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1 Introduction
In this paper, we summarize our results comparing SU-MIMO performances with the Category 2 baseline for SU-MIMO in FDD.  In the 2x16, 16 TXRU case, the performance of SU-MIMO is compared with a Category 1 baseline.  The performance comparisons are performed for both 2 Rx and 4 Rx UEs.
2 Performance using 2 RX UE

In this section, the performance of the 2D codebook [1] enhancement is compared to the baseline under SU-MIMO with 2 Rx at the UE.  The performance comparisons are done for the 8x4, 4x8, 2x16, 5x3 and 1x5 antenna arrays with both UMi and UMa.  In most cases, Cat. 2 is chosen as the best baseline.  In [4], we showed that Cat. 1 baseline outperforms the Cat 2 baseline for the 2x16 array with 16 TXRUs.  It should be noted that Cat. 1 is not a suitable baseline for 2x16 arrays with 32 and 64 TXRUs (i.e., in the case of 32 TXRUs, Cat. 1 would require 4 horizontal sectors and therefore have colliding CRS).  Hence, we use Cat 1 as the best baseline for the 2x16 array with 16 TXRUs only.  The detailed baseline assumptions and other simulation assumptions for the 2 Rx performance comparisons are given in Appendix C.
The performance comparisons between the 2D codebook enhancement and the best baseline are given in Appendix A. The figure below shows a summary of the performance comparisons for medium load and UMi.  The gains of FD-MIMO are in the range of 15-40% cell edge user throughput for 8x4 and 4x8 antenna arrays. For the wide 2x16 array, performance gains of the 2D codebook enhancement depends on the number of TXRUs (since we used Cat. 1 as the baseline for 16 TXRUs and Cat. 2 as the baseline for 32 and 64 TXRUs).  In the 2x16 array with 32 and 64 TXRUs, the cell edge user throughput gain is very large, exceeding 120%.  The cell edge user throughput gains for the 5x3 and 1x5 arrays are 131% and 35%, respectively.
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Figure 1. Performance gain of 2D codebook over Cat.2 Baseline. UMi and 50% RU.

Observation: Cell edge user throughput gains over Rel.12 are in the range 15-40% when FD-MIMO 2D codebook enhancements are introduced for 3D UMi using 8x4 antenna arrays.

Observation: For the wide 2x16 array with 32 and 64 TXRUs, very large cell edge throughput gains of over 120% are observed relative to Rel.12 when FD-MIMO 2D codebook enhancements are introduced for 3D UMi.

Observation: For the wide 2x16 array with 16 TXRUs, a 15% cell edge throughput gain is observed relative to Rel.12 when FD-MIMO 2D codebook enhancements are introduced for 3D UMi.

Observation: When compared to Rel. 12, FD-MIMO 2D codebook enhancements in 3D UMi yield cell edge user throughput gains of 131% and 35% for 5x3 and 1x5 arrays, respectively. 

The following reasons factors contribute to the gains achieved by 2D codebook enhancements over the Cat 2 baseline:

a) The codewords in the FD-MIMO 2D codebook can be more dynamically switched when compared to the more static CSI-RS beam selection in the Cat 2 baseline.  From the results in Figure 1 REF _Ref419405285 \h 
, it can be seen that the loss suffered by the Cat 2 baseline is more severe when beamformed CSI-RS is performed horizontally and when the arrays are wide (i.e., in the 2x16 array).  This is because the angle spread is much larger in the azimuth than in the elevation.  Hence, performance is significantly improved in the 2D codebook by allowing dynamic codeword switching over the more static horizontal CSI-RS beam selection.  It should also be noted that the gains achieved by the dynamic codeword selection will also depend on the width of the antenna array.  For instance, in our results, both the 2x16 and 1x5 arrays assume horizontal CSI-RS beamforming.  The CSI-RS beams in the 2x16 case will be much narrower compared to the CSI-RS beams in the 1x5 case.  As a result, the Cat. 2 baseline will suffer more in the 2x16 array due to the lack of CSI-RS beam switching.  Having said this, our results for the 8x4, 4x8, and 5x3 arrays indicate that the ability to dynamically switch codewords is also important in the elevation domain.
b) In addition,  2D codebook enables higher  resolution 2D channel feedback than Cat.1 or Cat.2 through oversampling, which allows more accurate precoding and link adaptation.

c) As shown in Figure 2 below, Cat. 2 also suffers some notable performance losses due to the use of a 3dB CSI-RS beam selection margin as opposed to using a 0dB margin.  In some cases presented in Figure 2, cell edge user throughput gains in the range of 20%-35% can be observed by using a 0dB CSI-RS beam selection margin over a 3dB as is currently assumed in the Cat 2 baseline.
d) In the case of the 5x3 array, the Cat. 2 baseline suffers further performance losses since the 8-port CSI-RS is truncated to 6 ports horizontally.
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Figure 2.  Gain of using a 0dB CSI-RS beam selection margin in Cat.2 with respect to using a 3 dB margin
As has been discussed in [3], it is important to keep limit the inter-cell interference when introducing elevation beamforming; otherwise the gains will be reduced.

3 Performance using 4 RX UE

The performance using 4RX UEs has been evaluated for the 8x2 antenna array assuming 16 TXRU.  The UE has half-lambda spaced dual polarized antenna elements and the scenario is 3D UMi.  We use Cat.2 as the baseline in this case and the related assumptions are given in Table 1 below.  The 2D codebook enhancement is also evaluated with 4 times spatial oversampling.
Table 1 Cat.2 baseline assumptions for 4 RX evaluations

	Antenna array
	Virtualization
	Number of beams
	CSI-RS Beam angles (deg)

	8x2
	2x1, 130deg
	4
	108, 118, 128, 138

	8x2
	2x1, 130deg
	8
	103, 108,113,118, 123,128,133,138


Figure 3 and 4 below show the performance gains in mean and cell edge user throughput.  A summary of the full 4 Rx results can be found in Table 14 of  Appendix B.  Based on the results, we make the following observations:
Observation: For a 4RX UE, Cat. 2 with 8 beams has lower performance than 4 beams due to higher CSI-RS overhead.
Observation: For a 4RX UE, there is a 20-30% gain over Rel.12 by introducing a 2D codebook with support for up to rank 4 CSI feedback.
The per UE rank distributions for both Cat.2 with 4 beams and the 2D codebook are shown in Figure 5 of Appendix B.  It can be seen that rank 3 happens about 35% more frequently per UE in the 2D codebook relative to the Cat. 2 baseline.  Similarly, rank 4 happens about 43% more frequently per UE in the 2D codebook relative to the Cat. 2 baseline.  This is mainly because CSI-RS are distributed horizontally in the beams of Cat. 2, limiting the degrees of freedom and available channel rank, while in case of 2D codebook, the CSI-RS ports are distributed both vertically and horizontally, allowing more degrees of freedom and higher rank.
Observation:  For a 4Rx UE, the 2D codebook provides more rank 3 and rank 4 transmission opportunities than the Cat.2 baseline.
Based on the above observations, we have the following proposal: 
Proposal: The 2D codebook design should support CSI feedback for at least ranks 1, 2, 3 and 4.
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Figure 3.  Mean user throughput gains for 8x2 antenna array with 4 RX UE
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Figure 4.  Cell edge user throughput gains for 8x2 antenna array with 4 RX UE

4 Discussion

We have the following observations and proposals:
Observation: Cell edge user throughput gains over Rel.12 are in the range 15-40% when FD-MIMO 2D codebook enhancements are introduced for 3D UMi using 8x4 antenna arrays.

Observation: For the wide 2x16 array with 32 and 64 TXRUs, very large cell edge throughput gains of over 120% are observed relative to Rel.12 when FD-MIMO 2D codebook enhancements are introduced for 3D UMi.
Observation: For the wide 2x16 array with 16 TXRUs, a 15% cell edge throughput gain is observed relative to Rel.12 when FD-MIMO 2D codebook enhancements are introduced for 3D UMi.

Observation: When compared to Rel. 12, FD-MIMO 2D codebook enhancements in 3D UMi yield cell edge user throughput gains of 131% and 35% for 5x3 and 1x5 arrays, respectively. 

Observation: For 4RX UE, Cat.2 with 8 beams has lower performance than 4 beams due to higher CSI-RS overhead.
Observation: For 4RX UE, there is a 20-30% gain over Rel.12 by introducing a 2D codebook with support for up to rank 4 CSI feedback.
Observation: For 4Rx UE, 2D codebook provides more rank 3 and rank 4 transmission opportunities than the Cat.2 baseline.

Proposal 1: The 2D codebook design should support CSI feedback for at least rank 1,2,3 and 4

Proposal 2: Capture the results in Tables 2-14 of Appendix A and B in the TR 36.897.
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6 Appendix A:  Summary of 2 RX results
6.1 Antenna config: 8x4
Table 2: 8x4 Cat.2 baseline and 2D CB enhancement results: UMi
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline 
	2D CB enhancement
	Gains

	UMi
	8x4
	16
	20%
	λ
	1.81
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.4518
	3.6388
	5%

	
	
	
	
	50%
	3.5435
	3.8449
	9%

	
	
	
	
	5%
	1.2474
	1.4475
	16%

	
	
	
	50%
	λ
	3.32
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.2989
	2.607
	13%

	
	
	
	
	50%
	1.9975
	2.3688
	19%

	
	
	
	
	5%
	0.508
	0.681
	34%

	
	
	
	70%
	λ
	4.02
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.6072
	2.0639
	28%

	
	
	
	
	50%
	1.2295
	1.7409
	42%

	
	
	
	
	5%
	0.2498
	0.4241
	70%

	UMi
	8x4
	32
	20%
	λ
	1.81
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.4138
	3.552
	4%

	
	
	
	
	50%
	3.6218
	3.8943
	8%

	
	
	
	
	5%
	1.3037
	1.4816
	14%

	
	
	
	50%
	λ
	3.52
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.308
	2.6017
	13%

	
	
	
	
	50%
	2.0846
	2.4143
	16%

	
	
	
	
	5%
	0.571
	0.762
	33%

	
	
	
	70%
	λ
	4.30
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.6675
	2.1171
	27%

	
	
	
	
	50%
	1.2952
	1.816
	40%

	
	
	
	
	5%
	0.2876
	0.4963
	73%


Table 3: 8x4 Cat.2 baseline and 2D CB enhancement results: UMa
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMa
	8x4
	16
	20%
	λ
	1.67
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.3782
	3.4368
	2%

	
	
	
	
	50%
	3.4722
	3.5364
	2%

	
	
	
	
	5%
	1.1299
	1.2254
	8%

	
	
	
	50%
	λ
	3.26
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.2961
	2.4588
	7%

	
	
	
	
	50%
	1.9921
	2.2375
	12%

	
	
	
	
	5%
	0.4951
	0.5799
	17%

	
	
	
	70%
	λ
	4.07
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.6621
	1.7942
	8%

	
	
	
	
	50%
	1.2813
	1.4512
	13%

	
	
	
	
	5%
	0.2831
	0.3174
	12%

	UMa
	8x4
	32
	20%
	λ
	1.65
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.2324
	3.2673
	1%

	
	
	
	
	50%
	3.3102
	3.3424
	1%


	
	
	
	
	5%
	1.1679
	1.2288
	5%

	
	
	
	50%
	λ
	3.00
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.0758
	2.2667
	9%

	
	
	
	
	50%
	1.7967
	2.0173
	12%

	
	
	
	
	5%
	0.4709
	0.5413
	15%

	
	
	
	70%
	λ
	3.61
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.5055
	1.6955
	13%

	
	
	
	
	50%
	1.1526
	1.3493
	17%

	
	
	
	
	5%
	0.2474
	0.2978
	20%


6.2 Antenna config: 4x8

Table 4:  4x8 Cat.2 baseline and 2D CB enhancement results: UMi

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	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
	50%
	
	

	
	
	
	
	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 5: 4x8 Cat.2 baseline and 2D CB enhancement results: UMa

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	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%


6.3 Antenna config: 2x16

Table 6: 2x16 Cat.1 baseline and 2D CB enhancement results: UMi
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.1 baseline
	2D CB enhancement
	Gains

	UMi
	2x16
	16
	20%
	λ
	2.30
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	2.7226
	3.0977
	14%

	
	
	
	
	50%
	2.5093
	3.0034
	20%

	
	
	
	
	5%
	0.7332
	0.9726
	33%

	
	
	
	50%
	λ
	3.83
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	1.5393
	1.8665
	21%

	
	
	
	
	50%
	1.1805
	1.5067
	28%

	
	
	
	
	5%
	0.2822
	0.3235
	15%

	
	
	
	70%
	λ
	
	
	

	
	
	
	
	RU
	
	
	

	
	
	
	
	Mean 
	
	
	

	
	
	
	
	50%
	
	
	

	
	
	
	
	5%
	
	
	


Table 7: 2x16 Cat.1 baseline and 2D CB enhancement results: UMa
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.1 baseline
	2D CB enhancement
	Gains

	UMa
	2x16
	16
	20%
	λ
	2.25


	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	2.5954
	3.0336
	17%

	
	
	
	
	50%
	2.3522
	2.9295
	25%

	
	
	
	
	5%
	0.7224
	0.927
	28%

	
	
	
	50%
	λ
	3.70


	
	

	
	
	
	
	RU
	50%


	
	

	
	
	
	
	Mean 
	1.478
	1.7206
	16%

	
	
	
	
	50%
	1.1324
	1.3623
	20%

	
	
	
	
	5%
	0.2775
	0.2968
	7%

	
	
	
	70%
	λ
	
	
	

	
	
	
	
	RU
	
	
	

	
	
	
	
	Mean 
	
	
	

	
	
	
	
	50%
	
	
	

	
	
	
	
	5%
	
	
	


Table 8:  2x16 Cat.2 baseline and 2D CB enhancement results: UMi

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMi
	2x16
	16
	20%
	λ
	1.40
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.14
	3.70
	18%

	
	
	
	
	50%
	3.26
	3.99
	22%

	
	
	
	
	5%
	0.91
	1.47
	18%

	
	
	
	50%
	λ
	2.53
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.06
	2.93
	42%

	
	
	
	
	50%
	1.72
	2.79
	62%

	
	
	
	
	5%
	0.36
	0.87
	142%

	
	
	
	70%
	λ
	3.05
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.49
	2.53
	70%

	
	
	
	
	50%
	1.06
	2.30
	117%

	
	
	
	
	5%
	0.19
	0.64
	237%

	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 9: 2x16 Cat.2 baseline and 2D CB enhancement results: UMa

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMa
	2x16
	16
	20%
	λ
	1.34
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.05
	3.63
	19%

	
	
	
	
	50%
	3.10
	3.87
	25%

	
	
	
	
	5%
	0.84
	1.40
	67%

	
	
	
	50%
	λ
	2.43
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.04
	2.87
	41%

	
	
	
	
	50%
	1.70
	2.70
	59%

	
	
	
	
	5%
	0.38
	0.83
	118%

	
	
	
	70%
	λ
	2.92
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.43
	2.41
	69%

	
	
	
	
	50%
	0.99
	2.12
	114%

	
	
	
	
	5%
	0.18
	0.57
	217%

	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%


6.4 Antenna config: 5x3

Table 10:  5x3 Cat.2 baseline and 2D CB enhancement results: UMi

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMi
	5x3
	30
	20%
	λ
	1.47
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.10
	3.48
	12%

	
	
	
	
	50%
	3.12
	3.72
	19%

	
	
	
	
	5%
	1.02
	1.46
	43%

	
	
	
	50%
	λ
	2.45
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.00
	2.69
	34%

	
	
	
	
	50%
	1.68
	2.50
	49%

	
	
	
	
	5%
	0.36
	0.83
	131%

	
	
	
	70%
	λ
	2.95
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.44
	2.28
	58%

	
	
	
	
	50%
	1.11
	2.02
	82%

	
	
	
	
	5%
	0.20
	0.60
	200%


Table 11: 5x3 Cat.2 baseline and 2D CB enhancement results: UMa

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMa 
	5x3
	30
	20%
	λ
	1.19
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	2.83
	3.16
	12%

	
	
	
	
	50%
	2.74
	3.35
	22%

	
	
	
	
	5%
	0.74
	1.19
	61%

	
	
	
	50%
	λ
	2.14
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	1.92
	2.55
	33%

	
	
	
	
	50%
	1.59
	2.32
	46%

	
	
	
	
	5%
	0.34
	0.70
	106%

	
	
	
	70%
	λ
	2.64
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.44
	2.11
	47%

	
	
	
	
	50%
	1.04
	1.83
	76%

	
	
	
	
	5%
	0.18
	0.50
	178%


6.5 Antenna config: 1x5

Table 12: 1x5 Cat.2 baseline and 2D CB enhancement results: UMi

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMi
	1x5
	10
	20%
	λ
	1.60
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.25
	3.49
	7%

	
	
	
	
	50%
	3.22
	3.62
	12%

	
	
	
	
	5%
	1.11
	1.35
	22%

	
	
	
	50%
	λ
	2.69
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	2.09
	2.36
	13%

	
	
	
	
	50%
	1.79
	2.09
	17%

	
	
	
	
	5%
	0.43
	0.58
	35%

	
	
	
	70%
	λ
	3.17
	
	

	
	
	
	
	RU
	70%
	
	

	
	
	
	
	Mean 
	1.43
	1.89
	32%

	
	
	
	
	50%
	1.08
	1.55
	44%

	
	
	
	
	5%
	0.23
	0.37
	61%


Table 13: 1x5 Cat.2 baseline and 2D CB enhancement results: UMa

	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT
(bps/Hz)
	Cat.2 baseline
	2D CB enhancement
	Gains

	UMa
	1x5
	10
	20%
	λ
	1.41
	
	

	
	
	
	
	RU 
	20%
	
	

	
	
	
	
	Mean 
	3.06
	3.32
	8%

	
	
	
	
	50%
	2.96
	3.32
	12%

	
	
	
	
	5%
	1.00
	1.24
	24%

	
	
	
	50%
	λ
	2.41
	
	

	
	
	
	
	RU
	50%
	
	

	
	
	
	
	Mean 
	1.91
	2.24
	17%

	
	
	
	
	50%
	1.56
	1.93
	24%

	
	
	
	
	5%
	0.38
	0.52
	37%

	
	
	
	70%
	λ
	
	
	

	
	
	
	
	RU
	
	
	

	
	
	
	
	Mean 
	
	
	

	
	
	
	
	50%
	
	
	

	
	
	
	
	5%
	
	
	


7 Appendix B: Summary of 4 RX results and Rank Distributions
Table 14: Results in numbers for 4RX UE evaluations.
	Scenario
	Antenna 
	TXRU (Q)
	RU (%)
	UPT

(bps/Hz)
	Cat.2  with 

4 beams
	Cat.2  with

 8 beams
	Gain for Cat.2 with 8 beams  
	2D CB enhancement
	Gain for 2D CB enhancement

	UMi
	8x2
	16
	20%
	λ
	2.29
	
	
	
	

	
	
	
	
	RU
	20%
	
	
	
	

	
	
	
	
	Mean
	4.3173
	4.1666
	-3%
	4.8535
	12%

	
	
	
	
	50%
	4.3386
	4.1871
	-3%
	4.7972
	11%

	
	
	
	
	5%
	1.6677
	1.5654
	-6%
	1.8562
	11%

	
	
	
	50%
	λ
	4.48
	
	
	
	

	
	
	
	
	RU
	50%
	
	
	
	

	
	
	
	
	Mean
	2.8371
	2.6371
	-7%
	3.3798
	19%

	
	
	
	
	50%
	2.5569
	2.3354
	-9%
	3.1028
	21%

	
	
	
	
	5%
	0.6858
	0.624
	-9%
	0.871
	27%

	
	
	
	70%
	λ
	5.32
	
	
	
	

	
	
	
	
	RU
	70%
	
	
	
	

	
	
	
	
	Mean
	2.0298
	1.8088
	-11%
	2.7831
	37%

	
	
	
	
	50%
	1.6047
	1.3967
	-13%
	2.4042
	50%

	
	
	
	
	5%
	0.3108
	0.2859
	-8%
	0.6398
	106%
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Figure 5. Rank distributions with 4Rx.
8 Appendix C:  Simulation Assumptions

Table 15: 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 

	UE Rx antenna
	2 Rx: 1 pair of corss-polarized antennas (0 and 90 degrees)

4 Rx: 2 pairs of  cross-polarized antennas   with 0.5 lambda spacing

	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 for 2D CB
	2D Grid of Beams based on DFT with 4x spatial oversampling [1]

	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 in Cat.2
	3 dB


Table 16.  Cat.2 baseline assumptions for 2Rx performance evaluations
	Scenario
	Antenna config
	Virtualization
	# of TXRU ports
	# of beams
	CSI_RS beam angles (deg)
	Cell selection

	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

	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

	3D UMi & UMa
	8x4
	4x1: (V) = (108o)
	16
	2
	Elevation(108, 118)
	port0

	3D UMi
	8x4
	2x1: (V,H)=(130o)
	32
	4
	Elevation (108, 118, 128, 138)
	port0

	3D UMa
	8x4
	2x1: (V,H)=(122o)
	32
	4
	Elevation (108, 118, 128, 138)
	port0

	3D UMi & UMa
	1x5
	1x1
	10
	5
	Azimuth(-48, -24, 0, 24, 48)
	port0

	3D UMi 
	5x3

	1x1
	30
	5
	Elevation(62, 72, 108, 118, 128)
	port0

	3D UMa
	5x31
	1x1
	30
	5
	Elevation(108, 117, 126, 135, 144)
	port0
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Figure 6.  Cat. 1 baseline assumptions for 2 Rx performance evaluations
� For the 5x3 cases, the 8-port CSI-RS is truncated to 6 ports horizontally.
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