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Introduction
In RAN1#81, the study of performance and feasibility of elevation beamforming and full-dimensional (FD) MIMO [1] was completed.  It has been concluded that [2]  
· Non-precoded, beamformed and hybrid CSI-RS based schemes demonstrate significant throughput gain in realistic non-full buffer traffic models over the best baseline using implementation based enhancements in many scenarios
· The best choice between these schemes may depend on factors including the number of TXRUs
· Non-codebook based CSI reporting is beneficial for EB/FD-MIMO compared to the best baseline using implementation based enhancements.
· SRS enhancement is beneficial for EB/FD-MIMO compared to the best baseline using implementation based enhancements.
· From the performance perspective, DMRS enhancements are beneficial for EB/FD-MIMO.
As a follow-up, a new work item [3] has been approved in RAN 68 for Release 13.  The work item aims to specify the enhancements identified for utilizing both elevation and azimuth domains with 2D antenna array with cross-poles at eNBs.  The detailed objectives include
· 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. 
· Necessary channel state information for beamformed CSI-RS
· Extension of Rel-12 CSI reporting mechanism for both periodic and aperiodic CSI reports
In this contribution, we discuss codebook design for 2D antenna arrays for support of 8 CSI-RS ports. 
Discussion
Potential of Reuse Rel-10 8TX Codebook
As the codebook for 8 CSI-RS ports has already been specified in Rel-10 [4], one may reuse current 8-TX codebook with 2D antenna arrays for support of 8 CSI-RS ports.  However, the Rel-10 8-TX codebook is targeting on 1D antenna array, CSI feedback with such codebook for 2D antenna array may not be able to provide sufficient quality.    
The current 8-TX codebook is essentially a DFT-based codebook.  Each column of a -layer precoding matrix has following structure

where , , is a 4-element DFT vector with an oversampling factor (OVSF) of 8; , , is the co-phasing factor between two cross-polarized sub-arrays.  Note that the 4-element DFT vector can be written as Kronecker product of two 2-element DFT vectors:

where  is a 2-element DFT vector with an OVSF of 8;  is a 2-element DFT vector with an OVSF  of 16.  It is well known that the Kronecker product of two DFT vector provides a good approximation of the steering vector of a 2D antenna array.  As shown in Figure 1(a),  and  can be served as quantized vertical and horizontal steering vectors, respectively, or vise-versus, depending on the order of antenna port labeling.  Different labeling orders result in different beamforming granularity in vertical and in horizontal.  
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(a) Row-major labeling 
( for vertical and  for horizontal)
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(b) Column-major labeling
( for horizontal and  for vertical)


Figure 1: Antenna port labeling order.
It is worth noting that not every pairwise combination of these two 2-element DFT vectors are allowed within current 8-TX codebook.  In Figure 2, we show the grid of beams generated by all pairwise combination of  and , assuming the antenna ports are labeled in the row-major order.  The beams allowed by current 8-TX codebook, i.e.,, , are indicated by blue boxes.  The number in the blue box is the beam index m associated with that beam.
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Figure 2: DFT beams defined in Rel-10 8-TX codebook is equivalent to subsampling of a 2D grid of beams when it is applied to a 2D antenna array with 8 CSI-RS ports.  The antenna port is assumed to be labeled in a row-major order.  The vector vm is illustrated by the box with label m. 
It shows that the 32 oversampled DFT beams defined in current 8-TX codebook are essentially a pretty sparse subsampling of the 512 beams generated by pairwise combination of 8 times oversampled 2-element DFT vectors and 16 times oversampled 2-element DFT vectors.  At first glance, it seems that current 8-TX codebook cannot provide sufficient beamforming resolution due to its sparse subsampling nature.  But such “diagonal” subsampling may results very good tradeoff between codebook size and the beamforming granularity in both vertical and horizontal.  
New Codebook for 8-TX
Design a new 8-TX codebook for 2D antenna array is another option.  Several codebook/feedback structure have been discussed in the study item [2].  Kronecker product (KP) type codebook is one promising design.  In the KP type codebook, the precoding matrix  is extended from Rel.10/12 to support 2-D array, where  can be described as follows: 
.
Here  denotes KP and the two sub-matrices represent two polarization groups. The columns of , , , or  are taken from a DFT matrix. The precoding matrix or vector  corresponds to a quantized co-phasing between two polarization groups in  and may also include column selection from , can follow one the following alternative designs:
-	The precoding matrix or vector  performs linear transformation to  per polarization, which may include beam selection, weighted linear combination of beams. 
-	The precoding matrix or vector  performs distinct selection of beams per layer and/or per polarization, and quantized co-phasing between two polarization groups.
Note that when  is a vector and , the KP type codebook reduces to a special case that 

It implies a wideband vertical beamforming structure.  With such structure, we can reuse existing 4-TX codebook for horizontal PMI feedback and just need to define a new vertical codebook with DFT vectors.  The feedback overhead will be increased by a few bits, depending on the OVSF for vertical codebook.  For example, if an OVSF of 4 is assumed, then it needs 3 more bits in wideband PMI reporting in addition to 4-TX wideband PMI reporting.
Simulation Results
To evaluate the performance of various 8-TX codebooks design options, system-level simulations are performed.  The performance of SU-MIMO with 2RX and 4RX is evaluated in 3D-UMi with full buffer traffic.  Two codebook options are evaluated.  
· Option-1: Reuse Rel-10 8-TX codebook assuming a row-major antenna port labeling
· Option-2: Reuse Rel-12 4-TX codebook for horizontal PMI feedback and use a DFT vector with OVSF of 4 for wideband vertical PMI feedback
Rank adaptation is assumed.  For 2RX, a UE can be scheduled with up to 2 layers.  For 4 RX, up to rank-4 transmission is allowed.  The Simulation results are summarized in Tables 1 and 2.
Table 1: Performance comparison with 2RX in 3D-UMi
	Codebook
	Cell-edge user SE gain
	Cell average SE gain

	R10, row-major
	100.0%
	100.0%

	R12 + 4xDFT
	103.8%
	103.0%


Table 2: Performance comparison with 4RX in 3D-UMi
	Codebook
	Cell-edge user SE gain
	Cell average SE gain

	R10, row-major
	100.0%
	100%

	R12 + 4xDFT
	105.0%
	99.4%


[bookmark: _Ref378529477]The simulation results shows that with 3 more bits in vertical feedback, the performance gain with the new codebook design is less than 5%.  For 4RX UE, cell average SE may even slightly degrade.
Conclusions
In summary, we discuss codebook design options for 2D antenna array with 8 CSI-RS ports.  Based on the system performance evaluation, no significant gain can be obtained by introducing a wideband vertical feedback on top of existing 4-TX codebook.  We propose
Proposal 1: Reuse the 8-TX codebook in Rel-10 as the codebook for 2D antenna arrays for support of 8 CSI-RS ports. 
Proposal 2: Necessity of CSI feedback signaling enhancement for 2D 8 CSI-RS ports needs further study, especially for the codebook subsampling in related PUCCH modes.
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