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1 Introduction

In RAN1#66, 4Tx and 2Tx Cross-polarized linear arrays (CLA) were identified as a high-priority antenna configurations for CSI feedback enhancement [1]. 
In [2], we proposed a two-stage CSI feedback to enhance the MU-MIMO performance with CLA, and evaluated the enhancement in the deployment scenario of outdoor low-power Tx points (Scenario C1). In this contribution, we provide further evaluation of the codebook design based on the two-stage feedback framework in homogeneous macro network (Scenario A) according to the latest agreed simulation assumptions [3]. The same two-stage feedback framework is also utilized for CoMP in [4].
2 Two-stage Codebook Construction
In LTE Rel-10, a codebook based on two-stage feedback of W1 and W2 has been standardized, which is specifically designed for closely-spaced CLA configurations. The precoding matrix is determined by multiplication of two PMI feedbacks, 
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 is a PMI matrix corresponding to long-term/wideband channel properties, and 
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 is a vector for short-term/narrowband column selection and phase rotation of 
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. It is generally understood that for each antenna group with the same polarization, a DFT vector can accurately characterize the channel spatial correlations, while between the two groups co-phasing is needed to reduce the impact of cross-polarization discrimination (XPD). Hence, the rank-1 codebook has the following form
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where 
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 is a DFT vector, and 
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 is the co-phasing factor. 

Due to the existence of XPD, there is typically an amplitude difference between the two polarizations as well as a phase difference. The amplitude difference between polarizations may not be negligible. Both amplitude and phase adjustment should therefore be taken into account in the codebook.  Taking both the amplitude and the phase factor into consideration, the rank-1 codebook from equation (1) becomes as follows,
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where 
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 denotes the amplitude and phase between two antenna groups with 
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. The current 2Tx Rel-8 codebook could be reused for 
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 in the 4Tx cases. Due to the limitation of resolution in the Rel-8 2Tx codebook, a codebook with finer granularity should be considered for CSI feedback enhancement in Rel-11 to capture the channel characteristics with both phase and amplitude for cross-pole antennas. 
For each rank-1 codeword, the corresponding higher rank codeword could be constructed by means of a Householder transform. Denote a  
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where 
[image: image16.wmf](

)

(1)

k

W

 represents the k-th element of rank-1 codeword 
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. Then the rank-1 codeword 
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 is exactly the first column of the householder transform matrix corresponding to 
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 expressed by
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So higher rank codewords could be easily obtained by selecting the several columns in 
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, i.e.
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Obviously, this codebook construction has the nested and unitary properties, which are beneficial for practical implementation. The two-stage feedback structure proposed above is applicable for both 2Tx and 4Tx codebook enhancement, and the current 2Tx Rel-8 codebook could be reused in the enhanced codebook for 4Tx CLA.

3 Simulation results

We evaluate here in Scenarios A and C1 the performance of MU-MIMO for 4Tx 0.5λ CLA using the enhanced codebook based on two-stage feedback codebook described above. 4-bit DFT beams including the 2Tx Rel-10 codebook are used for W1 feedback. In the simulations, we consider 2-bit inter-polarization amplitude feedback with 
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 respectively. Real channel estimation is modeled for both demodulation and CSI estimation; full details of the simulation assumptions are given in the Appendix. The results are shown in Table 1 and 2.

Table 1 CLA performance enhancement in Scenario C1
	Tx scheme
	Codebook
	PMI Feedback Granularity
	Average Cell SE (bps/Hz/cell)
	5%ile user SE (bps/Hz/user)
	50%ile user SE (bps/Hz/user)
	Jain Index

	MU-MIMO
	Rel-8 codebook
	50 PRBs
	2.48 (baseline)
	0.108 (baseline)
	0.395 (baseline)
	0.68

	
	
	5 PRBs
	2.60
	0.114
	0.419
	0.69

	
	
	Gain from PUSCH mode 3-2
	5%
	6%
	6%
	-

	
	Proposed
	50 PRBs
	2.53
	0.114
	0.399
	0.67

	
	
	Gain from larger codebook size
	2%
	6%
	1%
	-

	
	
	5 PRBs
	2.67
	0.109
	0.425
	0.67

	
	
	Gain from larger codebook size and PUSCH mode 3-2
	8%
	1%
	8%
	-


Observations:
· For wideband PMI feedback, i.e. 50-PRB feedback granularity, compared to the Rel-10 codebook, the enhanced two-stage codebook shows the gains of 2%, 6% and 1% for average cell spectrum efficiency (SE), 5%ile user SE and 50%ile user SE respectively. 
· Using sub-band PMI feedback (i.e. PUSCH mode 3-2) with 5 PRBs per sub-band, the proposed codebook could further improve the average cell SE by up to 8%. 
Table 2 CLA performance enhancement in Scenario A
	Tx scheme
	Codebook
	PMI feedback granularity
	Average Cell SE (bps/Hz/cell)
	5%ile user SE (bps/Hz/user)
	50%ile user SE (bps/Hz/user)
	Jain Index

	MU-MIMO
	Rel-8
	50 PRBs
	2.34 (baseline)
	0.025 (baseline)
	0.077 (baseline)
	0.67

	
	
	5 PRBs
	2.49
	0.027
	0.084
	0.69

	
	
	Gain from PUSCH mode 3-2
	6%
	8%
	9%
	-

	
	
	2 PRBs
	2.57
	0.028
	0.089
	0.71

	
	
	Gain from PUSCH mode 3-2 and finer feedback granularity
	10%
	12%
	16%
	-

	
	Proposed
	50 PRBs
	2.43
	0.025
	0.082
	0.70

	
	
	Gain from larger codebook size
	4%
	0%
	6%
	-

	
	
	5 PRBs
	2.64
	0.027
	0.089
	0.71

	
	
	Gain from larger codebook size and PUSCH mode 3-2
	13%
	8%
	16%
	-

	
	
	2 PRBs
	2.74
	0.028
	0.093
	0.73

	
	
	Gain from larger codebook size, PUSCH mode 3-2 and finer feedback granularity
	17%
	12%
	21%
	-


Observations:

· For wideband PMI feedback, the enhanced two-stage codebook outperforms the Rel-8 codebook with 4% and 6% gains on average cell spectrum efficiency (SE) and 50%ile user SE respectively. 
· Compared to wideband PMI feedback, the Rel-8 codebook based sub-band PMI feedback (i.e. PUSCH mode 3-2) with 5 PRBs per sub-band shows 6%, 8% and 9% gains on the average cell SE, 5%ile user SE and 50%ile user SE respectively. Furthermore, the proposed codebook could increase these gains to 13%, 8% and 16% respectively.
· With a finer feedback granularity of 2 PRBs per sub-band,  the Rel-8 codebook could further improve the performance of wideband PMI feedback by 10%, 12% and 16% gains respectively on the average cell SE, 5%ile user SE and 50%ile user SE. When combined with the proposed codebook, the gains increase to 17%, 12% and 21% respectively. The same two-stage PMI feedback framework together with finer feedback granularity are also beneficial for CoMP [4].
· Larger gain from the enhanced codebook was seen in homogeneous macro networks (Scenario A) than Scenario C1, since the number of candidate users for scheduling is much larger in Scenario A than Scenario C1 and the performance gains from CSI enhancement are mostly from multi-user MIMO. 
4 Conclusion
From our analysis and evaluation, we see that the enhancement of the CSI feedback accuracy is the primary factor in improving the performance of CLA antenna configurations. 
· Increasing the size of the PMI feedback codebook and finer frequency-domain feedback granularity together are the key to obtaining the desired gains of the order of 10-20%: 

· The two-stage feedback framework introduced in Rel-10 should be the basis for the codebook enhancement for Rel-11 for both 2Tx and 4Tx antennas.  
· PUSCH mode 3-2 and finer feedback granularity (5 or 2 PRBs) should also be adopted.
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Appendix
System simulation assumptions

	Parameter
	Values used for evaluation

	Performance metrics
	· Cell average spectrum efficiency, 5%ile and 50%ile user spectrum efficiency
· Jain Index 

	Deployment scenarios
	Homogeneous macro network: Scenario A  [3]
Outdoor low-power Tx points: Scenario C1 [3]

	Number of UEs per sector
	Scenario A: 25
Scenario C1: 30

	Number of low-power Tx points per sector
	Scenario A: 0

Scenario C1: 4

	System bandwidth
	10 MHz 

	Transmission schemes in DL
	Single-cell MU-MIMO

	Network synchronization
	Synchronized

	Number of antennas at transmission point
	4

	Number of antennas at UE
	2

	Antenna configuration
	For TP: 4Tx with 2 columns, cross-polarized on each column, closely-spaced ( X X

For UE: 2Rx cross-polarized ( +

	Feedback scheme (e.g. CQI/PMI/RI/SRS)
	· PMI: 5ms period and 6ms delay

1. Rel-10 codebook: wideband feedback, 4bits
2. Proposed two-stage codebook: wideband/sub-band feedback, 4bits W1 and 6 bits W2

· CQI: Lower-bound MU-CQI, sub-band feedback with the granularity of 5PRBs, the period of 5ms, and the delay of 6ms

	Maximal number of co-scheduled UE
	4 for 4Tx

	Channel estimation
	Non-ideal

- Channel estimation error based on CSI-RS 

	Feedback error
	0.1% bit error rate

	UE receiver
	MMSE receiver model option 1 in R1-110586

	Control channel and reference signal overhead
	Fixed 0.3063

	Placing of UEs and RRH
	Scenario A: configuration 1

Scenario C1: configuration 4b

	Traffic model
	Full buffer 

	Link adaptation
	Non-ideal, with outer-loop control 
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