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1 Introduction
In this paper, we provide Category 2 results for 2x16 and 4x8 2D antenna arrays.  We also include the 2D codebook enhancement results as a comparison.  In the case of 2x16 arrays with 16 TXRUs, the results of Category 1 are compared to Category 2. We also analyze the Category 2 [1] baseline in more detail to address online questions received at meeting #80bis.
2 Evaluation Results

In this section, we provide evaluation results corresponding to Category 2 for the 2x16 and 4x8 antenna array configurations.  

2.1 Results for 2x16 Array
The Cat. 2 baseline configurations for the 2x16 antenna are summarized in Table 1 below. The results are summarized in Table 2 for UMi and Table 3.  The results with the 2D codebook are also included  for comparison.  In case of 16 TXRUs, the results with the Cat. 1 baseline from [2] are also compared to the Cat.2 results.
Table 1.  Cat.2 configuration for 2x16 antenna

	Scenario
	Antenna config
	Virtualization
	TXRUs  
	Beams
	CSI_RS beam angles (deg)
	Cell selection

	3D UMi
	2x16
	2x2: (V,H)=(130o,0o )
	16
	8
	Azimuth (-30, -21, 

-13, -4, 4, 13, 21, 30) 
	port 0

	3D UMa
	2x16
	2x2: (V,H)=(122o,0o )
	16
	8
	Azimuth (-30, -21, 

-13, -4, 4, 13, 21, 30) 
	port 0

	3D UMi
	2x16
	2x1: (V) = (130o)
	32
	16
	Azimuth (-40, -35, 
-29, -24, -19, -13, -8, -3, 3, 8, 13, 19, 24, 29, 35, 40)
	port0

	3D UMa
	2x16
	2x1: (V) = (122o)
	32
	16
	Azimuth (-40, -35, 
-29, -24, -19, -13, -8, -3, 3, 8, 13, 19, 24, 29, 35, 40)
	port0

	3D UMi
	2x16
	1x1
	64
	16
	Azimuth(-60, -52, 
-44, -36, -28, -20, -12, -4, 4, 12, 20, 28, 36, 44, 52, 60)
	port0

	3D UMa
	2x16
	1x1
	64
	16
	Azimuth(-60, -52, 
-44, -36, -28, -20, -12, -4, 4, 12, 20, 28, 36, 44, 52, 60)
	port0


Table 2:2x16 Cat.2 baseline, Cat.1 baseline and 2D CB enhancement results: UMi

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT

(bps/Hz)
	Cat.2 baseline
	Cat.1 baseline
	Cat.1 baseline Gains
	2D CB enhance-ment
	2D CB enhance-ment

Gains

	UMi
	2x16
	16
	20%
	λ
	1.43
	
	
	
	

	
	
	
	
	RU 
	20%
	
	
	
	

	
	
	
	
	Mean 
	3.14
	3.37
	7%
	3.70
	18%

	
	
	
	
	50%
	3.25
	3.58
	10%
	3.98
	22%

	
	
	
	
	5%
	0.90
	1.15
	28%
	1.46
	62%

	
	
	
	50%
	λ
	2.55
	
	
	
	

	
	
	
	
	RU
	50%
	
	
	
	

	
	
	
	
	Mean 
	2.05
	2.58
	26%
	2.94
	43%

	
	
	
	
	50%
	1.71
	2.35
	37%
	2.79
	63%

	
	
	
	
	5%
	0.35
	0.66
	89%
	0.88
	151%

	
	
	
	70%
	λ
	3.05
	
	
	
	

	
	
	
	
	RU
	70%
	
	
	
	

	
	
	
	
	Mean 
	1.48
	2.10
	42%
	2.56
	73%

	
	
	
	
	50%
	1.06
	1.80
	70%
	2.32
	119%

	
	
	
	
	5%
	0.18
	0.46
	156%
	0.65
	261%

	UMi
	2x16
	32
	20%
	λ
	1.53
	-
	-
	
	

	
	
	
	
	RU 
	20%
	-
	-
	
	

	
	
	
	
	Mean 
	3.17
	-
	-
	3.64
	15%

	
	
	
	
	50%
	3.46
	-
	-
	4.08
	18%

	
	
	
	
	5%
	1.01
	-
	-
	1.51
	50%

	
	
	
	50%
	λ
	2.79
	-
	-
	
	

	
	
	
	
	RU
	50%
	-
	-
	
	

	
	
	
	
	Mean 
	2.17
	-
	-
	2.94
	35%

	
	
	
	
	50%
	1.93
	-
	-
	2.87
	49%

	
	
	
	
	5%
	0.42
	-
	-
	0.92
	119%

	
	
	
	70%
	λ
	3.44
	-
	-
	
	

	
	
	
	
	RU
	70%
	-
	-
	
	

	
	
	
	
	Mean 
	1.62
	-
	-
	2.52
	56%

	
	
	
	
	50%
	1.28
	-
	-
	2.30
	80%

	
	
	
	
	5%
	0.23
	-
	-
	0.65
	183%

	UMi
	2x16
	64
	20%
	λ
	1.71
	-
	-
	
	

	
	
	
	
	RU 
	20%
	-
	-
	
	

	
	
	
	
	Mean 
	3.36
	-
	-
	3.45
	3%

	
	
	
	
	50%
	3.53
	-
	-
	3.91
	11%

	
	
	
	
	5%
	1.17
	-
	-
	1.60
	37%

	
	
	
	50%
	λ
	2.87
	-
	-
	
	

	
	
	
	
	RU
	50%
	-
	-
	
	

	
	
	
	
	Mean 
	2.20
	-
	-
	2.83
	29%

	
	
	
	
	50%
	1.93
	-
	-
	2.74
	42%

	
	
	
	
	5%
	0.42
	-
	-
	1.00
	138%

	
	
	
	70%
	λ
	3.46
	-
	-
	
	

	
	
	
	
	RU
	70%
	-
	-
	
	

	
	
	
	
	Mean 
	1.61
	-
	-
	2.50
	55%

	
	
	
	
	50%
	1.25
	-
	-
	2.35
	88%

	
	
	
	
	5%
	0.22
	-
	-
	0.75
	241%


Table 3:  2x16 Cat.2 baseline, Cat.1 baseline and 2D CB enhancement results: UMa
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT

(bps/Hz)
	Cat.2 baseline
	Cat.1 baseline
	Cat.1 baseline Gains
	2D CB enhance-ment
	2D CB enhance-ment

Gains

	UMa
	2x16
	16
	20%
	λ
	1.34
	
	
	
	

	
	
	
	
	RU 
	20%
	
	
	
	

	
	
	
	
	Mean 
	3.05
	3.24
	6%
	3.63
	19%

	
	
	
	
	50%
	3.09
	3.32
	7%
	3.85
	25%

	
	
	
	
	5%
	0.83
	1.05
	27%
	1.40
	69%

	
	
	
	50%
	λ
	2.43
	
	
	
	

	
	
	
	
	RU
	50%
	
	
	
	

	
	
	
	
	Mean 
	2.04
	2.48
	22%
	2.87
	41%

	
	
	
	
	50%
	1.69
	2.20
	30%
	2.70
	60%

	
	
	
	
	5%
	0.38
	0.66
	74%
	0.84
	121%

	
	
	
	70%
	λ
	2.92
	
	
	
	

	
	
	
	
	RU
	70%
	
	
	
	

	
	
	
	
	Mean 
	1.42
	2.17
	53%
	2.43
	71%

	
	
	
	
	50%
	0.98
	1.87
	91%
	2.15
	119%

	
	
	
	
	5%
	0.17
	0.51
	200%
	0.58
	241%

	UMa
	2x16
	32
	20%
	λ
	1.45
	-
	-
	
	

	
	
	
	
	RU 
	20%
	-
	-
	
	

	
	
	
	
	Mean 
	3.09
	-
	-
	3.60
	17%

	
	
	
	
	50%
	3.28
	-
	-
	3.98
	21%

	
	
	
	
	5%
	0.96
	-
	-
	1.52
	58%

	
	
	
	50%
	λ
	2.74
	-
	-
	
	

	
	
	
	
	RU
	50%
	-
	-
	
	

	
	
	
	
	Mean 
	2.12
	-
	-
	2.84
	34%

	
	
	
	
	50%
	1.86
	-
	-
	2.71
	46%

	
	
	
	
	5%
	0.42
	-
	-
	0.87
	107%

	
	
	
	70%
	λ
	
	-
	-
	
	

	
	
	
	
	RU
	
	-
	-
	
	

	
	
	
	
	Mean 
	
	-
	-
	
	

	
	
	
	
	50%
	
	-
	-
	
	

	
	
	
	
	5%
	
	-
	-
	
	

	UMa
	2x16
	64
	20%
	λ
	1.56
	-
	-
	
	

	
	
	
	
	RU 
	20%
	-
	-
	
	

	
	
	
	
	Mean 
	3.25
	-
	-
	3.26
	0%

	
	
	
	
	50%
	3.38
	-
	-
	3.54
	5%

	
	
	
	
	5%
	1.06
	-
	-
	1.33
	25%

	
	
	
	50%
	λ
	2.70
	-
	-
	
	

	
	
	
	
	RU
	50%
	-
	-
	
	

	
	
	
	
	Mean 
	2.11
	-
	-
	2.60
	23%

	
	
	
	
	50%
	1.82
	-
	-
	2.46
	35%

	
	
	
	
	5%
	0.41
	-
	-
	0.76
	85%

	
	
	
	70%
	λ
	3.12
	-
	-
	
	

	
	
	
	
	RU
	70%
	-
	-
	
	

	
	
	
	
	Mean 
	1.52
	-
	-
	2.33
	53%

	
	
	
	
	50%
	1.17
	-
	-
	2.17
	85%

	
	
	
	
	5%
	0.21
	-
	-
	0.63
	200%


From Table 2 and Table 3, we have the following observations:

Observation 1:
· The 2D codebook provides significant UE throughput gain over the Cat. 2 baseline under both UMi and UMa for all 2x16 array cases simulated.
· At 50% RU, the 2D codebook provides cell edge UE throughput gains of 119-151% (UMi) and 85-121% (UMa) over Cat. 2 baseline.  The corresponding mean UE throughput gains achieved by the 2D codebook are 29-43% (UMi) and 23-41% (UMa).
Observation 2:
· The Cat. 1 baseline of [2] provides significant throughput gains over the Cat. 2 baseline for 2x16 array with 16 TXRUs.
· At 50% RU, the Cat. 1 baseline provides cell edge UE throughput gains of 89% (UMi) and 74% (UMa) over the Cat. 2 baseline.  The corresponding mean UE throughput gains achieved by the Cat. 1 baseline are 26% (UMi) and 22% (UMa).
2.2 Results for 4x8 antenna array 
The Cat.2 baseline configurations for 4x8 antenna are summarized in Table 4 below. The results are summarized in Table 5 for UMi and Table 6 for UMa. The results with the 2D codebook are also shown for comparison. 
Table 4:  Cat.2 configuration for 4x8 antenna
	Scenario
	Antenna config
	Virtualization
	# of TXRU ports
	# of beams
	CSI_RS beam angles (deg)
	Cell selection

	3D UMi
	4x8
	2x2: (V,H)=(130o,0o )
	16
	2
	Elevation (108, 128) 
	port 0

	3D UMa
	4x8
	2x2: (V,H)=(122o,0o )
	16
	2
	Elevation (108, 128) 
	port 0


Table 5:  4x8 Cat.2 baseline results: UMi
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMi
	4x8
	16
	20%
	λ
	1.77
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.4688
	3.6417
	5%

	
	
	
	
	50%
	3.5919
	3.8603
	7%

	
	
	
	
	5%
	1.2106
	1.4414
	19%

	
	
	
	50%
	λ
	3.19
	
	

	
	
	
	
	RU
	20%
	
	

	
	
	
	
	Mean 
	2.2935
	2.6714
	16%

	
	
	
	
	50%
	1.9797
	2.4528
	24%

	
	
	
	
	5%
	0.5089
	0.6606
	30%

	
	
	
	70%
	λ
	3.88
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.6
	2.1726
	36%

	
	
	
	
	50%
	1.2066
	1.8298
	52%

	
	
	
	
	5%
	0.2469
	0.4267
	73%


Table 6: 4x8 Cat.2 baseline results: UMa
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMa
	4x8
	16
	20%
	λ
	1.65
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.3038
	3.4683
	5%

	
	
	
	
	50%
	3.2794
	3.6038
	10%

	
	
	
	
	5%
	1.1259
	1.186
	5%

	
	
	
	50%
	λ
	2.93
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.1507
	2.6944
	25%

	
	
	
	
	50%
	1.807
	2.4895
	38%

	
	
	
	
	5%
	0.4627
	0.697
	51%

	
	
	
	70%
	λ
	3.48
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.5076
	2.3103
	53%

	
	
	
	
	50%
	1.0723
	2.0384
	90%

	
	
	
	
	5%
	0.2245
	0.4989
	122%


From Table 5 and Table 6, we have the following observation:

Observation 3:
· 2D codebook provides significant UE throughput gain over cat.2 baseline under both UMi and UMa.
· The UE throughput gain increases as the load increases.  At 50% RU, the mean UE throughput  gain is 16% for UMi and 25% for UMa, while the cell edge UE throughput  gain is 30% for UMi and 51% for UMa.

3 Beams above the horizon in UMi 
In the last meeting, it was asked why the Cat.2 baseline variant [1] of the 8x4 antenna configuration with 4x1 virtualization lacks a beam above the horizon for the UMi scenario.  To address this question, we have simulated a different sub-array virtualization with two vertical beams, one pointing upwards and the other downwards.    The configuration is summarized in Table 7 and further illustrated in Figure 1, where one set of 8 TXRUs is associated with the upper beam while the second set of 8 TXRUs is associated with the lower beam.
Table 7: 8x4 16 ports configurations with full and subarray connections
	Scenario
	Antenna config
	Virtualization
	# of TXRU ports
	# of beams
	CSI_RS beam angles (deg)
	Cell selection

	UMi
	8x4
	4x1, subarray connection
	16
	2
	73,107
	Port 0 (upper beam) + port 0 (lower beam)
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Figure 1: 8x4 16 port subarray virtual sectorization
The results are shown in Table 8 below and compared with  the 8x4 Cat. 2 baseline with 16 ports [1].  It can be seen that there is a slight UPT gain  (2% mean and 7% cell edge) with a dedicated upper beam at 20% RU.  At 50% RU, however, there is a slight loss (-1% mean and -5% cell edge) with a dedicated upper beam.  The reason for the slightly higher gain at low load is likely due to the improved coverage for the UEs in the upper beams as interference is low.  The slight performance drop at high load is likely due to the reduced power at the lower beam as a result of equal power split between the two beams.  With 4x1 virtualization, the beam width is relatively narrow and thus the tilt angle needs to be carefully tuned to balance between inter-cell interference and coverage.  This makes practical deployment of Cat. 2 in this case a very challenging task. 

Table 8: 8x4 16 port results with subarray virtual sectorization
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
	Cat.2 baseline 
	Subarray virtual sectorization
	Gain

	UMi
	8x4
	16
	20%
	λ
	1.81
	
	

	
	
	
	
	Mean
	3.4518
	3.5146
	2%

	
	
	
	
	50%
	3.5435
	3.6562
	3%

	
	
	
	
	5%
	1.2474
	1.3388
	7%

	
	
	
	50%
	λ
	3.32
	
	

	
	
	
	
	Mean
	2.2989
	2.2674
	-1%

	
	
	
	
	50%
	1.9975
	1.9867
	-1%

	
	
	
	
	5%
	0.508
	0.4821
	-5%


So we have the following observation:
  Observation 4:
· For Cat. 2 with a 8x4 2D antenna  array virtualized to 16 TXRUs,  a dedicated upper beam  does not provide significant UPT gain in the UMi scenario.

4 Conclusion
In this contribution, we have presented Category 2 baseline results and enhancements for antenna configurations 2x16 and 4x8.  The performance of the Cat. 2 scheme is also compared to the Cat. 1 scheme of [2] in the case of 2x16 array with 16 TXRUs.  We have also analyzed the Cat. 2 [1] performance in more detail based on online questions received at meeting #80bis.  Our observations are as follows:

Observation 1:
· 2D codebook provides significant UE throughput gain over cat.2 baseline under both UMi and UMa for all 2x16 array cases simulated.

· At 50% RU, the 2D codebook provides cell edge UE throughput gains of 119-151% (UMi) and 85-121% (UMa) over Cat.2 baseline.  The corresponding mean UE throughput gains achieved by the 2D codebook are 29-43% (UMi) and 23-41% (UMa).

Observation 2:
· The Cat.1 baseline of [2] provides significant throughput gains over Cat. 2 baseline for 2x16 array with 16 TXRUs.
· At 50% RU, Cat.1 baseline provides cell edge UE throughput gains of 89% (UMi) and 74% (UMa) over Cat.2 baseline.  The corresponding mean UE throughput gains achieved by the Cat.1 baseline are 26% (UMi) and 22% (UMa).

Observation 3:
· The 2D codebook provides significant UE throughput gain over the Cat. 2 baseline with 4x8 antenna for both UMi and UMa.
· The UE throughput gain increases as the load increases.  At 50% RU, the mean UE throughput  gain is 16% for UMi and 25% for UMa, while the cell edge UE throughput  gain is 30% for UMi and 51% for UMa.

Observation 4:
· For Cat .2 with a 8x4 2D antenna  array virtualized to 16 TXRUs,  a dedicated upper beam  does not provide significant UPT gain in the UMi scenario.
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6 Appendix B: Simulation Assumptions
	Carrier frequency 
	2 GHz 

	Bandwidth 
	10 MHz 

	Scenarios 
	3D UMi 200m ISD, 3D UMa 500m ISD 

	Cell layout 
	19 sites, 3 sectors per site 

	Wrapping 
	Radio distance based 

	UE receiver 
	MMSE-IRC 

	CSI periodicity 
	5 ms 

	CSI delay 
	5 ms 

	CSI mode 
	Aperiodic mode 3-2 

	Outer loop LA 
	Yes, 10% BLER target 

	eNB Tx power 
	41 dBm UMi, 46dBm UMa 

	Traffic model 
	Non-full buffer, 500 kB packet size 

	UE speed 
	3 km/h 

	UE noise figure 
	9dB 

	Scheduling 
	Proportional fair in time and frequency 

	CRS interference 
	Not modeled. Overhead accounted for 2 CRS ports. 

	DMRS overhead 
	2 antenna ports 

	CSI-RS 
	Overhead accounted for; channel estimation error modeled 

	Codebook 
	Rel.10 8Tx 

	HARQ 
	Max 5 retransmissions 

	Antenna spacing 
	0.8 lambda in vertical, 0.5 lambda in horizontal 

	Handover margin 
	3 dB

	CSI-RS beam selection margin
	3 dB



