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1 Introduction
This paper considers design targets for FD-MIMO codebooks, identifying the (many) antenna configurations to support the requirements of the work item description [1], the benefits of a new codebook for 8 ports supporting  a 2x2 port layout, as well as the gains from having up to 6 or 8 copolarized ports per dimension.  The gains of the 1D vertical port layouts are also highlighted.  Issues with approaches to reuse all or part of Rel-12 codebooks are also considered.  Given the observations made, proposals are given on a 2D codebook structure and design targets.
2 Codebook Design Targets and Reuse of Rel-12 designs
The work item description calls for at least 12 and 16 CSI-RS ports to be supported in 2D antenna arrays, and 8 ports to be supported if there is sufficient gain.  Since antenna virtualization is an eNB implementation issue, the effective antenna configuration of a 2D antenna array after virtualization can be reduced to as low as one in a dimension, and ports can be distributed in either a 2D or a 1D manner.  The antenna port layouts that can be supported with a total of  8, 12, and 16 ports using M rows by N columns of dual polarized antenna elements are then: 1x6, 1x8, 2x2, 2x3, 2x4, 6x1, 8x1, 3x2, and 4x2.
Observations:

· Full support for 8, 12, and 16 ports requires that antenna port layouts of 1x6, 1x8, 2x2, 2x3, 2x4, 6x1, 8x1, 3x2, and 4x2 can be used with FD-MIMO.
· Designing distinct codebooks for each of these 9 port layouts is not likely to be feasible within the 3 meetings allocated to Rel-13 FD-MIMO.
When developing a new feature such as FD-MIMO, it is desirable to reuse existing elements of the specification as much as possible.  Therefore, the question that arises is if we can reuse legacy codebooks to support FD-MIMO.  
In the case of 8 ports, it is possible to reuse the Rel-10 8 port codebook directly with a 2x2 port layout by mapping the antenna ports in a 2D manner.  Because the Rel-10 codebook was not designed for 2D antenna port layouts, the question on if a new design is needed for 8 ports can be determined by comparing the performance of a new codebook to the Rel-10 codebook.  This performance comparison is discussed in Section 3.1.
In the 12 and 16 port cases, it is not possible to directly reuse existing designs because there are no pre-release 13 codebooks that support 12 and 16 ports.  While direct reuse is not possible, one might still attempt to utilize a 2D design that combines two of the existing 1D codebooks to form a 2D codebook in ‘Kronecker’ fashion.  Another alternative would be to use elements of the Rel-12 codebook such as  W1 or W2 in one dimension, while redesigning the codebook for the second dimension.  We consider each of these alternatives in turn.
2.1 Extension to 2D Operation via Kronecker Products of Rel-12 Codebooks

A ‘Kronecker’ 2D design could be created by mapping the precoders of an existing codebook to each of the rows of ports and columns of ports defined for the antenna array.  In this case, the dimension of each of the Rel-12 precoders needs to match a corresponding dimension of the port layout.  To illustrate with a simple example, consider if rank 1 precoders are used for vertical precoding, and the full rank Rel-12 codebook is used for the horizontal precoders.  If this is used for a 4x2 port layout, the Rel-12 4 port codebook can be used vertically (on the copolarized ports), and horizontally (on both of columns and polarizations).  

If each of the precoders of this ‘4 Tx Kron’ design are identified with Rel-12 PMIs using 4 bits for each of 
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per dimension, then 16 bits are required.  Such a design is not efficient with respect to overhead.  Therefore, some subsampling is needed to bring the overhead down to a reasonable amount.  As discussed in [2], a reasonable target for maximum PMI size for Rel-13 FD-MIMO is on the order of 12 bits.  Therefore, the example design should be subsampled by a factor of 16.  One could subsample W1 or W2 of either or both of the dimensions, hence there are many alternatives to be investigated if we take this design route.  The optimal subsampling factors and what should be subsampled requires careful study.  Compressing a Kronecker design to a reasonable amount of overhead then essentially becomes a redesign of the Rel-12 codebooks that requires evaluations and optimizations, which can be tedious and time consuming. The appearent benefit of a direct “re-use” will thus be lost.  
A second problem with reusing a Rel-12 codebook vertically is that it was not designed as a vertical beamformer.  Vertical channel angle spreads are low, leading to higher element correlation.  Such a high correlation is not a good match for the ports in the Rel-12 codebook that are assumed to be uncorrelated.  In addition, the application of the dual-polarized Rel-12 codebook to co-polarized vertical elements (as is the case in this example) will result in non-DFT beams vertically, which is undesirable.  Due to these reasons, the performance of this ‘4 Tx Kron’ example design is not as good as a 2D codebook that is designed to be matched to the 4x2 port layout [2].
Observations:

· 2D port layouts can be configured with 8 port Rel-10 codebooks, although they can perform worse than 2D codebooks.

· 2D ‘Kronecker’ designs based on Rel-12 codebooks:

· Require as much or more effort to design than a 2D codebook designed to be matched to the given port layout.

· Are not well matched to 2D port layouts, and can perform worse than 2D codebook designed to be matched to the given port layout.
2.2 Deconstructing the Rel-12 Codebook and Reusing Either W1 or W2
Another approach would be to try to reuse either W1 or W2 from Rel-12 codebook, while redesigning the codebook for the second dimension.  Reusing W1 is not feasible because it is 1D and because additional port layouts such as 2x3,1x6, 6x1 and 3x2 must be supported.  However, the principle of the basic grid of beams design for W1 can be straightforwardly reused and extended to 2D as discussed in [2], but then the question is whether this really should be seen as a re-use of the Rel-12 codebook or a new codebook design from scratch?  
Reusing W2, say from the 8 port codebook, may be challenging because the beams formed by W1 can be distributed two dimensionally in FD-MIMO, and so their characteristics are different.  However, the principles used in W2 from Rel.12; cophasing with 
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and selecting on the order of 4 beams as is done in the 8 port codebook could be considered for an FD-MIMO design. 
Observations:

· Reusing W1 is not feasible, however the principle can be used in a new design in which it can be straightforwardly extended to 2D and to the additional configurations to be supported in FD-MIMO.

· Reusing W2 may be challenging due to 2D distribution of ‘beams’ formed by W1.  However, the principles of co-phasing with  
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and selecting on the order of 4 beams could be considered for an FD-MIMO design.
3 Performance Evaluations
3.1 2D 8 Port Layout

As per [1], a new 8 port codebook can be specified for FD-MIMO if there is significant gain.  Therefore we compare the performance of a 2D codebook designed to support a 2x2 dual polarized port layout to reusing the 8 port Rel-10 codebook on the 2x2 port layout.  There are two approaches to mapping the 8 port Rel-10 codebook to a 2D port layout: a ‘horizontal port first’ approach and a ‘vertical port first’ approach.  These are diagrammed in Figure 1 below.  
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Figure 1: 8 Port Mapping Alternatives to 2x2 port layout
Table 1 shows the median and cell edge throughputs for the parameterized 2D codebook [2] which is matched to the actual port layout, and the relative gain vs. the Rel-10 8-port codebook when using the ‘vertical port first’ 2D mapping.  The ‘horizontal port first’ 2D mapping has somewhat lower performance, and so is not shown in Table 1.  Results are given for UMi and UMa scenarios.  Additional simulation parameters can be found in the Appendix.  Note that the system was not stable (the packet delays were unmanageably large) when using the Rel-10 8-port codebook at 70% resource utilization of the baseline in the UMa scenario, whereas the 2D codebook could support this high load.  For the other cases considered, the 2D codebook outperforms the Rel-10 8-port codebook with cell-edge throughput gains of 12-15% and median throughput gains of 9-14%.
Table 1: Performance of the parameterized 2D codebook [2] vs. Rel-10 8 Port Codebook
	
	UMi
	UMa

	Resource Utilization
	Codebook Type
	Parameterized 

2D Codebook [2] 
	Rel-10
	Parameterized 

2D Codebook [2] 
	Rel-10

	
	UPT
(bps/Hz)
	Baseline
	Gain
	Baseline
	Gain

	50%
	Median
	1.804
	-13%
	1.626
	-9%

	
	Cell edge
	0.412
	-15%
	0.382
	-14%

	70%
	Median
	1.074
	-14%
	0.965
	Unstable

	
	Cell edge
	0.220
	-12%
	0.184
	Unstable


3.2 1D Horizontal Port Layout
In order to design 2D FD-MIMO codebook, it is essential to know the maximum number of copolarized ports per dimension to design for.  A dual polarized port layout with 16 ports can have up to 8 ports per dimension.  Therefore, we study a 2x8 array where the elements are virtualized vertically to form a 1x8 port layout.  This is compared to the case where the antenna array elements are virtualized horizontally to form a 2x4 port layout.  In this way, we can compare the benefit of having more TXRUs horizontally over having TXRUs distributed in both dimensions (i.e., 1D horizontal port layout vs a rectangular port layout) for a given antenna array geometry.  Results are given in Table 2 below for when the parameterized 2D codebook [2] is used, and detailed simulation assumptions are given in the Appendix.
From Table 2 we can see that the 2x4 port layout generally performs significantly worse than 1x8 port layout.  Losses at 70% RU are always more than 20% for both UMa and UMi at median as well as cell edge throughputs. At 50% RU, losses for UMa are substantial: 31% and 38% for median and cell edge throughputs, respectively. UMi performance at 50% RU is more similar between the 2x4 and 1x8 port layout cases: 7% median loss and 4% cell edge gain.  Also, note that the system was not stable when using the 2x4 port layout at 70% resource utilization, whereas the 1x8 port layout could support this high load. This is thus a better deployment for peak hour traffic handling.
We next consider a dual polarized port layout with 12 ports wherein we can have up to 6 ports per dimension.  We study a 2x6 array where the elements are virtualized vertically to form a 1x6 port layout.  This is compared to the case where the antenna array elements are virtualized horizontally to form a 2x3 port layout.  Results for this comparison are given in Table 3 below for when the parameterized 2D codebook [2]
From Table 3 we can see that the 2x3 port layout generally performs significantly worse than 1x6 port layout.  Median throughput losses at 70% RU are always more than 18% for both UMa and UMi;  cell edge throughput losses at 70% RU is in the range 14-86%. At 50% RU, losses for UMa are substantial: 40% and 86% for median and cell edge throughputs, respectively. UMi performance at 50% RU is more similar between the 2x3 and 1x6 port layout cases: 2% median loss and 3% cell edge gain.

Table 2: Performance with 1x8 port layout vs. 2x4 port layout
	
	UMi
	UMa

	Resource Utilization
	TXRU (MxNxP)
	1x8x2
	2x4x2
	1x8x2
	2x4x2

	
	UPT
(bps/Hz)
	Baseline
	Gain
	Baseline
	Gain

	50%
	Median
	2.059
	-7%
	1.958
	-31%

	
	Cell edge
	0.474
	4%
	0.474
	-38%

	70%
	Median
	1.305
	-22%
	1.177
	Unstable

	
	Cell edge
	0.266
	-21%
	0.241
	Unstable


Table 3: Performance with 1x6 port layout vs. 2x3 port layout
	
	UMi
	UMa

	Resource Utilization
	TXRU (MxNxP)
	1x6x2
	2x3x2
	1x6x2
	2x3x2

	
	UPT
(bps/Hz)
	Baseline
	Gain
	Baseline
	Gain

	50%
	Median
	1.950
	-2%
	1.852
	-34%

	
	Cell edge
	0.476
	3%
	0.463
	-46%

	70%
	Median
	1.195
	-18%
	1.118
	-40%

	
	Cell edge
	0.217
	-14%
	0.229
	-86%


3.3 1D Vertical Port Layout

In general, the height of an antenna array (i.e., the number of rows) can be determined by deployment constraints.  We now evaluate the performance of a 12 port dual polarized port layout when the antenna array height is restricted to 6 rows by deployment constraints.  Here, we compare the performance of a 6x1 dual polarized antenna array to that of a 6x2 dual polarized antenna array.  In the case of the 6x1 array no virtualization is assumed while a 1x2 virtualization is applied for the 6x2 array (i.e., in both cases, a 1D 6x1 dual polarized vertical port layout is assumed).  Results for this comparison are given in Table 4 below when the parameterized 2D codebook [2] is used, and detailed simulation assumptions are given in the Appendix.
From Table 4, we observe that the 6x1 port layout in a 6x2 array significantly outperforms its counterpart in a 6x1 array.  Cell edge gains of 35-65% are observed in the case of a 6x2 array when compared to the case with the 6x1 array.  The corresponding median throughput gains are observed to be in the range of 30-57%.  Hence, the 1D vertical port layout still gives significantly improved performance in a 2D antenna array and so is an essential configuration to support in the FD-MIMO codebook design. 
Table 4: 1D Vertical port layout performance with 1D vs 2D antenna arrays
	
	UMi
	UMa

	Resource Utilization
	Antenna Array
	6x1
	6x2
	6x1
	6x2

	
	TXRU (MxNxP)
	6x1x2
	6x1x2
	6x1x2
	6x1x2

	
	UPT
(bps/Hz)
	Baseline
	Gain
	Baseline
	Gain

	50%
	Median
	1.572
	31%
	1.449
	30%

	
	Cell edge
	0.389
	35%
	0.312
	49%

	70%
	Median
	0.921
	52%
	0.852
	57%

	
	Cell edge
	0.185
	63%
	0.169
	65%


Observations:

· A 2D codebook designed to support a 2x2 dual polarized port layout outperforms the Rel-10 8-port codebook, having cell edge throughput gains of 12-15%, median throughput gains of 9-14%, and being able to operate at higher load.
· With 16 ports, using a 1D horizontal 1x8 dual polarized port layout can bring substantial gains over using a 2D 2x4 dual polarized port layout, having higher throughput (as much as 31% more median user throughput) and being able to operate at higher load.
· With 12 ports, using a 1D horizontal 1x6 dual polarized port layout can bring substantial gains over using a 2D 2x3 dual polarized port layout, having higher throughput (as much as 34% more median user throughput).

· With 12 ports, using a 1D vertical 6x1 dual polarized port layout in a 2D antenna array provides significant performance gains (35-65% cell edge gains and 30-57% median throughput gains) when compared to the same port layout used in a 1D antenna array of the same height.
4 Codebook subset restriction
In [3], we presented results that showed the performance of the parameterized 2D codebook [2] with the application of codebook subset restriction.  These results highlight the importance of controlling how the interference is transmitted.  The 2D antenna arrays using adaptive beams in elevation may, if used incorrectly, create a hostile interference environment to adjacent cells.  In order to have this interference under control, the UEs should not report PMI for beams that should be avoided in the transmission.  Our results in [3] showed significant gains can be achieved by using the parameterized 2D codebook [2] with codebook subset restriction and where beams towards the horizon are avoided.
It should be noted that codebook subset restriction is specified in the current standards [4] and the currently specified codebook subset restriction utilizes a bitmap where each bit is associated with a precoder.   However, this bitmap approach may be difficult to extend to the 2D codebook since it will require an even larger, possibly two-dimensional bitmap leading to very high RRC signaling overheads.  Therefore, to reap the performance benefits of the parameterized 2D codebook with subset restriction, enhancements to codebook subset restriction needs to be considered.  For instance, it may not be necessary that all possible codewords over all ranks corresponding to some beams be able to be independently (as is done in Rel-12); it is sufficient to be able to perform subset restriction of the beams that impact the performance the most.  This will lead to more efficient subset restriction higher layer signaling.
While reduced RRC signaling overhead for FD-MIMO codebook subset restriction is desirable, this does not mean that codebook subset restriction itself should be a tool to reduce signaling overhead.  LTE codebook subset restriction since Rel-8 has targeted enhanced performance for the given antenna configuration used by an eNB.  Other mechanisms, such as codebook subsampling or configuring the UE for a smaller codebook are used to reduce CSI feedback overhead.  Removing enough codewords from a codebook to significantly reduce CSI overhead essentially produces a new codebook, rather than optimizing that codebook for a given deployment scenario.
Observations:

· LTE codebook subset restriction targets improved performance rather than CSI feedback overhead.

· CSI feedback overhead can be reduced through codebook configuration or codebook subsampling

Proposal:

· FD-MIMO codebook subset restriction design should take RRC signaling overhead into account

· Subset restriction should maintain Rel-8 principles, targeting performance, not lower CSI overhead

5 Conclusion
This paper has considered design targets for FD-MIMO codebooks, identifying the (many) port layouts to support, the benefits of a new codebook for 8 ports with a 2x2 port layouts, as well as the gains from having up to 8 copolarized ports per dimension.  The gains of the 1D vertical port layouts are also highlighted.  Issues with approaches to reuse all or part of Rel-12 codebooks were also considered. Our observations can be summarized:
Observations:
· Designing distinct codebooks for each of the 9 effective port layouts required for full support of 8, 12, and 16 ports is not likely to be feasible within the 3 meetings allocated to Rel-13 FD-MIMO.

· Reusing Rel-12 codebooks by Kronecker design is not likely to save design effort or have good performance:
· They require as much or more effort to design than 2D precoding directly designed for the given port layout.

· They can perform worse than a parametrized 2D precoding codebook that is matched to the given port layout 
· Reusing W1 or W2 from Rel-12 codebook(s) for FD-MIMO seems at best challenging, however reusing the design principles from W1 and W2 Rel-10/12 when designing the parameterized codebook for 2D port layouts need not be difficult.

· For example, W2 cophasing with  
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and selecting on the order of 4 beams could be considered for an FD-MIMO design.

· A 2D codebook designed to support a 2x2 dual polarized port layout outperforms the Rel-10 codebook, having higher 12-15% throughput and being able to operate at higher load.

· With 16 ports, using a 1D horizontal 1x8 dual polarized port layout can bring substantial gains over using a 2D 2x4 dual polarized port layout, having higher throughput (as much as 31% more median user throughput) and being able to operate at higher load.
· With 12 ports, using a 1D horizontal 1x6 dual polarized port layout can bring substantial gains over using a 2D 2x3 dual polarized port layout, having higher throughput (as much as 34% more median user throughput).

· With 12 ports, using a 1D vertical 6x1 dual polarized port layout in a 2D antenna array provides significant performance gains (35-65% cell edge gains and 30-57% median throughput gains) when compared to the same port layout used in a 1D antenna array of the same height.

Then given the observations above, we propose:

Proposal:

· A single 2D parameterized codebook is used for FD-MIMO with 8, 12, and 16 ports.

· The codebook should support up to 8 copolarized ports per dimension.

· FD-MIMO codebook subset restriction design should take RRC signaling overhead into account

· Subset restriction should maintain Rel-8 principles, targeting performance, not lower CSI overhead
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7 Appendix

	Simulation parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

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

	Antenna Configurations
	4x2 with 2x1 virt. to 2x2, tilt: 130° UMi, 122° UMa

2x8 with 2x1 virt. to 1x8, tilt: 130° UMi, 122° UMa

2x8 with [1 1] virt. to 2x4
2x6 with 2x1 virt. to 1x6, tilt: 130° UMi, 122° UMa

2x6 with [1 1] virt. to 2x3

6x2 with [1 1] virt. to 6x1

	Cell layout
	1 vertical sector per azimuthal sector (baseline), 57 azimuthal sectors in total

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	 mode 3-2

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi), 46 dBm (UMa) 

	Traffic model
	FTP Model 1, 500 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

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

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  

Channel estimation error modeled.

	Codebook
	2D Grid of Beams based on DFT, or Rel-10 8 port codebook

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB
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