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1 Introduction 
Recent LTE-A discussions about downlink MIMO enhancement have outlined two categories of feedback: explicit feedback and implicit feedback [1-2]. 

Implicit feedback, e.g. Rel 8 PMI based, has the advantage of good backward compatibility as well as minimizing the impact on the Rel 10 specifications. It can be enhanced further by taking into account, for example best/worst companion PMI [3] for MU-MIMO and/or DL CoMP. However, on the other hand, implicit feedback leads to suboptimal precoding at eNB moreover, reusing Rel-8 codebooks designed mainly for SU-MIMO for Rel 10 MU-MIMO inevitably prevents MU-MIMO from achieving the throughput predicted by the MU-MIMO theory, due to the CSI feedback error.
In order to enhance Rel-8 PMI based implicit feedback for MU-MIMO, semi-static downloading of new codebooks should be considered to enable the codebook to be adapted to specific antenna configurations and deployment scenarios [4, 5]. Meanwhile, explicit feedback should be also supported for further performance gain. In this contribution, we will show that as an example of explicit feedback, spatial correlation matrix feedback can help MU-MIMO to achieve attractive gain over implicit feedback. Such explicit feedback can also help improve the performance of SU-MIMO.
2 MU-MIMO
In this part, we investigate a spatial correlation matrix feedback mechanism, whereby a Tx spatial correlation matrix observed by each UE is fed back (long-term) in addition to the (short-term) PMI-based feedback according to the configured codebook which is transformed by the corrleation matrix. Then the eNB reconstructs the channel matrix based on this feedback in order to determine the suitable MU-MIMO precoding. The spatial correlation feedback contains spatial information specific to each UE and can improve the accuracy of channel feedback compared to a fixed codebook. Detailed steps in a spatial correlation aided explicit feedback are as follows.
1.  UE measures channel and derives correlation matrix. 

2.  UE feeds back correlation matrix. 

3.  UE and eNB both transform the configured codebook according to the correlation matrix. 

4.  UE feeds back PMI in the form of an index to a codeword in the transformed codebook. 

5.  Every time the UE calculates and feeds back a new correlation matrix, both UE and eNB update the transformation of the codebook.

2.1 Estimation of the spatial correlation information
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We consider a K- user multi-user scenario. Let 
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denote the channel matrix between the i-th UE and the eNB. The spatial correlation matrix for the the i-th UE at the j-th frame can be estimated as following. 
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 is the total number of subcarriers averaged in the calculation of Tx correlation matrix. When 
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, the long- term average of the transmit correlation matrix converges to its statistical mean. 

2.2 Quantization and feedback 

The Tx spatial correlation matrix needs to be fed back so that the eNB can derive the codebook used by the UE. In our previous contribution [6], we used a scalar quantization method, e.g. in case of four transmit antennas the overhead for the feedback of spatial correlation matrix is 28bits. In order to keep the overhead at a lower level, here we consider another approach to quantize eigenvectors and eigenvalues of the transmit spatial correlation where the eNB can reconstruct the transmit correlation matrix based on the feedback information.
In this approach, the eigenvectors corresponding to the different eigenvalues take different importance levels. In other words, the principle eigenvector and eigenvalue will be allocated more bits than other eigenvectors and eigenvalues. In the following simulations, 6-bit and 4-bit quantisation are used for the principal eigenvector and second principal eigenvector respectively, and additional 3-bit quantization for the ratio of the second principal eigenvalue to the principal eigenvalue. Thus, in total 13 bits are used to feed back the transmit correlation information.
It should be noted that further performance improvement may be achievable if feedback compression techniques are applied.

2.3 Operations at eNB 

After obtaining the Tx spatial correlation matrix from all UEs, the eNB reconstructs the channel of each UE. Consequent precoding and scheduling operations for UE i will be performed based on the reconstructed channels. The choice of precoding algorithm and scheduling strategy are implementation specific. In our simulation we use zero forcing precoding [7] and greedy user selection.

2.4 Simulation results

The system simulations are performed over a 19 site / 57 pentagon shaped cells. Simulation parameters and modeling assumptions are provided in Appendix A. In our simulation, we compare two explicit feedback approaches, one based on the LTE Rel-8 codebook, and the other based on spatial correlation feedback aided LTE Rel-8 codebook. 
· Performance gain of spatial correlation based explicit feedback under different quantization scheme
	Channel model
	Codebook
	Tx Correlation feedback period
	Relative cell average SE
	Relative cell-edge SE

	Umi
	LTE Rel-8
	n/a
	100%
	100%

	
	Spatial correlation aided LTE codebook -28 bits scalar quantization
	20ms
	120%
	103%

	
	Spatial correlation aided LTE codebook -13 bits vector quantization
	20ms
	121%
	103%

	Uma
	LTE Rel-8
	n/a
	100%
	100%

	
	Spatial correlation aided LTE codebook (28 bits scalar quantization)
	20ms
	109%
	100%

	
	Spatial correlation aided LTE codebook (13 bits eigenvector/eigenvalue quantization)
	20ms
	111%
	100%


Simulation results show: 
· Spatial correlation based explicit feedback brings significant performance gain of 20% for Rel8 codebook based explicit feedback in UMi channel model and 11% for UMa channel model. We would expect more gain from spatial correlation feedback if compared to LTE Rel8 implicit feedback based MU-MIMO.
· Realistic quantization approaches, e.g. eigenvector and eigenvalue quantization method, significantly reduce the overhead compared with the scalar quantization method. Such a feedback overhead can be reduced further by feeding it back with a longer period, e.g. 100ms, with marginal performance loss.
· Impact of correlation feedback period on the performance of spatial correlation based explicit feedback
	Channel model
	Codebook
	Tx Correlation feedback period
	Cell average SE 
	Cell-edge SE 

	Umi

	LTE Rel-8
	n/a
	100%
	100%

	
	Spatial correlation aided LTE codebook
	5ms
	120%
	103%

	
	Spatial correlation aided LTE codebook
	20ms
	120%
	103%

	
	Spatial correlation aided LTE codebook
	100ms
	118%
	101%


Simulation results show: 
· Performance of the spatial correlation aided explicit feedback scheme is not sensitive to the feedback period of the Tx correlation matrix in these environments. The cell average spectral efficiency varies slightly for 5ms, 20ms, and 100ms feedback period. In order to keep the extra overhead at a low level, a longer feedback period, i.e. 100ms could therefore be used in practice.
· Overhead analysis on the spatial correlation based explicit feedback using 13 bits vector quantization
	Channel model
	Codebook
	Tx correlation feedback period
	Overhead 
	Cell average SE
	Cell-edge SE

	Umi
	LTE Rel-8
	n/a
	100%
	100%
	100%

	
	Spatial correlation aided LTE codebook
	20 ms
	108%
	121%
	103%


Simulation results show:
· Considering a 13 bits vector quantization method and 20ms Tx correlation matrix feedback period, there is only a 8% extra overhead on top of the scheme where Tx correlation matrix is not used, whereas a significant gain of 21% is obtained.
3 SU-MIMO
We also consider the case when the correlation matrix is used to adapt the codebook for a multi-stream SU-MIMO case. 
Using explicit feedback with adaptable codebooks is tested in SVD SU-MIMO systems supporting single stream or multiple streams per user. We consider four antennas at the eNB and two-to-four antennas at the UE. The base codebook is the LTE Rel8 codebook of size 16. The simulations are based on the ITU channel models. One example of the codebook adaptation is given in Appendix B. Link-level simulation assumptions can be seen in Appendix C. 
Below is the table of our simulation results, giving the SNR’s when the BLER is 0.1. 

	
	Adaptable CB, 
explicit feedback
	Adaptable CB, 
implicit feedback
	Fixed CB, 
explicit feedback
	Fixed CB, 
implicit feedback

	Rank 1, UMi, 0.5 wl
	-3.2 dB
	-3.2 dB
	-2.4 dB
	-2.4 dB

	Rank 1, UMi, 4 wl
	-3.4 dB
	-3.4 dB
	-3 dB
	-3 dB

	Rank 2, UMi, 0.5 wl
	5.4 dB
	12 dB
	6.2 dB
	6.2 dB

	Rank 2, UMa, 0.5wl
	5.5 dB
	11 dB
	6.4 dB
	6.4 dB

	Rank 2, UMi, 4 wl
	4 dB
	6.8 dB
	4.5 dB
	4.6 dB

	Rank 2, UMi, 4 wl
	4.4 dB
	7.8 dB
	5.2 dB
	5.3 dB

	Rank 3, UMi, 0.5 wl
	8.5 dB
	High
	10 dB
	10 dB

	Rank 3, UMa, 0.5wl
	8.8 dB
	High
	10.3 dB
	10.3 dB

	Rank 4, UMi, 0.5 wl
	13.5 dB
	High
	14.2 dB
	14 dB

	Rank 4, UMa, 0.5wl
	14 dB
	High
	14.5 dB
	14.4 dB


Note: Regardless that the correlation matrix feedback is a sort of explicit feedback, in the above table, the explicit feedback refers to that the index of an approximate effective channel is fed back to the eNB while the implicit feedback refers to that the index of a precoder is fed back to the eNB. 
From the above link-level simulation results, we can see that using explicit feedback with the LTE Rel8 codebook as the base codebook for correlation adaptation can achieve significant performance gains for the SVD SU-MIMO systems supporting single stream or multiple streams per user. The BLER curves can be seen in Appendix D.
4 Conclusion
In this contribution, we considered explicit feedback as an enhancement to LTE Rel-8 implicit feedback. 
Simulation results show that spatial correlation matrix based explicit feedback brings attractive performance gain over Rel-8 implicit feedback based MU-MIMO, with only a small amount of extra overhead. 
Some additional link-level simulation results show that such explicit feedback can also help Rel-8 SU-MIMO. 
Therefore, we suggest that an explicit feedback mode is adopted in LTE-A in addition to implicit feedback. 
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6  Appendix 
Appendix A: System-level simulation assumptions
	Parameter
	Value

	Channel Model
	ITU Urban Micro and Urban Macro 

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda (Configuration C)

2-Rx UE: ULA, 0.5 lambda

	Duplex method 
	FDD

	Scheduler
	Proportional fair and frequency selective scheduling;

Scheduling granularity of one subframe

	Link adaptation
	Non-ideal CQI (i.e. feedback CQI is quantized according to MCS levels)


	Channel estimation
	Ideal channel estimation 

	Feedback Impairments
	CQI/PMI reporting period: 5ms 

Tx correlation correlation reporting period: 5/20/100 ms 

CQI/PMI feedback: subband (5 RB) 
Tx correlation correlation feedback: wideband 

Delay: 6ms 

	Downlink precoding scheme 
	Zero forcing 

	Rate Metric
	Constrained capacity based on the QPSK,16QAM,64QAM constellations

	Downlink HARQ
	Synchronous HARQ, CC, maximum four transmissions

	Control channel and reference signal overhead:
	Fixed 0.306326 (As agreed in ITU evaluation)

	Codebook 
	Rel -8 4 bits codebook for 4Tx 


Appendix B: An example applying explicit feedback to improve multi-rank correlation-adaptable codebook
In the single-user single-stream case, using a feedback codebook with conjugate pairs such as the LTE Rel-8 feedback codebook, the performance of a beamforming system with explicit feedback is equivalent to that with implicit feedback. Moreover, with [8], it can be derived that using a single-rank feedback codebook for single-user beamforming precoding, whichever the receiver is, ML selection criterion (ML-SC), minimum singular value selection criterion (MSV-SC), mean squared error selection criterion (MSE-SC) and capacity selection criterion (Capacity-SC) are in fact equivalent.

In this section, we describe an explicit feedback method with an adaptable codebook supporting single stream or multiple streams per user. This solution can be employed in closed-loop SU-MIMO systems as well as in closed-loop MU-MIMO systems. 
Design principle: 

At both UE and eNB: 

A base codebook can be regarded as a set of approximate effective channel options of single rank or multiple ranks for uncorrelated channels. Then, for adapting to the characteristics of the real correlated channel, the base codebook is transformed with the knowledge on spatial correlation.
Specifically at UE:

The UE uses the transformed codebook as a set of approximate effective channel options for the real channel, select an index by certain selection criterion and feeds it back to the BS. 

Specifically at eNB:

The BS uses the approximate effective channel option with the received index to do precoding for SU-MIMO or MU-MIMO. Considering the precoding approach does not need to be exactly predefined, this method is referred to as explicit feedback by the definition in the discussion for LTE-A. 
Solution:
Assume that a close-loop SU-MIMO or MU-MIMO system, with 
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 transmitter-side spatial correlation matrix 
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 is known on both eNB and UE sides. 

UE side:
Step 1: SVD on the channel matrix estimate,
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Step 2: Extract the first 
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 effective channel matrix, 
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Step 3: Transform the base codebook,
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where 
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 approximate effective channel option for the correlated channel. 
Step 4: Select the codeword. The selection criterion is，
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where 
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 denotes the conjugate transpose of the matrix 
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eNB side:

As 
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 is supposed to be known at the eNB (possibly by long-term feedback) and the base codebook is common at both the eNB and the UE, the eNB can use the approximate effective channel 
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 to do precoding for SU-MIMO or MU-MIMO., e.g., the popular SVD precoder for single-user cases and the MET precoder for multi-user cases [9]. 
Note:
In the above solution, the effective channel for codeword selection can also be
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where the 
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. This seems more reasonable because the spatial correlation matrix
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However, by our simulations, we see that using Eq.(2)

 as the effective channel in our simulations. (2)

 but costs more computational overhead. Thus, in the simulations, we use Eq.(6)

 as the effective channel cannot achieve better performance than using Eq.
Appendix C: Link-level simulation assumptions
	Parameters
	Values

	Transmission scheme
	SVD SU-MIMO supporting one stream, or two, three or four streams

	eNB number and antenna configuration
	1 eNB equipped with 4 transmit antennas and antenna spacing is 0.5 wavelengths or 4 wavelengths. 

	UE number and antenna configuration
	1 UE equipped with 2, 3 or 4 receive antennas and antenna spacing is 0.5 wavelengths

	Modulation
	QPSK

	Channel coding
	1/2 Turbo coding

	CSI feedback delay
	0 ms

	Tx correlation reporting delay
	0 ms

	Tx correlation calculation
	Average on 600 subcarriers

	Tx correlation matrix quantization schemes
	Ideal

	Resource for transmission
	5 LTE PRBs in frequency domain

	Channel estimation
	Ideal

	Data detection
	MMSE

	Velocity 
	3kmph or 30kmph

	Fast fading channel model
	ITU channel model with scenarios of UMi or UMa

	Large scale channel model
	NLoss

	Frames simulated
	1000

	Block size for BLER
	584 bits

	Base codebook 
	LTE Rel -8 4 bits feedback codebook for 4Tx 


Appendix D: BLER curves
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Figure 1: BLER performance for Rank 1 with the ITU-UMi model and 0.5 wl spacing at eNB
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Figure 2: BLER performance for Rank 1 with the ITU-UMi model and 4 wl spacing at eNB
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Figure 3: BLER performance for Rank 2 with the ITU-UMi model and 0.5 wl spacing at eNB
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Figure 4: BLER performance for Rank 2 with the ITU-UMa model and 0.5 wl spacing at eNB
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Figure 5: BLER performance for Rank 2 with the ITU-UMi model and 4 wl spacing at eNB
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Figure 6: BLER performance for Rank 2 with the ITU-UMa model and 4 wl spacing at eNB
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Figure 7: BLER performance for Rank 3 with the ITU-UMi model and 0.5 wl spacing at eNB
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Figure 8: BLER performance for Rank 3 with the ITU-UMa model and 0.5 wl spacing at eNB
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Figure 9: BLER performance for Rank 4 with the ITU-UMi model and 0.5 wl spacing at eNB
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Figure 10: BLER performance for Rank 4 with the ITU-UMa model and 0.5 wl spacing at eNB
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