TRP beam is reported by UE.  UE transmission beam and TRP reception beam may require separate procedure or relies on channel reciprocity. This option may have large beam acquisition latency but high reliability as beamforming gain at both TRP and UE are incorporated into the beam acquisition procedure. Also the acquired TRP and UE beam are well aligned for data communication.
Within one system, these two options can be combined. For instance in the system without reciprocity, downlink beam management can be based on the second option, and the UE can still transmit the signals with repeated waveform to enable TRP to acquire the TRP side reception beam. 
Since the beam forming gain can be utilized to compensate the severe path loss, it is preferred to leverage the TRP side and UE side beam forming gain as much and early as possible, for example during initial access phase. If reciprocity is assumed, the acquired beam of one link direction can be leveraged to improve the quality of the other link direction. 
Observation 1: It is preferred to incorporate beamforming gain at both TRP and UE sides as much and as early as possible for system operation.
Proposal 1: RAN1 to further study separate and/or joint TRP/UE beam acquisition options based on repeated TRP wide beam or swept TRP narrow beams. 
3. Beam acquisition schemes
In this section we discuss several possible beam acquisition schemes. More schemes can be also developed by combining those schemes.
3.1. Beam acquisition with multi-steps and variable wide/narrow beam width 
  The multi-step and variable wide/narrow beam width based scheme is illustrated in the Figure 1, where UE searches TRP/UE beams in two steps. In the first step, TRP creates wide beams with each wide beam covering the same area of a number of narrow beams. UE performs TRP side beam searching among the wide beams with UE side narrow beams. And UE acquires the best TRP wide beam and UE narrow beam in the first step. The number of wide beam can be designed to make a trade-off between beam search latency and beam reliability. In the second step, UE will search all the narrow beams corresponding to the best wide beam it has acquired in the first step.  Depending on the design, UE may or may not feedback the acquired wide beam during the first step. When UE does not feedback the acquired wide beam in the first step, TRP has to transmit all the candidate narrow beams in the second step. The beam acquisition reliability is limited by the first step as the TRP side beamforming gain is limited by the wide beam. When UE feeds back the acquired wide beam in the first step, TRP may only need to transmit the narrow beams corresponding to the recommended wide beam. Compared with no UE feedback in the first step, the downlink overhead in the second step is reduced. However, additional overhead and procedure is needed for the uplink feedback. So the overall system overhead maybe similar but additional uplink feedback procedure in the first step may reduce the beam acquisition reliability and error may occur during the feedback. Also additional waiting latency needs to be considered when evaluating the overall beam acquisition latency because UE may wait extra time in order to start the first step acquisition procedure considering wide/narrow beams are transmitted in different occasions.
Observation 2: Multi-step variable beam-width based beam acquisition may reduce beam acquisition latency but the beam acquisition reliability is limited by the wide beam-width in the first step.
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[bookmark: _Ref457756832]Figure 1: An example of multi-step variable beam width based beam acquisition
3.2. Beam acquisition with single narrow beam width
  Figure 2 illustrates an example of utilizing multiple beam with single beam width to cover an area with horizontal angular span of 120 degrees, and vertical angular span from 45 degree to 135 degree, where each beam with narrow beam width orients toward different azimuth/zenith angle. The TRP will apply these beams on a specific reference signal, so that UE can acquire one or multiple preferred beam candidates. 
[image: ]
[bookmark: _Ref454038708][bookmark: _Ref457755394]Figure 2: An example of single step and narrow beam width based beam acquisition
  Suppose the total number of narrow beams at the TRP and UE sides are Nbeam,TRP and Nbeam,UE (Nbeam,TRP, Nbeam,UE >> 1) respectively, then Nbeam,TRP*Nbeam,UE iterations need to be performed for exhaustive beam searching, which will involve high computation complexity for beam quality calculation and comparison. Besides the complexity, the required time period for exhaustive beam searching is very long, which causes large delay for beam acquisition and tracking. Suppose TRP can generate Npanel,TRP beams at a given time slot,  where Npanel,TRP is limited by the hardware equipment, and might be small for low cost consideration. Assuming one TRP panel can transmit one beam in an OFDM symbol, Nbeam,TRP*Nbeam,UE/Npanel,TRP OFDM symbols are required to perform an exhaustive beam search. Additional time may be needed as the processing time for beam strength computation and comparison.
  In [3], we have analyzed how many narrow beams are needed at both TRP and UE sides to ensure cell coverage. And we have shown that in order to ensure sufficient coverage at both TRP and UE side, an oversampled narrow beams are required. With an oversampled beam pattern to cover different angles, the beams covering adjacent azimuth/zenith angles can have high spatial correlation. As a result, spatially correlated beam pairs may have correlated beam pair strength than spatially uncorrelated beam pairs. By leveraging this characteristic, hierarchical beam search method can be defined to reduce the beam search latency of exhaustive search. UE can perform a full spatial beam sweeping with a coarse angular granularity at the first step to determine the UE beam without much loss of accuracy, and in the second step UE can use the acquired UE beam to search all TRP narrow beams to further improve the accuracy of TRP beam than in the first step. Thus the overhead of single narrow beam based acquisition can be greatly reduced compared with exhaustive narrow beam based search without much loss of beam searching accuracy. In the following we give more details on the hierarchical beam search based method.
Observation 3: Single narrow beam based exhaustive search has the best beam acquisition accuracy and large delay. However, hierarchical beam search method can be used to reduce the latency without much loss of accuracy.   
  In order to enable hierarchical beam search, the beams at the TRP side can be divided into several subsets according to their spatial correlation. Each subset can cover the whole space with sparse angular granularity, and the beams within one subset orients toward different angles. Figure 3(a)-(c) illustrate an example of three beam subsets. All the three subsets are spatially equivalent in terms of determining whether one UE beam is good or not.  This allows UE to determine whether one UE beam is good or not by only using it to sweep 1/3 of all TRP beams.
	[image: ]
(a) Illustration of beam subset1 
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(b) Illustration of beam subset2 
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(c) Illustration of beam subset3 
	

(d) The layout of beam subset


[bookmark: _Ref454039532]Figure 3: Multiple narrow beam pattern at the TRP side
  To reduce the searching period, the beams within one subset will be transmitted on several OFDM symbols of one subframe, and an example of three subsets is illustrated in the Figure 3(d), where  beams within one subset are transmitted at the same OFDM symbol.  In this way, the time period for one subset is also reduced to 1/Npanel,TRP. If multiple beam procedure is performed at the UE side, that is Nbeam,UE>1, UE can utilize one UE beam to sweep one subset #beamNW,subset1, switch to another UE beam to sweep subset #beamNW,subset2, and so forth. Thus the total beam sweeping latency is reduced to 1/3 of exhaustive search by having three TRP beam subsets. 
Proposal 2: All beams at the TRP side can be divided into multiple subsets, where each subset can cover the full horizontal/vertical space with sparse angular granularity. Multiple subsets are equivalent from determining UE beam’s view point.
  To further reduce the complexity and latency for beam search, the hierarchical beam search can be applied at the UE side too. Divide the UE side beams into multi-tier subsets, where one beam on the higher-tier is associated with a subset on the lower-tier. An example is illustrated in the Figure 4, where beam {#beamUE,2 #beam UE,5 #beam UE,8 #beamUE,10 #beamUE,13 #beam UE,17 #beam UE,20 #beamUE,24 #beamUE,27} is the first tier subset, and each beam is associated with a second tier subset, e.g. {#beamUE,1 #beamUE,3 #beamUE,12} for #beamUE,2. At the first sweep stage, the beams in the first-tier subset are swept, where each beam will be utilized to sweep one TRP side beam subset, and then in the second step, the second tier beam subset which is associated with the beam with the strongest strength in the first stage will be chosen for the next round beam sweep, e.g. {#beamUE,15 #beamUE,23 #beamUE,25}if #beamUE,24 is the acquired best UE beam in the first round. 


[bookmark: _Ref454040311]Figure 4: Hierarchical beam search at the UE side
Proposal 3: The beams at the UE side can be divided into multi-tier subsets, and the hierarchical beam search can be realized by beam search tier by tier. 
3.3. Comparison of beam acquisition schemes
  In order to compare different beam acquisition schemes, the system level simulation is performed to evaluate the beam acquisition reliability and analysis is given for the beam acquisition overhead, where antenna configuration at the TRP side is (4, 8, 2, 2, 2, 0.5λH/V) with XPOL, and at the UE side is (2, 4, 2, 1, 2, 0.5λH/V) with +POL. The beam energy of different beam search algorithms based on different beam schemes are compared: 1) omni directional TRP and UE beam; 2) omni directional TRP beam and directional UE beam; 3) directional TRP beam and omni directional UE beam; 4) wider directional TRP beam and directional UE beam; 5) narrow TRP and UE beam based on hierarchical beam search, where two-tier are utilized by UE to sweep a subset of TRP beam; 6) narrow TRP and UE beam based on exhaustive beam search. Among the tested options, option 1) is mainly for benchmarking purposes when no beamforming gain is available at both ends of the link. Although different beam width options are used in different options, the final data communication can all be based on narrow beams at both TRP and UE. But different options can have significant beam acquisition reliability and overhead.
  The beam reliability is adopted as the evaluation metric and is calculated according to the following equation: 
[image: ]                                             (1)
where  represent the equivalent channel matrix in frequency domain with beamforming gain;  and  are the beamforming weight vector at the TRP and UE side;  and  represent the upper and lower bound of subcarrier index. The result is shown in Figure 5, where the beam reliability is calculated based on the best TRP beam at a given subframe and the acquired best UE beam during the previous beam acquisition procedure. It can be seen that performing narrow beam at both TRP and UE side can provide the best beam reliability.
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[bookmark: _Ref458460310]Figure 5: system level simulation comparison of beam acquisition reliability for different beam search algorithms
  Table 1 compares the maximum beam search times, delay and beam reliability of different beam acquisition algorithms, where we set the parameters for different algorithms as . Compared with exhaustive beam search, the hierarchical beam search algorithm has 0.5dB reliability loss as the exhaustive beam search with reduced overhead. The reliability of beam scheme with wide/narrow NW beams is about 6dB worse than hierarchical beam search, while the involved delay and complexity is reduced with appropriate beam pattern. In the wide/narrow beam scheme, two subframes are required to transmit the wide beam RSs for UE to traverse the available UE beams, and one or two subframes for narrow Tx beam sweeping based on narrow UE beams. Depends on the starting subframe, the beam search overhead/latency may vary.  
Table 1: Comparison of different beam search algorithms
	
	Reliability of 20%-tile
 (dBm)
	Reliability of 90%-tile 
(dBm)
	Beam search overhead or latency

	Exhaustive search 
(‘Full Tx’)
	-122.99
	-90.53
	
(24 subframes)

	Hierarchical search
	-124.17
	-91.13
	*
 (5 subframes)

	Wide/Narrow Tx
(‘Tx wider beamed, Rx beamed’)
	-130.39
	-97.47
	

(3~6 subframes)

	Tx Omni/Rx Narrow
and then Tx/Rx Narrow
	-137.40
	-104.20
	
(2-3 subframes)


Observation 4: Hierarchical narrow beam based search has similar beam search latency compared to multi-step variable beam width based beam search and similar reliability as exhaustive narrow beam based search. 
  When channel is changing, e.g. due to UE movement or rotation, it is important to quickly acquire the preferred TRP and UE side beam. The reliability of beam acquisition with UE rotation is evaluated, where the rotation speed is 360 degrees per second. As illustrated in the Figure 8, the performance of exhaustive search is significantly decreased, e.g. >5dB, while no noticeable performance loss of hierarchical beam search is observed owning to its reduced beam search delay.
[image: ]
[bookmark: _Ref457947643]Figure 8: system level simulation of beam acquisition with UE rotation
Observation 5: Under the time-varying environment, the hierarchical beam search can outperform the exhaustive beam search owning to the reduced beam search delay. 
Conclusions
   In this contribution, we have discussed different beam acquisition algorithms. Based on the analysis and simulations, the hierarchical beam search seems to be an attractive option in terms of reliability and latency/overhead. The observations/proposals are listed:
Proposal 1: RAN1 to further study separate and/or joint TRP/UE beam acquisition options based on repeated TRP wide beam or swept TRP narrow beams. 
Proposal 2: All beams at the TRP side can be divided into multiple subsets, where each subset can cover the full horizontal/vertical space with sparse angular granularity. Multiple subsets are equivalent from determining UE beam’s view point.
Proposal 3: The beams at the UE side can be divided into multi-tier subsets, and the hierarchical beam search can be realized by beam search tier by tier. 
Observation 1: It is preferred to incorporate beamforming gain at both TRP and UE sides as much and as early as possible for system operation.
Observation 2: Multi-step variable beam-width based beam acquisition may reduce beam acquisition latency but the beam acquisition reliability is limited by the wide beam-width in the first step.
Observation 3: Single narrow beam based exhaustive search has the best beam acquisition accuracy and large delay. However, hierarchical beam search method can be used to reduce the latency without much loss of accuracy.   
Observation 4: Hierarchical narrow beam based search has similar beam search latency compared to multi-step variable beam width based beam search and similar reliability as exhaustive narrow beam based search. 
Observation 5: Under the time-varying environment, the hierarchical beam search can outperform the exhaustive beam search owning to the reduced beam search delay. 
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Appendix
Table 2, Simulation Parameter
	Parameters
	Values

	Layout
	19 sites, 3 sectors/site, ISD = 200

	Carrier frequency
	30GHz

	System bandwidth
	80MHz

	Channel model
	3D,UMi, TR38.900 with spatial consistency

	TRP tx power
	35dBm

	Antenna configuration
	(4, 8, 2, 2, 2, 0.5λH/V) with XPOL for TRP
(2, 4, 2, 1, 2, 0.5λH/V) with +POL for UE

	TRP port mapping
	All 32 elements for each polarization on each panel maps to one port, where the horizontal/vertical angles are swept.



Table 3, Antenna Radiation Pattern of TRP
 
	Parameter
	Values

	Antenna element vertical radiation pattern (dB)
	[image: ]

	Antenna element horizontal radiation pattern (dB)
	[image: ]

	Combining method for 3D antenna element pattern (dB)
	[image: ]

	Maximum directional gain of an antenna element GE,max
	8 dBi











Table 4, Antenna Radiation Pattern of UE
	Parameter
	Values

	Vertical antenna element radiation pattern
	[image: ]

	Horizontal antenna element radiation pattern
	[image: ]

	Combining method for 3D antenna element pattern (dB)
	[image: ]

	Maximum directional gain of an antenna element GE,max
	5 dBi
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