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1. Introduction

In RAN1 #61 meeting, the release-10 feedback issues were discussed regarding feedback codebook design and UE reporting procedures. As an outcome, a way forward proposal [1] related to 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)

Since details of codebook design might take a long period to evaluate candidates from a lot of companies and select down an exact set, it is definitely needed to have a progress on the details of the codebook structure to narrow down the design scope for the interested companies to focus on searching exact codebook set based on the agreed structure. Therefore, in this contribution, we propose exact structure from the agreements to progress further on the 8Tx codebook issue and provide system level simulation result.
______________________________________________________________________________

2. Feedback codebook structures
· Adaptive codebook structure

Adaptive codebook structure is formed as
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where, inner matrix W1 is targeting wideband/long-term channel properties and outer matrix W2 is targeting subband/short-term channel properties. Inner matrix W1 is an Nt x Nt covariance matrix and outer matrix W2 is a tall Nt x R unitary precoding matrix.
For the adaptive codebook, it is assumed that UE measures long-term channel statistics by averaging over wideband and quantize the covariance matrix. Since more accurate channel knowledge can be obtained from covariance matrix, performance enhancement of MU-MIMO transmission can be expected. However, in spite of matrix quantization, the amount of feedback information is too large to convey on PUCCH. 
· Differential codebook structure
In [2], a kind of differential codebook is proposed. The proposed precoder is formed as
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where, outer matrix W1 is targeting wideband/long-term channel properties and inner matrix W2 is targeting subband/short-term channel properties. Outer matrix W1 is a tall Nt x R unitary precoding matrix. Also, W1 for 4Tx can have a relationship with a practical wideband PMI. Inner matrix W2 is a square unitary Nt x Nt diagonal matrix. This can provide to increase the feedback accuracy. And there is an advantage that phase diagonal matrix refines a base codebook in frequency / time domain. For reusing PUCCH feedback framework, identity matrix can be introduced as W2 in order to reduce a feedback overhead. In this case, differential codebook can be equivalent with single codebook.
· Grid of beam structure
In [3], a so-called grid of beam (GoB) structure was proposed. The proposed precoder is formed as
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where, inner matrix W1 is targeting wideband/long-term channel properties and outer matrix W2 is targeting subband/short-term channel properties. Inner matrix W1 is an NT × 2 matrix. In block diagonal marix W1, 
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 is an NT/2 × 1 vector corresponding to a beamforming vector. Outer matrix W2 is a 2 × r matrix (
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), which tries to adjusts the relative phase shift between polarizations in rank-1 and provide orthogonalization of the effective channel in rank-2. By the GoB codebook design, both the closely spaced cross-pol and the co-polarized uniform linear array (ULA) can be efficiently supported.

In [4], GoB family structure was proposed. The proposed precoder is also formed as W= W1W2. However, in block diagonal matrix W1, 
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 is an NT /2 × NT /2 matrix corresponding to a beamforming vector. Also W2 is a combination of phase shift element and column selection vector in order to perform column vector selection or group selection within a given W1 matrix. Therefore, it is expected for this design to performance well in uncorrelated spatial channel.
______________________________________________________________________________

3. Proposal of feedback codebook for up to Rank-2
· Feedback codebook structure

In accordance with agreement, the precoder W can be expressed as a matrix multiplication of the two matrices. 

	
[image: image8.wmf]12

=

WWW


	(1)


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, this 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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. 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 exact 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 large spatial correlation, in order to enjoy the array gain, DFT based precoder vectors seems appropriate for W1 and W2.

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 as follow: 
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In equation (2), relative phase 
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 in order to generate N-Tx DFT vector when 
[image: image19.wmf]1

W

%

 and 
[image: image20.wmf]1

a

W

%

vectors are combined. In highly correlated channel (e.g. co-polarized antenna configuration with 0.5 λ), this relative phase can provide performance benefit.
Proposal: In a matrix
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 is multiplied to lower vector
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To provide finer granularity of codebook, oversampled DFT based precoder vector can be considered as follow:
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In equation (3), ‘a’ means oversampling factor. According to increasing the oversampling factor ‘a’, DFT based precoder vector with finer granularity can be generated. 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.
______________________________________________________________________________

4. Performance Evaluation
In this section, we evaluate system level performance of the proposed codebooks for both 4Tx and 8Tx. Details of the simulation assumptions are listed in the Table 1 in the Annex. 
For 4Tx simulation, we compare the performance of four types of codebooks as shown in the table 1. For adaptive codebook, quantized covariance matrix with 28-bits is employed. Also, for differential codebook, phase diagonal matrix with 2-bits is assumed. For GoB codebook, proposed codebook is used. 

The following table 2 shows the required feedback overhead for each codebook according to the feedback configuration. As shown in table 2, multi-granular precoding structures have a benefit to reduce precoder feedback overhead in sub-band feedback case. Also, we can see that GoB codebook has very little feedback overhead. In wideband precoder feedback case, feedback overhead of multi-granular precoding structure slightly increases. However, this overhead is very similar compared with that of single codebook.
Table 2. Precoder feedback overhead comparison
	
	W1 (WB)
	W2 (SB)
	Total

overhead

(5 ms)
	W1 (WB)
	W2 (WB)
	Total overhead

(5ms)

	Release-8 HH CB
	-
	4 x 9
	36
	-
	4
	4

	Adaptive CB
	28
	4 x 9
	37.2

(1.2 + 4  x 9)
	28
	4
	5.2

	Differential CB
	4
	2 x 9
	22
	4
	2
	6

	Modified GoB CB
	4
	2 x 9

1 x 9
	22 (Rank-1)

13 (Rank-2)
	4
	2

1
	6 (Rank-1)

5 (Rank-2)


Observation: Differential codebook and GoB codebook provide a benefit of feedback overhead reduction.
· 4Tx antenna with perfect calibration
In table 3, we can see the performance of MU-MIMO under cross-polarized antenna and co-polarized antenna configuration with perfectly calibrated antenna. 
Table 3. 4x2 antenna configuration (MU-MIMO, Perfect calibrated antenna)
	Feedback codebook
	Cross-polarized (0.5 λ)

Antenna
	Co-polarized (0.5 λ)
Antenna

	
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)

	Release-8 HH CB
	1.96 (0.00%)
	0.00708
	2.36 (0.00%)
	0.112

	Adaptive CB
	2.04 (4.00%)
	0.0733
	2.58 (9.32%)
	0.120

	Differential CB
	2.02 (3.00%)
	0.0726
	2.57 (9.00%)
	0.118

	Modified GoB CB
	2.04 (4.00%)
	0.0736
	2.55 (8.05%)
	0.113

	Modified GoB CB (Fixed W2)
	1.93 (-1.50%)
	0.0693
	2.54 (7.62%)
	0.110


As seen in the table 3, the multi-granular codebooks provide 4~9% performance gain compared with single codebook and the performance becomes more significant in  co-polarized antenna configuration. The performance difference between multi-granular codebooks seems to be marginal since the precoding gain is saturated as the finer beam granularity is used. To see the performance impact with limited feedback overhead (e.g., PUCCH feedback),, the subset of W1/ W2 is used to ensure a total payload size of at most 11bits to keep the same PUCCH coverage as in Rel-8. In order to verify the performance of this situation, we assume that fixed W2 codebook is used for multi-granular codebooks. In modified GoB codebook case, 4Tx DFT vectors are generated by combination of W1 matrix and 1st vector of W2 codebook. Also, if identity matrix is used as phase diagonal matrix for differential codebook, this codebook is equivalent with single codebook. As shown in table 3, modified GoB codebook with fixed W2 codebook provide 7.6% performance gain under co-polarized antenna configuration compared to release-8 HH codebook since the larger set of oversampled DFT vectors can give additional gain for MU-MIMO paring under ULA antenna configuration as compared with release-8 HH codebook. However, under cross-polarized antenna configuration, it is shown that modified GoB codebook experiences slight performance degradation.
Observation: Multi-granular codebook provides 4~6% performance gain against single codebook and the modified GoB codebook keeps the performance gain under ULA antenna configuration even with limited feedback.
· 4Tx antenna with timing and/or phase misalignment
In RAN1 #61bis meeting, evaluation assumption to take antenna calibration/un-calibration into account was proposed as follows [5]: 
· Timing misalignment: 
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· i :  antenna index; 0 ≤i≤Ntx-1; All calibration errors are relative to perfect time reference

· N: Normal distribution, independent across antenna ports and simulation drops

· Phase misalignment:  
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· U: Uniform distribution, independent across antenna ports and simulation drops
When it comes to sampling time (Ts = 1 ms/30720 x (1024/2048) = 65.104 ns) as defined in [6], RMS of timing misalignment is converted into 0.368 time sample. Since these small delay values for each transmit antenna produces frequency fluctuation, precoder with wideband granularity will experience performance degradation. 
Another possible misalignment is random phase offset on each transmit antenna port. Due to the random phase offset, the spatial correlation can be de-correlated so that the precoding gain can be reduced.

In table 4 and 5, we can see the effect of timing and/or phase misalignment in MU-MIMO case.
Table 4. 4x2 antenna configuration (MU-MIMO, Timing misalignment)
	Feedback codebook
	Cross-polarized (0.5 λ)

Antenna
	Co-polarized (0.5 λ)
Antenna
	Cross-polarized (4 λ)

Antenna

	
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)

	Adaptive CB
	2.01 (0.00%)
	0.0728
	2.43 (0.00%)
	0.106
	1.86 (0.00%)
	0.0634

	Differential CB
	1.97 (-2.02%)
	0.0724
	2.43 (0.00%)
	0.100
	1.83 (-1.64%)
	0.0585

	Modified GoB CB
	2.01 (0.00%)
	0.0738
	2.39 (-1.74%)
	0.0963
	1.84 (-1.09%)
	0.0635


The table 4 shows that all codebooks experience performance degradation. In addition, it can be observed that the performance difference of the codebooks is marginal although the adaptive codebook shows slightly better performance regardless of the antenna configuration

Table 5. 4x2 antenna configuration (MU-MIMO, Timing and phase misalignment)
	Feedback codebook
	Cross-polarized (0.5 λ)

Antenna
	Co-polarized
Antenna
	Cross-polarized (4 λ)

Antenna

	
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)

	Adaptive CB
	1.95 (0.00%)
	0.0764
	2.40 (0.00%)
	0.100
	1.89 (0.00%)
	0.0689

	Differential CB
	1.83 (-6.44%)
	0.0673
	2.22 (-7.50%)
	0.0862
	1.84 (-2.65%)
	0.0646

	Modified GoB CB
	1.86 (-4.69%)
	0.0667
	2.21 (-7.92%)
	0.0857
	1.87 (-1.06%)
	0.0641


In table 5, we can see that adaptive codebook has 1~8% performance again compared with differential codebook and modified GoB codebook. Especially, under correlated antenna configuration, adaptive codebook provides about 8% gain due to its robustness of the phase misalignment. On the other hands, under uncorrelated antenna configuration, all codebooks show similar performance.
Observation: In timing misalignment case, we can see that all codebook structure show very similar performance. On the other hands, in timing and phase misalignment case, adaptive codebook shows relatively robust performance against random phase offset of each transmit antenna. However, it is believed that the phase misalignment should be adjusted appropriately as far as an eNB is designed to obtain beamforming gain. Therefore, the performance results in table 4 seem to be more typical case we need to consider for the codebook evaluation.
· 8Tx antenna with perfect calibration
In table 6, we can see the performance of differential codebook and modified GoB codebook under 8Tx antenna configuration. For differential codebook, we assume proposal 2 and example 2 as shown in [2]. From the proposal 2, 8Tx DFT matrix with 16 elements is generated. Also, according to example 2, identity matrix with phase shift in lower part is obtained for phase diagonal matrix. For modified GoB codebook, we assume 8Tx DFT matrix with 16 elements for 
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. In 8Tx DFT, upper part is used for 
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  and lower part for 
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. And release-8 2Tx codebook is adopted as W2.

Table 6. 8x2 antenna configuration (MU-MIMO, Perfect calibrated antenna)
	Feedback codebook
	Cross-polarized (0.5 λ)

Antenna
	Co-polarized (0.5 λ)
Antenna

	
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)

	Differential CB
	1.40 (0.00%)
	0.0514
	1.75 (0.00%)
	0.0704

	Modified GoB CB
	1.40 (0.00%)
	0.0510
	1.74 (-0.57%)
	0.0718


In table 6, it is shown that differential codebook and modified codebook have very similar performance because assumed W1 and W2 matrix make that differential codebook and modified GoB codebook is equivalent.
Observation: To verify a performance of proposed codebook structures, perfect calibrated antenna is assumed. From the simulation result, we can see when W1 is constructed from same base precoder and W2 is generated as equivalent form according to codebook structure, both differential codebook and modified GoB codebook show same performance.
______________________________________________________________________________

5. Conclusions

In this contribution, we discussed on feedback codebook design issues based on the agreements made in RAN1 #61 meeting and evaluate candidate codebook structures with system level simulation. From the discussions and simulation result, we may conclude as follows:
· In perfect calibrated antenna and timing misalignment case, multi-granular codebooks show similar performance. 
· When considering feedback overhead and reusability of release-8 feedback framework in addition to our observation for codebook performance results, we prefer GoB structure as a new Rel-10 LTE-A codebook structure.

______________________________________________________________________________
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Annex
Table 1. System level simulation assumptions

	Parameter
	Assumption

	Number of cells 
	57

	Deployment model
	Hex grid, 3 sector sites

	Inter site distance
	200 m

	Average number of UEs per cell
	10

	Traffic model
	Full buffer

	UE speeds of interest
	3 km/h

	Bandwidth
	10 MHz

	Carrier frequency
	2.5 GHz

	Control OFDM symbols per RB pair
	3

	Max number of HARQ retransmissions
	5

	Channel model
	ITU Urban Micro

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

	Transmit power
	40 W

	BS antenna configuration
	Two closely spaced ±45° cross-poles with 0.5 λ separation

	
	ULA with 0.5 λ separation and vertical polarization

	
	Two closely spaced ±45° cross-poles with 4 λ separation

	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

	Frequency granularity for CQI reporting
	6 RBs

	Feedback delay
	5 ms

	CQI reporting periodicity / frequency granularity
	5 ms / Subband

	Covariance matrix / frequency granularity
	100 ms / Wideband

	PMI reporting periodicity / frequency granularity
	W1
	5 ms / Wideband

	PMI reporting periodicity / frequency granularity
	  W2
	5 ms  / Subband

	RI reporting periodicity
	20 ms

	Feedback codebook for 4Tx transmission
	Single CB
	Release-8 HH

	
	Adaptive CB
	Quantized Covariance matrix + Release-8 HH

	
	Differential CB
	Phase diagonal matrix + Release-8 HH [2]

	
	Modified GoB CB
	Down scaled and modified from GoB codebook

	Feedback codebook for 8Tx transmission
	Differential CB
	Phase diagonal matrix + 8Tx DFT vector / matrix [2]

	
	Modified GoB CB
	Modified from GoB codebook 

	Transmission mode
	  MU-MIMO
	Rank-1 per UE, Max 4-Layer pairing
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