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1. Introduction

Spatial covariance feedback is well known to provide significant capacity benefits in any wireless communication system. In an ideal setting without any feedback impairments, covariance feedback is sufficient to achieve the channel capacity of a MIMO wireless system. In practice, the spatial covariance function (SCF) helps in providing flexibility at the transmitter to choose any spatial precoding for its streams together with appropriate link adaptation. Despite its impressive performance advantages, this method may not be attractive since it requires vast amount of information to be fed back to the transmitter. For example, an MxM complex SCF matrix has M2 real degrees of freedom. Therefore for the transmitter to perfectly reconstruct the SCF matrix, each mobile needs to feed back M2 real elements. 

For the case of CoMP, the feedback overhead is even higher due to increase in the size of the SCF matrix (as in the case of JP) or due to the multitude of SCF matrices that need to be fed back (as in the case of CB). Therefore it is even more crucial in this case to find an efficient method for compressing the SCF matrix without degrading the spatial information content in the original matrix.

While M2 real elements are required to perfectly reconstruct an M(M complex covariance matrix, it may be possible to reduce this number in certain antenna settings. Prior work [1] provides a compression scheme that reduces the covariance information to 7 real numbers for the case of 4 transmit antennas. It is shown that there is no significant performance degradation due to compression.

 In this contribution, we provide a framework for SCF compression to up to 3 real numbers for ULA antenna configuration. The scope for covariance compression arises out of the fact that for ULA antenna configuration, the correlation terms depend mainly on the distance between the antennas rather than on the exact positions of the antennas. For the 4 Tx case, we show that just 8 bits are required to closely approach the full SCF performance.

2. SCF Compression
Let R be the empirical covariance matrix that needs to be compressed. Let D be the diagonal matrix whose diagonal elements are the same as that of R. Then the matrix R can be written as


[image: image20.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

1

1

1

1

*

1

*

2

*

3

1

*

1

*

2

2

1

*

1

3

2

1

a

a

a

a

a

a

a

a

a

a

a

a

A


where 
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Notice that there are 6 complex variables in C while D has four real variables. In the first step of compression, we approximate the matrix C as
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where a1 is the representative term for correlation between any two neighbouring antennas. Similarly a2 and a3 represent correlation between antennas that are two and three positions apart, respectively.

Following is a simple way to estimate these parameters for a given empirical covariance matrix R:
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With the above approximation, the compressed matrix can be parameterized with 10 real quantities instead of 16.  The compressed matrix can be further reduced with the following operations:

1. Replace a3 by a2a1 (resulting in 8 real parameters)
2. Replace a2 by a1a1 (resulting in 6 real parameters)
3. Replace r11, r22, r33, and r44 by their mean a0= (r11+r22+r33+r44)/4.
Combining all the above steps, the structure of the compressed covariance matrix is obtained as

[image: image15.wmf]3

/

)

(

34

23

12

1

c

c

c

a

+

+

=













(1)

This structure (a.k.a “exponential decaying assumption) can be viewed as an extension of the line-of-sight SCF (where a1 is a pure phase) to less correlated antennas, has been often used in academic work, and is a reasonable approximation to the spatial correlations that have been observed in measurements [5].
It is clear from eqn (1) that we need to feed back only a0 and a1 for the transmitter to reconstruct
[image: image5.wmf]R

ˆ

. This accounts for three real numbers. By observing the structure in eqn (1), a0 can be thought of as channel magnitude information while a1 provides the spatial direction information. 

2.1. SCF Computation:

It must be noted that the covariance matrix can capture the effect of noise covariance matrix so that the compressed covariance matrix contains all the information that is needed at the transmitter for user scheduling and MCS assignment. This can be done either through
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where 
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where numRx is the number of receive antennas. In this contribution, we use the whitened feedback as given in eqn (2).
2.2. SCF Quantization

We use 5 bits for quantizing a0 while 3 or 4 bits each for quantizing the real and imaginary parts. We use uniform quantization for the real and imaginary parts of a1 while we employ a non-uniform (logarithmic) quantizer for a0. For the PMI based scheme which is based on 4x2 Householder codebook, UE feedback consists of 5 bits for PMI (4bits PMI + 1 bit rank indicator) and 5 bits for CQI.
In the following section, we provide system simulations for SCF compression and quantization

3. Simulation Results

We consider the following schemes for comparison: 
1. PMI:  

2. Full SCF: 

3. Compressed SCF:

4. Quantized and Compressed SCF:

In Table 1, the average and cell-edge user throughput of the schemes are provided for the case of 0.5 λ antenna separation in a 4 Tx ULA configuration. In Figure 1, the distribution of UE rates are given for the above four schemes. 

	4x2 ITU UrbanMicro

MU-MIMO

0.5 λ
	Average SE

(bps/Hz/cell)
	5% user

(bps/Hz)

	PMI (4x2 Householder CB)

5 bits every 5ms
	2.71
	0.12

	SCF

(16 unquantized real numbers)
	3.54
	0.13

	Compressed SCF

(3 unquantized real numbers)
	3.37
	0.12

	Compressed and Quantized SCF

8 bits every 5ms
	3.34
	0.12

	Compressed and Quantized SCF

6 bits every 5ms
	3.25
	0.11

	Compressed and Quantized SCF

8 bits every 20ms
	3.31
	0.11


Table 1: Performance results of the schemes
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Figure 1: CDF of UE throughput corresponding to four feedback schemes

3.1. Observations

1. The performance loss due to compression is negligible. In other words, there is no modelling loss in constraining the structure of the covariance matrix to be of form in eqn (1). 

2. The loss due to quantization is negligible for 8 bits quantization of a1. Even for 6 bits quantization, there is no considerable loss.

3. Even when a1 is updated every 20 ms instead of 5ms while keeping the update rate of  a0 fixed at 5ms, the performance loss is minimal. This indicates the slow varying nature of the channel direction information.
4. The relative gain of 6-bit SCF scheme over the 5 bit codebook based scheme is about 20% for the average throughput. This indicates that the proposed compression scheme performs a better performance-overhead trade-off.
3.2. Extensions:

The compression scheme proposed in this contribution can be directly extended to any number of antennas in ULA configuration. As can be seen, the scheme works very well for correlated environment. For the case of reduced correlation and increased antenna size, the number of parameters to model the compression matrix can be increased to maintain the desired level of accuracy. The table below shows the performance results in with 4λ antenna separation in a 4Tx ULA configuration. As expected the performance degradation due to compression is higher in this case.
	4x2 ITU UrbanMicro

MU-MIMO

4λ
	Average SE

(bps/Hz/cell)
	5% user

(bps/Hz)

	PMI (4x2Householder CB)

5 bits every 5ms
	2.47
	0.95

	SCF

(16 unquantized real numbers)
	3.12
	1.14

	Compressed SCF

(6 unquantized real numbers)
	2.80
	0.93

	Compressed SCF

(3 unquantized real numbers)
	2.67
	0.82

	Compressed and Quantized SCF

20  bits every 5ms
	2.78
	0.92

	Compressed and Quantized SCF

8 bits every 5ms
	2.65
	0.82


For XPOL configuration, the covariance matrix can be split into an ULA component and an XPOL component. In this case, the methods proposed in [1] and [5] can be used and the ULA component can be further reduced with the proposed compression techniques. We will consider these extensions in a future contribution.
4. Conclusion

It is widely accepted that the SCF feedback greatly improves performance over CB based schemes for MU-MIMO and COMP, as well as provides greater flexibility at the NB. However, full SCF feedback requires a vast amount of information to be fed back to the transmitter. In this contribution, we provided an SCF compression scheme for closely-spaced ULA antennas with overhead similar to Rel 8 feedback while approaching the performance of uncompressed SCF feedback.    
5. Appendix: Simulation Assumptions

The following table lists the parameters that we used in the system simulation.

	Parameter
	Assumption

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda

2-Rx UE: ULA, 0.5 lambda

	Channel Model
	ITU Urban Micro

	Traffic Model
	Full Buffer

	Duplex method 
	FDD 10MHz

	Cellular Layout 
	Hexagonal grid, 19 cell sites, 3 sectors per site with wraparound

	Number of users 
	10 (on average)

	UE Feedback
	Whitened SCF,  SU Rank1 PMI/CQI  for CB

	Feedback Granularity
	1 SCF/CQI report for 5 PRBs

	Feedback Impairments
	Reporting period: 5 ms ;

Delay: 5 ms

	Scheduler Type
	Proportional fair

	MU-MIMO Precoder
	Zeroforcing

	MU-MIMO UE Pairing
	Approximate sum-rate for SCF

Minimum chordal distance of 1.8 for PMI

	Rank-adaptation
	1-layer beamforming per UE, 2 UEs in MU-MIMO

	Link adaptation
	For SCF feedback , MCS from approximate SNR calculated based on covariance. For PMI, MCS is based on the UE requested CQI.

	HARQ Scheme
	Chase Combining 

	Maximum number of retransmissions
	3

	OLLA
	On with Target BLER=20% and warm-up time=1s

	Inter-cell interference modelling
	4 strongest interfering cells are explicitly modelled.

	Receiver Configuration
	MMSE

	Overhead
	30.3 % (Agreed overhead assumption for performance evaluation for ITU submission (LTEA MIMO/CoMP, L=3 control symbols))
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