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1. Introduction

In RAN1 #61 meeting, the feedback codebook design for the release-10 was discussed. As an additional progress, a way forward [1] for further refinements of the feedback codebook design was agreed as follows: 

· A precoder W for a subband is obtained as a matrix multiplication of the two matrices (Wk , k = 1, 2) 

· Note that two codebooks need to be designed

· Note that a kronecker structure is a special case

· Note that the matrices can have block structure (e.g. block diagonal)
· Some codebook proposals may require explicit normalization
· For 8 Tx, the precoder W can take on the form of

· For rank 1, at least 16 different beams (grid of beams) for co-polarized ULA

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain
· Example: DFT based precoder vectors

· For rank 1 and rank 2, at least 8 different beams (grid of beams) for each group of 4 co-polarized antennas in the closely spaced cross-polarized setup

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain
· Example: DFT based precoder vectors

· Additional precoders are not precluded

· At least for a (configurable) subset of the precoders W obeys the following properties

· Full PA utilization property, i.e., 
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· Orthogonal columns with same norm (unitary precoding)

Although some further progress was made in the previous meeting, it seems that current status is quite far from finalizing the feedback codebook since it is not even decided yet which matrix will take a part of long-term/wideband feedback and also for short-term/subband feedback. Therefore, in this contribution, we discuss on some further details of the feedback codebook and also evaluate the codebook according to the codebook size to investigate the appropriate number of bits for each codebook.

______________________________________________________________________________

2. Feedback codebook for Rank-1 and Rank-2
· Feedback codebook structure

From the agreements, the precoder W can be expressed as a matrix multiplication of the two precoding matrices. 
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For higher order MIMO codebook design, it is desirable that good performance is achieved by one codebook structure under various antenna configurations (e.g. cross-polarized antenna with 0.5-lambda spacing and co-polarized antenna with 0.5-lambda spacing). Since block diagonal matrix is well-matched for both co-polarized antenna and closely spaced cross-polarization antenna, the long-term/wideband matrix seems to be appropriate for a matrix W1 for the optimization of precoder. W1 can be expressed as follow:
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When block diagonal matrix is adopted for W1, the matrix W2 is used to track the relative phase between cross-polarized antenna groups. Also, in co-polarization antenna setup, W2 is used to create different beams in combination with 
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 and W2. Therefore, W2 can be expressed as follow:
	For rank-1: 
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Also, for the rank-2, similar concept can be adopted as follow:
	For rank-2: 
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Proposal: Matrix product form (
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) is employed as a codebook structure. 
Proposal: For a matrix W1, a block diagonal matrix is adopted.
· The codebook for W1 and W2
For the next step, it is needed to define the exact codebook for W1 and W2. In [2], it is agreed as a design target of eNB antenna configuration, cross-polarized antenna with 0.5-lambda spacing is first prioritized and co-polarized antenna with 0.5-lambda spacing is next. Since it can be characterized that these antenna configurations have high spatial correlation, DFT based precoder vectors seems appropriate for W1 and W2 in order to enjoy the array gain.
When a block diagonal matrix is adopted for a matrix W1, sub-codebook 
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 can be expressed as DFT based precoder vectors for 4Tx as follow: 
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From the DFT based precoder vectors for 4Tx, 4-elements of vector can be achieved. However, since 8Tx antenna configuration requires finer granularity of codebook than 4Tx antenna, 4-elements may not be sufficient to satisfy 8Tx antenna configuration. Therefore, oversampled DFT based precoder vector can be considered as follow:
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In this formula, ‘a’ means oversampling factor. According to increasing the oversampling factor ‘a’, DFT based precoder vector with finer granularity can be obtained. However, since the performance which can be achieved by oversampled precoder would be saturated, it is need to find proper oversampling factor.
Proposal: Oversampled DFT based precoder vector is introduced for a matrix 
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    For the matrix W2, release-8 DL 2Tx codebooks can be adopted. Since QPSK alphabet is introduced for rank-1 and 2 codebooks, W2 for rank-1 has 4 elements and W2 for rank-2 has 2 elements as follows: 
	For rank-1: 
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	For rank-2: 
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Proposal: Release-8 DL 2Tx codebooks are adopted for a matrix W2 for rank-1 and rank-2.
______________________________________________________________________________

3. Performance Evaluation
In this section, we provide the system level simulation performance according to the size of W1 precoder (i.e. 4, 8, 16 and 32-elements for DFT based precoder vector) which is proposed in previous section. The codebook performance is investigated with both co-polarization with 0.5-lambda spacing and cross-polarization with 0.5-lambda spacing antenna configurations. Details of the simulation assumptions are listed in the Table 1.
Table 1. System level simulation assumptions

	Parameter
	Assumption

	Number of cells 
	57

	Deployment model
	Hex grid, 3 sector sites

	Inter site distance
	500 m

	Average number of UEs per cell
	10

	Traffic model
	Full buffer

	UE speeds of interest
	3 km/h

	Bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Control OFDM symbols per RB pair
	3

	Max number of HARQ retransmissions
	5

	Channel model
	ITU Urban Macro

	Pathloss model
	128,1 + 37,6 log10(R) dB, (R in km)

	Transmit power
	40 W

	BS antenna configuration
	8 Tx using two different alternatives: 

Alt 1. Four closely spaced ±45° cross-poles with 0.5 λ separation

Alt 2. ULA with 0.5 λ separation and vertical polarization

	UE antenna configuration
	2 Rx: cross-polarized 0°/90°, 0.5 λ separation

	Receiver 
	MMSE with no inter-cell interference suppression

	Scheduler
	Proportional fair in time and frequency

	Channel estimation
	Perfect channel estimation

	Outer-loop link adaptation
	Yes

	Target BLER
	10%

	Number of RBs per subband
	6 RBs

	Feedback delay
	5 ms

	CQI reporting periodicity
	5 ms (Subband)

	PMI reporting periodicity
	W1
	5 ms (Wideband)

	PMI reporting periodicity
	  W2
	5 ms   (Subband)

	RI reporting periodicity
	20 ms

	SU only
	Rank adaptation – up to Rank-2

	MU / SU
	Up to rank-2 per UE 

Max 4-Layer pairing
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	4, 8, 16 and 32-elements for DFT based precoder
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a=1 (4-elements), a=2 (8-elements), 
a=3 (16-elements) and a=4 (32-elements)
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	For rank-1: 
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For rank-2: 
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Under the co-polarized antenna configuration with 0.5-lambda spacing, SU-/MU-MIMO performance are investigated. In table 2, we can see the SU-MIMO performance. For the SU-MIMO transmission, up to rank-2 is assumed and rank adaptation is employed. From the simulation results, it is shown that average spectral efficiency and cell edge spectral efficiency is increasing according to increment of 
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 size. 
Table 2. Co-polarized antenna configuration (SU-MIMO)
	Feedback Context
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	Average Spectral Efficiency
	Cell Edge Spectral Efficiency

	2-bit DFT (4 elements)
	2.09 (0.00%)
	0.100 (0.00%)

	3-bit DFT (8 elements)
	2.15 (2.87%)
	0.104 (4.00%)

	4-bit DFT (16 elements)
	2.18 (4.31%)
	0.110 (10.00%)


In table 3, we can see the performance in the MU-MIMO case under co-polarized antenna configuration. For the MU-MIMO transmission, it is assumed that maximum 4 layers are paired. In this simulation result, it is shown that performance of MU-MIMO is dramatically increasing until 16-elements DFT codebook is used. However, the performance gain with 32-elements DFT codebook seems to be inefficient considering that the performance difference between 16 elements DFT and 32 elements DFT is only 1% approximately.
Table 3. Co-polarized antenna configuration (MU-MIMO)

	Feedback Context
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	Average Spectral Efficiency
	Cell Edge Spectral Efficiency

	2-bit DFT (4 elements)
	2.70 (0.00%)
	0.112 (0.00%)

	3-bit DFT (8 elements)
	2.96 (9.62%)
	0.130 (16.07%)

	4-bit DFT (16 elements)
	3.08 (14.07%)
	0.134 (19.64%)

	5-bit DFT (32 elements)
	3.11 (15.18%)
	0.134 (19.64%)


Under cross-polarized antenna configuration with 0.5-lambda spacing, SU-/MU-MIMO performance are investigated. In table 4, it is shown that the SU-MIMO performance under cross-polarized antenna configuration. From the simulation result, we can see that performance increment is very large between 4 and 8-elements, and the performance is increasing until 4-bit DFT is adopted.
Table 4. Cross-polarized antenna configuration (SU-MIMO)

	Feedback Context
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	Average Spectral Efficiency
	Cell Edge Spectral Efficiency

	2-bit DFT (4 elements)
	1.95 (0.00%)
	0.0695 (0.00%)

	3-bit DFT (8 elements)
	2.07 (6.15%)
	0.0766 (10.21%)

	4-bit DFT (16 elements)
	2.10 (7.69%)
	0.0776 (11.65%)


In table 5, we can see the performance of MU-MIMO under cross-polarized antenna configuration. As similar with the co-polarized antenna configuration, the performance of MU-MIMO is almost saturated with 16 elements DFT for W1.
Table 5. Cross-polarized antenna configuration (MU-MIMO)

	Feedback Context
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	Average Spectral Efficiency
	Cell Edge Spectral Efficiency

	2-bit DFT (4 elements)
	2.37 (0.00%)
	0.081 (0.00%)

	3-bit DFT (8 elements)
	2.56 (7.96%)
	0.086 (6.83%)

	4-bit DFT (16 elements)
	2.59 (9.28%)
	0.095 (18.12%)

	5-bit DFT (32 elements)
	2.62 (10.54%)
	0.095 (18.12%)


Observation: From the simulation result, it is shown that 16 elements for W1 seems to be the proper choice to enjoy the array gain of 8Tx antenna configuration.
Proposal: adopt  16-elements DFT codebook for W1.
______________________________________________________________________________

4. Conclusions

In this contribution, we discussed on feedback codebook design issues based on the agreements made in RAN1 #61 meeting and evaluate candidate codebook structure with system level simulation. From the discussions and simulation result, we may conclude as follows:
· For a matrix W1, a block diagonal matrix seems to be proper choice.
· Oversampled DFT based precoder vector needs to be used for a matrix 
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· 16-elements (4bits) DFT-based codebook is appropriate for the W1.
· Release-8 DL 2Tx codebooks can be used for 
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in rank-1 and rank-2 cases.
______________________________________________________________________________
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