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1. Introduction

Codebook adaptation based on channel correlation is well known to improve CSI accuracy for efficient MU-MIMO operation [1-8]. A common codebook transformation method involves multiplying the codebook with the square-root of the covariance matrix and normalizing the codebook entries. While a covariance matrix of size N has N^2 unique real quantities, it has been shown in [4-6] that the covariance can be efficiently compressed with as little as 6 bits. In this contribution, we provide an example of a codebook for covariance quantization that can be used in both co-polarized and cross polarized antenna configurations. 
2. Codebook Design:

Our design is optimized taking into account two scenarios: copolarized and cross polarized antenna configurations with half lambda separation between the antennas.  Specifically, a part of the codebook is tailored for copolarized configuration while the rest is optimized for cross polarized configuration. The covariance matrix at the UE is calculated by averaging the instantaneous channel covariance over time and frequency as given below.
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For the copolarized configurations, the covariance matrix R can be closely approximated with a single correlation parameter 
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 with the following structure:
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For the case of cross polarized antennas, the covariance can be approximated as
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where 
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 represents Kronecker product, and 
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. the correlation matrix between antennas of different polarizations is given by 
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. The ULA covariance matrix in (2) is of size numTx/2 where numTx is the number of transmit antennas. Now the codebook entries are essentially parameterized by three complex quantities
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which are then individually quantized into magnitude and phase components. While we uniformly quantize the phase components, the magnitude components are typically chosen close to 1 for ULA component, for example in the range (0.6-1.0). while for XPOL the range is n the lower side. For example, a few magnitude values are chosen in the range (0-0.4). With this principle, the design is common to both 4 Tx and 8 Tx. 
Given N=2B matrices (B bits feedback), N1 matrices have the structure of (1) while N2=N-N1 matrices have the structure given in (2).  We provide examples of the codebooks for B=5, 6, and 7 in the following:
B=4:
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8 uniformly quantized phases in 
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B=5:

[image: image17.wmf]9

.

0

=

a

,
[image: image18.wmf]9

.

0

=

b

, and 
[image: image19.wmf]0

=

h


16 uniformly quantized phases in 
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B=6:
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16 uniformly quantized phases 
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B=7:
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32 uniformly quantized phases for
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Note that the correlation value of 0.9 targets highly correlated scenario. Adding additional magnitude values and expanding the range of the magnitude values will add robustness in other antenna configurations, for example, four lambda antenna separation. 
3. Performance Evaluation
3.1. PUCCH Transmission Errors

The uplink channel in our evaluations was designed to approach a target PMI error probability of 5% for a CQI/PMI payload of 8 bits. Every T ms (100 ms in this evaluation) the PUCCH carries the R feedback instead of the PMI/CQI. Since an error in R will result in erroneous PMI/CQI for the duration of T, there is an incentive to reduce the error in R. Therefore, there is a trade off between performance improvement due to additional bits for improved R accuracy and performance loss due to R feedback error. Following is the average error probability for R for B=5, 6, 7 and 8. A detailed description of the PUCCH error modelling appears in Appendix B.
	Number of bits for  R feedback
	Average Error Probability

	B=5 bits
	1 %

	B=6 bits
	1.8 %

	B=7 bits
	3.3 %

	B=8 bits
	5  %


3.2. MU-MIMO Performance

We show simulation results for MU-MIMO spectral efficiency, where performance is compared for different R-feedback bit-loads. Tables 1-4 correspond to SCM UMA low spread scenario and tables 5-6 to SCM UMA high-spread. Both ULA and XPOL antenna configurations correspond to 0.5 λ spacing between the co-polarized elements.
	4x2 ULA MMSE  SCM 8 deg
	No PUCCH Error
	5%  Target PMI error

	CB:
	2.93/0.123
	2.78/0.112

	RCB: Unquantized
	3.13/0.130

	RCB: 4 bits R
	3.02/0.126
	2.97/0.124

	RCB: 5bits R
	3.15/0.131
	3.10/0.130

	RCB: 6bits R
	3.15/0.133
	3.09/0.129

	RCB: 7bits R
	3.15/0.133
	3.06/0.130


Table 1
	4x2 XPOL MMSE  SCM 8 deg
	No PUCCH Error
	5% Target PMI Error

	CB: 
	2.21/0.084
	2.16/0.08

	RCB: Unquantized
	2.43/0.092

	RCB: 4 bits R
	2.36/0.089
	2.30/0.086

	RCB: 5bits R
	2.37/0.090
	2.31/0.087

	RCB: 6bits R
	2.35/0.090
	2.28/0.086

	RCB: 7bits R
	2.35/0.089
	2.25/0.084


Table 2

	8x2 ULA MMSE  SCM 8 deg
	No PUCCH Error
	5%  Target PMI error

	CB: 
	3.44/0.163
	3.25/0.153

	RCB: Unquantized
	3.66/0.174

	RCB: 4 bits R
	3.54/0.167
	3.29/0.153

	RCB: 5bits R
	3.64/0.172
	3.40/0.159

	RCB: 6bits R
	3.66/0.175
	3.37/0.159

	RCB: 7bits R
	3.67/0.174
	3.30/0.153


Table 3

	8x2 XPOL MMSE  SCM 8 deg
	No PUCCH Error
	5%  Target PMI error

	CB:
	2.97/0.125
	2.84/0.118

	RCB: Unquantized
	3.10/0.138

	RCB: 4 bits R
	3.06/0.127
	2.96/0.125

	RCB: 5bits R
	3.07/0.130
	2.98/0.127

	RCB: 6bits R
	3.07/0.130
	2.96/0.124

	RCB: 7bits R
	3.06/0.130
	2.92/0.123


Table 4
	4x2 ULA MMSE  SCM 15 deg
	No PUCCH Error
	5% Target PMI Error

	CB: 
	2.67/0.107
	2.54/0.100

	RCB: 5bits R
	2.80/0.112
	2.76/0.111

	RCB: 7bits R
	2.78/0.110
	2.60/0.103


Table 5

	4x2 XPOL MMSE  SCM 15 deg
	No PUCCH Error
	5% Target PMI Error

	CB: 
	2.13/0.078
	2.06/0.075

	RCB: 5bits R
	2.23/0.084
	2.17/0.08

	RCB: 7bits R
	2.24/0.081
	2.13/0.078


Table 6
Observations:
1. In all scenarios, RCB with B=5,6,7  suffers negligible loss compared to the RCB case without R quantization. For 4 Tx XPOL, B=4 suffers negligible loss.
2. B=5 consistently provides best performance.
4. Conclusions
Codebook adaptation based on covariance is an effective technique to improve CSI accuracy for periodic feedback (PUCCH). In this contribution, we proposed a framework for covariance quantization codebook that is common to both 4Tx and 8Tx and works for both polarized and cross polarized antenna configurations. We find an optimal trade off between the performance improvement due to additional number of bits for R and the performance loss due to R feedback error. We find that a codebook of size 5 bits works well in all configurations.
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6. Appendix: 
6.1. Simulation Assumpons
	Parameter
	Assumption

	Antenna Configuration
	4 Tx and 8 Tx eNB 0. 5 lambda, ULA and XPOL
2-Rx UE 0.5 lambda, ULA and XPOL

	Channel Model
	3GPP case1,  3D , SCM-UMa with low angle spread

	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
	PMI/CQI 

	Feedback Granularity
	1 CQI/PMI report for 5 PRBs,  wideband covariance report for R-CB (codebook adaptation based on explicit R)

	Feedback Impairments
	Reporting period: 5 ms for PMI/CQI.   
                        1000ms for R-CB 
Delay: 5 ms

	8TX Codebook
	4Tx 4-bit Householder codebook
8 Tx: ULA: MotoCB [11]  XPOL MRVL CB [12]

	Scheduler Type
	Proportional fair

	MU-MIMO Precoder
	Zeroforcing

	MU-MIMO UE Pairing
	Chordal distance of 1.8 

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

	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
	Ideal MMSE  (Perfect intercell and intracell interference knowledge)

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


7. Appendix B: PUCCH Error modelling

Feedback errors due to erroneous PUCCH reception are modelled as follows. The PUCCH is modelled as a fading channel with Doppler frequency similar to that of the downlink channel. “L” independent Rayleigh-fading channels are summed up to model a fading channel with diversity-factor “L”. The diversity factor is given by
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The average SNR for the PUCCH is set to achieve a given target-BLER (say, 5%) for the PMI/CQI transmission. BLER(SNR) curves are obtained for the PUCCH code of length = 20 and bit-load = 11. Then, random errors are drawn according to the instantaneous SNR and the actual bit-load (8 for PMI/CQI rank1, 11 for PMI/CQI rank2, and NR (number of quantization bits for the covariance feedback) when applicable. 
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