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[bookmark: DocumentFor][bookmark: _Toc243877433]Introduction
In RAN#68, WI on EBF/FD-MIMO was agreed [1], and the objectives of the WI include the following aspects:
· Specify enhancements on reference signal in the following areas [RAN1]
· Non-precoded CSI-RS, extending the existing numbers {1,2,4,8} of CSI-RS antenna ports for support of 12 and 16 CSI-RS ports, using full-port mapping
· Specify enhancements on CSI reporting in the following areas [RAN1]
· For non-precoded CSI-RS, codebook for 2D antenna arrays for support of {8,12,16} CSI-RS ports and associated necessary channel state information. 
· If there is not significant gain shown for new codebook for 8 CSI-RS ports, the current codebook for 8 CSI-RS ports is retained. 
A FD-MIMO codebook design framework is proposed [2], which is in accordance with the relevant antenna configurations discussed in [3]. According to the proposed codebook design framework, the detailed design of the rank-1 and rank-2 codebooks are provided in [4] and [5], respectively. In this contribution, the system-level performance evaluation results for the proposed rank-1 and rank-2 codebooks are presented. Based on these results, important observations and proposals are made.
System-level performance of the proposed Codebook
As discussed in [2], for each of 12 and 16 ports, only a single master codebook needs to be designed in R13. For master codebook construction according to the proposed structures, the following group of parameters are necessary to be specified for each dimension d: 
· an oversampling factor od;
· 
a beam skip number sd (for ; the first beam in adjacent beam group is sd beams away from that of the current beam); 
· 
a beam spacing number pd (for ; the beam spacing within the beam group is pd) and;
· a number of beams Ld (number of beams in a beam group in dimension d) 
In order to support a variety of deployment scenarios and antenna configurations, some of these parameters should be made configurable. The codebook performance depends on the configured parameters. The non-full-buffer SU-MIMO and MU-MIMO system-level performance evaluation is carried out for UMi-2GHz channel model in order to evaluate the performance impact of different codebook parameters in the proposed rank-1 and rank-2 codebooks. The detailed results of all the results can be found in Appendix I. The results are provided for 16 antenna ports with subarray-partition architecture where (MTXRU, N, P) = (2, 4, 2) or (4, 2, 2). In these simulations, the full-port un-precoded CSI-RS are provided for CSI estimation, and the corresponding CSI-RS overhead is taken into account in the final throughput calculation.
Cell association antenna pattern is approximated by one-TXRU pattern, and proportional fair scheduling (max 4 layers per time-frequency resource) have been used. For MU-MIMO, SLNR precoding is considered, and for SU-MIMO, conjugate beamforming is used. The relevant simulation parameters are enlisted in Table 6. The rest of the simulation assumption is according to [6].
Throughout the contribution, the longer dimension is indexed as dimension 1 and, the shorter dimension is indexed as dimension 2.
The results and observations focusing on important codebook parameters are provided next.
Number of beams (L1,L2)
The first set of results is for the study of different number of beams (L1, L2) in the W1 codebook. Figure 1 and Figure 2, respectively show SU-MIMO and MU-MIMO non-full-buffer system-level performance evaluation results for the rank-1 codebook for the “fat” antenna port configuration (MTXRU, N, P) = (2, 4, 2). Three values of parameters (L1, L2) = (1,4), (4,1) and (2,2) are considered in order to assure that the number of bits to indicate i2 is 4 bits (same as legacy codebooks). The remaining codebook parameters are according to Table 1. The illustration of beam groupings in two dimensions is also shown in the table, where the longer dimension corresponds to the first dimension (i.e., 4 antenna ports), and the shorter dimension corresponds to the second dimension (i.e., 2 antenna ports). The number of W1 and W2 feedback bits is also included.
[bookmark: _Ref427255070]Table 1: Beam Grouping Study – Codebook parameters for (MTXRU, N, P) = (2, 4, 2)
	Number of beams
	Beam spacing
	Beam skipping
	Oversampling factor
	Illustrations for beam grouping for the longer and shorter dimensions
	Number of bits

	(2,2)
	(1,1)
	(2,2)
	(8,8)
	

	i1,1 = 4 bits
i1,2 = 3 bits
i2 = 4 bits

	(4,1)
	(1,1)
	(2,2)
	(8,8)
	

	

	(1,4)
	(1,1)
	(2,2)
	(8,8)
	

	




[bookmark: _Ref427252105]Figure 1: Number of beams: rank-1 SU-MIMO for (MTXRU, N, P) = (2, 4, 2) and UMi-2GHz – (heavy load) 

[bookmark: _Ref427255341]Figure 2: Number of beams: rank-1 MU-MIMO for (MTXRU, N, P) = (2, 4, 2) and UMi-2GHz – (heavy load)
The details of the two results are captured in Table 7 and Table 8. Based on these results, we can observe that beam grouping (L1, L2) = (2,2) shows the best performance between three beam groupings (4,1), (1,4), and (2,2) for (MTXRU, N, P) = (2, 4, 2) and codebook parameters in Table 1.
We next compare the effect of more beams in a beam group. We consider 8 beams in a beam group of size (L1, L2) = (4,2) and compare its performance with (L1, L2) = (2,2). Note that for (L1, L2) = (4,2), the number of bits to indicate i2 is 5 bits. The remaining codebook parameters are according to Table 2. Figure 3 shows the performance comparison between the two beam groupings. It can be observed that (L1, L2) = (4,2) does not show any significant performance gain over (L1, L2) = (2,2).
[bookmark: _Ref427318155]Table 2: More Beams in a Beam Group – Codebook parameters for (MTXRU, N, P) = (2, 4, 2)
	Number of beams
	Beam spacing
	Beam skipping
	Oversampling factor
	Illustrations for beam grouping for the longer and shorter dimensions
	Number of bits

	(2,2)
	(1,1)
	(2,2)
	(8,8)
	

	i1,1 = 4 bits
i1,2 = 3 bits
i2 = 4 bits

	(4,2)
	(1,1)
	(2,2)
	(8,8)
	

	i1,1 = 4 bits
i1,2 = 3 bits
i2 = 5 bits




[bookmark: _Ref427257776]Figure 3: Results for increasing number of beams in a beam group: (L1, L2) = (4,2) vs. (2,2)
The details of the two results are captured in Table 7 and Table 8. Based on these results, we can make the following observation.
Observation 1: (L1, L2) = (4,2) does not show any significant performance gain over (L1, L2) = (2,2) for (MTXRU, N, P) = (2, 4, 2) and codebook parameters in Table 2.
Oversampling factors (o1,o2)
The second set of results is for the study of oversampling factors (o1,o2) in the master codebook. Figure 4 and Figure 5, respectively show SU-MIMO and MU-MIMO non-full-buffer system-level performance evaluation results for the rank-1 codebook for the “fat” antenna port configuration (MTXRU, N, P) = (2, 4, 2). Three values of parameters (o1, o2) = (8,8), (8,4) and (8,2) are considered in order to evaluate the performance of different oversampling factors in the second (shorter) dimension. The remaining codebook parameters are according to Table 3.
[bookmark: _Ref427256112]Table 3: Oversampling factor study – Codebook parameters for (MTXRU, N, P) = (2, 4, 2)
	Oversampling factor
	Beam spacing
	Beam skipping
	Beam grouping
	Illustrations for beam grouping for the longer and shorter dimensions
	Number of bits

	(8,8)
	(1,1)
	(2,2)
	(2,2)
	

	i1,1 = 4 bits
i1,2 = 3 bits
i2 = 4 bits

	(8,4)
	(1,1)
	(2,1)
	(2,2)
	

	i1,1 = 4 bits
i1,2 = 3 bits
i2 = 4 bits

	(8,2)
	(1,1)
	(2,1)
	(2,2)
	

	i1,1 = 4 bits
i1,2 = 2 bits
i2 = 4 bits




[bookmark: _Ref427256390]Figure 4: Oversampling factor: rank-1 SU-MIMO for (MTXRU, N, P) = (2, 4, 2) and UMi-2GHz – (heavy load) 

[bookmark: _Ref427256393]Figure 5: Oversampling factor: rank-1 MU-MIMO for (MTXRU, N, P) = (2, 4, 2) and UMi-2GHz – (heavy load) 
The details of the two results are captured in Table 9 and Table 10. Based on these results, we can observe that oversampling factor (o1, o2) = (8,8) shows the best performance between three oversampling factors (8,8) (8,4), and (2,2) for (MTXRU, N, P) = (2, 4, 2) and codebook parameters in Table 3; performance gap between (o1, o2) = (8,8) and (8,4) are small; and that between (o1, o2) = (8,8) and (8,2) is relatively large.
The “tall” antenna port configuration (MTXRU, N, P) = (4,2,2) is considered next. Figure 6 shows SU-MIMO and MU-MIMO non-full-buffer system-level performance evaluation results for the rank-1 codebook in this case. Similar to the “fat” antenna port configuration case, three values of parameters (o1, o2) = (8,8), (8,2) and (8,2) are considered in order to evaluate the performance of different oversampling factors in the second (shorter) dimension. The remaining codebook parameters are according to Table 4.
[bookmark: _Ref427336383]Table 4: Beam Grouping Study – Codebook parameters for (MTXRU, N, P) = (4, 2, 2)
	Number of beams
	Beam spacing
	Beam skipping
	Oversampling factor
	Illustrations for beam grouping for the longer and shorter dimensions
	Number of bits

	(2,2)
	(1,1)
	(2,1)
	(8,8)
	

	i1,1 = 4 bits
i1,2 = 4 bits
i2 = 4 bits

	(2,2)
	(1,1)
	(2,1)
	(8,4)
	

	i1,1 = 4 bits
i1,2 = 3 bits
i2 = 4 bits

	(2,2)
	(1,1)
	(2,1)
	(8,2)
	

	i1,1 = 4 bits
i1,2 = 2 bits
i2 = 4 bits




[bookmark: _Ref427338472]Figure 6: Oversampling factor: rank-1 SU-MIMO for (MTXRU, N, P) = (4, 2, 2) and UMi-2GHz – (heavy load) 
The details of the two results are captured in Table 11. Based on these results, we can make observe that oversampling factor (o1, o2) = (4,8) shows the best performance between three oversampling factors (8,8) (8,4), and (8,2) for (MTXRU, N, P) = (4, 2, 2) and codebook parameters in Table 4. The potential reason for this may be because in case oversampling factor = 4, the two beams in shorter dimension are widely spaced when compared to the same in case of oversampling factor = 8. The oversampling factor = 2 is the worst because in this case the two beams may be wide than channel angular spread in the shorter dimension.
Observation 2: 
· [bookmark: _GoBack]For “fat” antenna configuration, the oversampling factor = 8 in the shorter (vertical) dimension is the best between three oversampling factors = 2, 4, and 8; and
· For “tall” antenna configuration, the oversampling factor = 4 in the shorter (horizontal) dimension is the best between three oversampling factors = 2, 4, and 8.
Effect of wide antenna spacing
We next consider the wide antenna spacing (10 lambda) in the shorter dimension for (MTXRU, N, P) = (4, 2, 2)  antenna port configuration and study the performance of narrowly and widely spaced beams in the beam groups of the W1 codebook. The motivation behind this study is based on the Rel12 4-Tx codebook in which widely spaced beams are considered in the W1 codebook. Figure 7 shows SU-MIMO and MU-MIMO full-buffer system-level performance evaluation results for the rank-1 codebook in this case for UMa-500m channel model. Two values of beam spacing parameters (p1, p2) = (1,1) and (1,4) are considered in order to evaluate the performance of different beam spacing in the beam groups in the shorter (horizontal) dimension. The remaining codebook parameters are according to Table 5. Note that the oversampling factor (8,16) and beam skipping (1,4) are assumed in this study which are aligned with the legacy Rel12 4-Tx and 8-Tx codebooks. Observe that for beam spacing = (1,4), the beam group 1 corresponds to beams 0 and 4 in the shorter dimension, the beam group 2 corresponds to beams 1 and 5 in the shorter dimension, and so on.
[bookmark: _Ref427340811]Table 5: Wilde antenna spacing study – Codebook parameters for (MTXRU, N, P) = (4, 2, 2)
	Number of beams
	Beam spacing
	Beam skipping
	Oversampling factor
	Illustrations for beam grouping for the longer and shorter dimensions
	Number of bits

	(2,2)
	(1,1)
	(2,1)
	(8,16)
	

	i1,1 = 4 bits
i1,2 = 4 bits
i2 = 4 bits

	(2,2)
	(1,4)
	(2,1)
	(8,16)
	

	i1,1 = 4 bits
i1,2 = 4 bits
i2 = 4 bits




[bookmark: _Ref427340707]Figure 7: Full-buffer results for (MTXRU, N, P) = (4, 2, 2)  with 10 lambda spacing in shorter (horizontal) dimension – UMa-500m
Based on these results, we can make observe that the widely spaced beam in the shorter dimension where the antenna spacing is large (10 lambda), i.e.,  beam spacing = (4,1) shows the better performance than the narrowly spaced beams, i.e., beam spacing = (1,1) for (MTXRU, N, P) = (4, 2, 2) and UMa-500m, where codebook parameters in Table 5.
Conclusion
This contribution has evaluated the performance benefits of the parameterized KP codebook design, and made the following observations:
Observation 1: (L1, L2) = (4,2) does not show any significant performance gain over (L1, L2) = (2,2) for (MTXRU, N, P) = (2, 4, 2) and codebook parameters in Table 2.
Observation 2: 
· For “fat” antenna configuration, the oversampling factor = 8 in the shorter (vertical) dimension is the best between three oversampling factors = 2, 4, and 8; and
· For “tall” antenna configuration, the oversampling factor = 4 in the shorter (horizontal) dimension is the best between three oversampling factors = 2, 4, and 8.
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Appendix I
[bookmark: _Ref427254851]Table 6: Simulation Parameters
	Parameters
	Values

	Simulation Type
	Non-full-buffer (heavy load 70% RU)

	Channel model
	UMi-2GHz

	Number of BS (H,V) antenna elements
	(8,8), x-polarized, subarray partition

	(MTXRU, N, P) 
	(2, 4, 2)

	BS (H,V) antenna spacing
	(0.5, 0.8)λ

	BS and MS antenna polarizations
	BS: (+45°,-45°); MS: (0°, 90°)

	Number of UE antennas
	2

	MU pre-coding
	SLNR

	Scheduling
	(1) SU, Proportional fair
(2) MU, Proportional fair, up to 4 layers

	Channel estimation
	Ideal

	Transmission rank
	1, 2

	Receiver 
	MMSE-IRC


[bookmark: _Ref427252037]Table 7: Beam grouping study – Rank-1 SU-MIMO results for (MTXRU, N, P) = (2, 4, 2)
	Lambda
	Ch
	Beam skipping
	Beam grouping
	Oversampling
	Target RU
	Avg UPT
	50% UPT
	5% UPT
	RU

	3.6
	UMi1
	(2,2)
	(2,2)
	(8,8)
	70%
	10.95
	9.30
	2.28
	70.3%

	3.6
	UMi1
	(2,2)
	(4,1)
	(8,8)
	70%
	10.81
	9.08
	2.29
	70.6%

	3.6
	UMi1
	(2,2)
	(1,4)
	(8,8)
	70%
	10.84
	9.16
	2.24
	70.6%

	3.6
	UMi1
	(2,2)
	(4,2)
	(8,8)
	70%
	10.91
	9.20
	2.32
	70.4%


[bookmark: _Ref427255555]Table 8: Beam grouping study – Rank-1 MU-MIMO results for (MTXRU, N, P) = (2, 4, 2)
	Lambda
	Ch
	Beam skipping
	Beam grouping
	Oversampling
	Target RU
	Avg UPT
	50% UPT
	5% UPT
	RU

	3.3
	UMi1
	(2,2)
	(2,2)
	(8,8)
	70%
	16.79
	16.72
	4.33
	58.2%

	3.3
	UMi1
	(2,2)
	(4,1)
	(8,8)
	70%
	16.57
	16.39
	4.12
	58.8%

	3.3
	UMi1
	(2,2)
	(1,4)
	(8,8)
	70%
	16.60
	16.40
	4.07
	58.7%

	3.6
	UMi1
	(2,2)
	(4,2)
	(8,8)
	70%
	16.86
	16.74
	4.33
	58.2%


[bookmark: _Ref427256694][bookmark: _Ref427337640]Table 9: Oversampling factor study – Rank-1 SU-MIMO results for (MTXRU, N, P) = (2, 4, 2)
	Lambda
	Ch
	Beam skipping
	Beam grouping
	Oversampling
	Target RU
	Avg UPT
	50% UPT
	5% UPT
	RU

	3.6
	UMi1
	(2,2)
	(2,2)
	(8,8)
	10.95
	9.30
	2.28
	70.3%
	70.3%

	3.6
	UMi1
	(2,1)
	(2,2)
	(8,4)
	10.87
	9.20
	2.23
	70.5%
	70.5%

	3.6
	UMi1
	(2,1)
	(2,2)
	(8,2)
	10.58
	8.74
	2.07
	71.4%
	71.4%


[bookmark: _Ref427256695]Table 10: Oversampling factor study – Rank-1 MU-MIMO results for (MTXRU, N, P) = (2, 4, 2)
	Lambda
	Ch
	Beam skipping
	Beam grouping
	Oversampling
	Target RU
	Avg UPT
	50% UPT
	5% UPT
	RU

	3.3
	UMi1
	(2,2)
	(2,2)
	(8,8)
	70%
	16.79
	16.72
	4.33
	58.2%

	3.3
	UMi1
	(2,1)
	(2,2)
	(8,4)
	70%
	16.65
	16.58
	4.18
	58.6%

	3.3
	UMi1
	(2,1)
	(2,2)
	(8,2)
	70%
	15.59
	14.87
	3.72
	61.3%


[bookmark: _Ref427336657]Table 11: Oversampling factor study – Rank-1 SU-MIMO results for (MTXRU, N, P) = (4, 2, 2)
	Lambda
	Ch
	Beam skipping
	Beam grouping
	Oversampling
	Target RU
	Avg UPT
	50% UPT
	5% UPT
	RU

	3.3
	UMi1
	(1,2)
	(2,2)
	(8,8)
	70%
	9.17
	6.87
	1.07
	73.0%

	3.3
	UMi1
	(1,2)
	(2,2)
	(4,8)
	70%
	9.28
	7.08
	1.02
	72.6%

	3.3
	UMi1
	(1,2)
	(2,2)
	(2,8)
	70%
	8.92
	6.72
	0.92
	73.8%





Column1	(2,2)	(4,1)	(1,4)	1.0124838172739041	1	1.0023118180136861	Avg. UPT
Column1	(2,2)	(4,1)	(1,4)	1.0240008807662666	1	1.0089177584498512	50% UPT
Column1	(2,2)	(4,1)	(1,4)	0.99606986899563321	1	0.9799126637554586	5% UPT
Column1	(2,2)	(4,1)	(1,4)	1.0131563065781533	1	1.0015691007845504	Avg. UPT
Column1	(2,2)	(4,1)	(1,4)	1.0198865369364973	1	1.0005490148234002	50% UPT
Column1	(2,2)	(4,1)	(1,4)	1.0507774538386785	1	0.98979591836734693	5% UPT
SU-MIMO
(2,2)	Avg UPT	50% UPT	5% UPT	1	1	1	(4,2)	Avg UPT	50% UPT	5% UPT	0.99607270070326059	0.98881840662294362	1.0166593599298552	MU-MIMO
(2,2)	Avg UPT	50% UPT	5% UPT	1	1	1	(4,2)	Avg UPT	50% UPT	5% UPT	1.0041100786275912	1.0010168072253125	1.0020809248554912	Column1	(8,8)	(8,4)	(8,2)	1	0.99305872682436747	0.96602429445611471	Avg. UPT
Column1	(8,8)	(8,4)	(8,2)	1	0.98914095258574342	0.93968390495645626	50% UPT
Column1	(8,8)	(8,4)	(8,2)	1	0.97764138535729939	0.90749671196843473	5% UPT
Column1	(8,8)	(8,4)	(8,2)	1	0.99166071003097445	0.92875863712175366	Avg. UPT
Column1	(8,8)	(8,4)	(8,2)	1	0.99168610562832693	0.88940726119983238	50% UPT
Column1	(8,8)	(8,4)	(8,2)	1	0.96647398843930621	0.8601156069364162	5% UPT
Column1	(8,8)	(8,4)	(8,2)	1	1.0119956379498363	0.97273718647764451	Avg. UPT
Column1	(8,8)	(8,4)	(8,2)	1	1.0305676855895196	0.97816593886462877	50% UPT
Column1	(8,8)	(8,4)	(8,2)	1	1.0305676855895196	0.97816593886462877	5% UPT
SU-MIMO
(1,1)	Avg Thp	5% Thp	1	1	(1,4)	Avg Thp	5% Thp	1.0035140562248996	1.008695652173913	MU-MIMO
(1,1)	Avg Thp	5% Thp	1	1	(1,4)	Avg Thp	5% Thp	1.0015259409969481	1.0748129675810474	
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