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Introduction
To compensate large penetration loss in above 6 GHz band, NR adopts/assumes dynamic analog beamforming both at TRP and UE sides. In general, we can say that 3 dB beamforming gain is obtained if twice larger number of antenna elements are used at antenna panel. This is true for the LoS path between TRP and UE sides, but the other NLoS paths deviated from the angular direction of the LoS path experience smaller beamforming gain. In this contribution, we show how much beamforming gain is effectively obtained for channel models with spatially distributed rays in angular domain. This is a re-submission of [2].

Simulation Assumptions
We consider two cases in Table 1, where the same TRP side Tx parameters are shared but UE side Rx parameters are different for each case. For the simplicity, we further assume omni pattern for a single antenna element and 0 dBi for antenna element gain. Therefore the aggregated beamforming gain is only determined by the number of antenna elements as 10log10(N) since M = 1 in our simulation cases. Summing Tx side and Rx side beamforming gains, the total beamforming gain is 18 dB and 21 dB respectively for Case-1 and Case-2 as in Table 1. This beamforming gain can be fully obtained if one spatial channel is established between TRP and UE where its angular direction is same as the boresight angles of Tx beam and Rx beam. For your information, the corresponding beam patterns for TRP side and UE side are depicted in Fig 1.

Table 1 Two cases of implementation in our simulations
	
	Case-1
	Case-2

	(a) # of antenna elements at UE side
	(M,N,P,Mg,Ng) = (1, 4, 1, 1, 1)
	(M,N,P,Mg,Ng) = (1, 8, 1, 1, 1)

	(b) # of antenna elements at TRP side
	(M,N,P,Mg,Ng) = (1, 16, 1, 1, 1)

	(c) Beamforming gain (ideal)
	Tx : 12 dB, Rx : 6 dB,
Total : 18 dB
	Tx : 12 dB, Rx : 9 dB,
Total : 21 dB
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(a) Case-1					(b) Case-2
Fig 1 Beam pattern for Tx beam at TRP side and Rx beam at UE side

Effective channel gains
In real environments, multiple spatial channels are expected to be established between TRP and UE. If many of those channels are deviated from the boresight angle direction, less beamforming gain is obtained compared the ideal values in Table 1. For example, for spatial channels in CDL-B in Appendix, only three clusters are formed within 3 dB beamwidth if boresight angles of Tx and Rx beams are respectively set to the AoD and AoA of cluster #1 which has the largest received power among total 23 clusters. For each cluster except LoS path, 20 rays are generated having the same delay parameter of the cluster but spreading AoD/AoA angles. For the given spreading values of AoD/AoA in CDL-B table, only small number of rays are expected to be included both within the 3 dB beamwidth of the Rx beam and Tx beam. 
Based on TR38.900, we apply CDL-B and CDL-D respectively for NLoS and LoS channels and three different angular spread parameters respectively for UMi, UMa, and RMa environments where the specific parameters for the considered CDL tables are listed in Appendix. Figure 2 shows CDF of the effective channel gains which includes Tx and Rx beamforming gains. Note that if M = N = 1 for both Tx and Rx sides and assuming omni-pattern for single antenna element, the average of channel gain should be unity as the conventional TDL channel model. Since N > 1 for our simulated cases, the effective channel gain shows how much beamforming gain can be practically obtained from the Tx and Rx beamforming. 
Average of the effective channel gain is given in Table 2 for Case-1 and Case-2. Although the ideal beamforming gain is 18 dB as in Table 1, but we observe some loss from the ideal beamforming gain. For LoS channel with 13 dB K-factor, since the most power is dominated to the LoS path which can be the reference for the boresight angle setting both for Tx and Rx beams, the expected average loss is less than 0.5 dB. However, for the NLoS channel, since the reference path (i.e. Cluster #1) used for the setting of boresight angles for Tx/Rx beamforming doesn’t have dominant power and it also has 20 rays with spreading AoA/AoD values, our simulation shows much larger loss values compared to that of the LoS channels. 
In perspective of effective channel gain, 3 dB is additionally obtained by doubling antenna elements in Rx side for LoS channels. However, for NLoS channel, only 0.6 dB is expected for UMi environment (4.37 dB  4.97 dB). Note that the larger number of antenna elements require the more number of Rx beams and the longer beam sweeping latency at UE side. Considering the expense of overhead and latency, the sharpness of the Rx beam should be optimized at UE side especially for mobile cellular applications mostly used in NLoS channel environment. 
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(a) Case-1					(b) Case-2
Fig 2 CDF for effective channel gains

Table 2 Averaged effective channel gain for Case-1.
	
	
	UMi LoS
	UMa LoS
	RMa LoS
	UMi NLoS
	UMa NLoS
	RMa NLoS

	Case-1
	Effective channel gain [dB]
	17.56
	17.56
	17.56
	4.37
	8.89
	10.81

	
	Angular spread loss [dB]
	0.44
	0.44
	0.44
	13.63
	9.11
	7.19

	Case-2
	Effective channel gain [dB]
	20.56
	20.57
	20.57
	4.97
	9.91
	13.41

	
	Angular spread loss [dB]
	0.44
	0.43
	0.43
	16.03
	11.09
	7.59




Conclusions
Considering spatial channel with spreading angular rays, it is discussed in this contribution that how much beamforming gain can be effectively obtained. For LoS channels, most of beamforming gain can be obtained and less than 0.5 dB loss is observed in our simulations. However, in NLoS channels, much larger loss is observed e.g. 16 dB in CDL-B channel model with UMi environments. Considering the expense of overhead and latency required to support larger number of Rx beams at UE side, the sharpness of the Rx beam should be optimized at UE side especially for mobile cellular applications mostly used in NLoS channel environment.




Appendix

Table 3 CDL-B in TR38.900 for NLoS channel
	Clusters

	Cluster
	Normalized delay
	Power
	AoD
	AoA
	ZoD
	ZoA

	#
	
	dB
	º
	º
	º
	º

	1
	0.0000
	0
	9.3
	-173.3
	105.8
	78.9

	2
	0.1072
	-2.2
	9.3
	-173.3
	105.8
	78.9

	3
	0.2155
	-4
	9.3
	-173.3
	105.8
	78.9

	4
	0.2095
	-3.2
	-34.1
	125.5
	115.3
	63.3

	5
	0.2870
	-9.8
	-65.4
	-88.0
	119.3
	59.9

	6
	0.2986
	-1.2
	-11.4
	155.1
	103.2
	67.5

	7
	0.3752
	-3.4
	-11.4
	155.1
	103.2
	67.5

	8
	0.5055
	-5.2
	-11.4
	155.1
	103.2
	67.5

	9
	0.3681
	-7.6
	-67.2
	-89.8
	118.2
	82.6

	10
	0.3697
	-3
	52.5
	132.1
	102.0
	66.3

	11
	0.5700
	-8.9
	-72
	-83.6
	100.4
	61.6

	12
	0.5283
	-9
	74.3
	95.3
	98.3
	58.0

	13
	1.1021
	-4.8
	-52.2
	103.7
	103.4
	78.2

	14
	1.2756
	-5.7
	-50.5
	-87.8
	102.5
	82.0

	15
	1.5474
	-7.5
	61.4
	-92.5
	101.4
	62.4

	16
	1.7842
	-1.9
	30.6
	-139.1
	103.0
	78.0

	17
	2.0169
	-7.6
	-72.5
	-90.6
	100.0
	60.9

	18
	2.8294
	-12.2
	-90.6
	58.6
	115.2
	82.9

	19
	3.0219
	-9.8
	-77.6
	-79.0
	100.5
	60.8

	20
	3.6187
	-11.4
	-82.6
	65.8
	119.6
	57.3

	21
	4.1067
	-14.9
	-103.6
	52.7
	118.7
	59.9

	22
	4.2790
	-9.2
	75.6
	88.7
	117.8
	60.1

	23
	4.7834
	-11.3
	-77.6
	-60.4
	115.7
	62.3

	Per-Cluster Parameters

	Parameter
	cASD
	cASA
	cZSD
	cZSA
	XPR

	Unit
	º
	º
	º
	º
	dB

	Value (UMi)
	10
	22
	3
	7
	8

	Value (UMa)
	2
	15
	3
	7
	7

	Value (RMa)
	2
	3
	3
	3
	7






Table 4 CDL-D in TR38.900 for LoS channel
	Cluster
	Cluster PAS
	Normalized Delay
	Power
	AoD
	AoA
	ZoD
	ZoA

	#
	
	
	dB
	º
	º
	º
	º

	1
	Specular(LOS path)
	0
	-0.2
	0
	-180
	98.5
	81.5

	
	Laplacian
	0
	-13.5
	0
	-180
	98.5
	81.5

	2
	Laplacian
	0.035
	-18.8
	89.2
	89.2
	85.5
	86.9

	3
	Laplacian
	0.612
	-21
	89.2
	89.2
	85.5
	86.9

	4
	Laplacian
	1.363
	-22.8
	89.2
	89.2
	85.5
	86.9

	5
	Laplacian
	1.405
	-17.9
	13
	163
	97.5
	79.4

	6
	Laplacian
	1.804
	-20.1
	13
	163
	97.5
	79.4

	7
	Laplacian
	2.596
	-21.9
	13
	163
	97.5
	79.4

	8
	Laplacian
	1.775
	-22.9
	34.6
	-137
	98.5
	78.2

	9
	Laplacian
	4.042
	-27.8
	-64.5
	74.5
	88.4
	73.6

	10
	Laplacian
	7.937
	-23.6
	-32.9
	127.7
	91.3
	78.3

	11
	Laplacian
	9.424
	-24.8
	52.6
	-119.6
	103.8
	87

	12
	Laplacian
	9.708
	-30.0
	-132.1
	-9.1
	80.3
	70.6

	13
	Laplacian
	12.525
	-27.7
	77.2
	-83.8
	86.5
	72.9

	Per-Cluster Parameters

	Parameter
	cASD
	cASA
	cZSD
	cZSA
	XPR

	Unit
	º
	º
	º
	º
	dB

	Value (UMi)
	3
	17
	3
	7
	9

	Value (UMa)
	5
	11
	3
	7
	8

	Value (RMa)
	2
	3
	3
	3
	7
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