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1 Introduction

In RAN1#65, quite a few issues from real-life DL MIMO deployments were discussed, including:

· Rank adaptation

· Time alignment errors

· Antenna calibration and partial reciprocity

· Vertical beamforming for dense urban deployments

· Specific antenna configurations: cross-polarized; geographically-separated antenna deployments; circular array; 

· Antenna tilting

· UE interference measurements and feedback processing time

· Feedback granularity

· DL control channel limitations for high numbers of tx antennas

It was agreed in that meeting to consider which are the highest priority real-life issues to address, and how they might be addressed.  

In [1], vertical BF was identified as an important technique to improve indoor and vertical coverage and overall system capacity, which makes the 3D antenna array an interesting antenna configuration. X-pol antennas and geographically separated antennas have also been considered as high-priority antenna configurations in real deployments. In this contribution, we consider the limitations of the existing feedback when applied to these antenna configurations, and discuss appropriate enhancements.
2 Unified two-stage feedback framework
The two-stage feedback mechanism and the precoding vector determined by combination of feedbacks from both stages were  introduced in Rel-10 for 2, 4 and 8 Tx.  However, a codebook based on two-stage feedback structure was specified only for the 8Tx case. It defines a precoder 
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 is a PMI matrix corresponding to long-term/wideband channel properties, and 
[image: image3.wmf]2

W

 is a vector for column selection and phase rotation of 
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 fed back in a short-term/narrowband way. 
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 is a matrix if the reported rank is larger than 1. This provides an efficient structure to feed back the long-term/wideband CSI and the short-term/narrowband CSI separately, and reduces feedback overhead by enabling unnecessary feedback of slowly-changing channel properties to be avoided.

With some minor modifications, the same two-stage feedback can facilitate the important antenna configurations identified above, including x-pol antennas, geographically separated antennas and antenna arrays for 3D beamforming.
The following sections explain how the two-stage feedback may be applied in each case. 

3 X-pol antenna

In real-life LTE deployment scenarios, CLA (Cross-polarized Linear Antenna) configurations are the most common for network deployment. MU-MIMO is an important means to increase cell capacity, and yet current codebooks for 2/4-Tx have poor performance for MU-MIMO due to the coarse spatial quantization. MU-MIMO performance is highly dependent on how accurately the CSI (especially the PMI) can be obtained, and therefore PMI feedback codebook enhancement for CLA should be a high priority in Rel-11. 

In [2], it was proposed to enlarge the codebook size to enhance MU-MIMO performance with CLA. To avoid the feedback overhead necessarily increasing in proportion to the larger codebook size, the two-stage codebook structure adopted for 8Tx in Rel-10 is well worth investigating for 2Tx/4Tx in Rel-11. 
3.1 Codebook construction

In LTE Rel-10, a codebook based on two-stage feedback of W1 and W2 for 8Tx has been standardized, which is specifically designed for closely-spaced CLA configurations. W1 is for long-term/wideband beam clustering, and W2 is for short-term/narrow band beam selection and phase co-phasing. 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. The equation above could be further written as
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If the phase 
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 is carefully selected, 
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 could be a DFT vector. Since current Rel-10 codebook for 4Tx has 8 DFT codewords, so these codewords could be reused for the two-stage feedback structure in equation (2). For 2Tx, the current Rel-10 codebook could be reused for 
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Due to the existence of XPD, there is amplitude difference between the two polarizations as well as phase difference. As the codebook size increases to enhance its support to various antenna configurations, the amplitude difference between polarizations may be not ignorable any more. So both amplitude and phase adjustment should be considered in the two-stage feedback structure, and equation (2) comes to 
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where 
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 respectively denote the amplitude and phase between two antenna groups with 
[image: image16.wmf]01

a

<<

 and 
[image: image17.wmf][

)

0,2

qp

Î

. 
[image: image18.wmf]T

N

 is the number of transmit antennas, and 
[image: image19.wmf]v

 is a DFT vector. In the two stage feedback in equation (3), W1 is for wideband/long-term beam indication, and W2 is for subband/short-term amplitude and phase feedback. The current 2Tx Rel-10 codebook and the 8 DFT codewords in 4Tx Rel-10 codebook could be respectively reused for 
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 in the 2Tx and 4Tx cases. 
For each rank-1 codeword, the corresponding higher rank codeword could be constructed by Householder transform. Denote a  
[image: image21.wmf]1

T

N

´

 vector 
[image: image22.wmf]u

 as

[image: image23.wmf]12

,,,

T

T

N

uuu

éù

=

ëû

u

L


                                                            
[image: image24.wmf](

)

(

)

(

)

(

)

(1)

1

(1)

1

11/2

/2,2,3,,

kT

u

ukukN

=-

=-=

W

W

L

                               (4)
where 
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 represents the k-th element of rank-1 codeword 
[image: image26.wmf](1)

W

. 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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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, the codebook constructed above has the nested and unitary properties, which are beneficial for actual usage. The two-stage feedback structure proposed above is also applicable for both 2Tx and 4Tx codebook enhancement, and current Rel-10 codebook could be reused in the enhanced codebook.
3.2 Simulation results

We compare here the performance of MU-MIMO for 4Tx 0.5λ CLA using the enhanced codebook based on two-stage feedback codebook described above. Only the 8 DFT codewords in the Rel-10 4Tx 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.

Table 1 CLA performance enhancement
	Tx scheme
	Codebook scheme
	Average cell  SE
(bps/Hz/cell)
	Cell-edge user SE

(bps/Hz/user)
	Jain index

	MU-MIMO
	Rel-10 codebook
	2.33 (1.00)
	0.068 (1.00)
	0.81

	
	Proposed two-stage feedback: 

2-bit amplitude, 2-bit phase
	2.54 (1.09)
	0.078 (1.15)
	0.80

	
	Proposed two-stage feedback:

 2-bit amplitude, 4-bit phase
	2.71 (1.16)
	0.082 (1.21)
	0.79


Observations:

The proposed codebook enhancement based on two-stage PMI feedback shows a significant gain over the Rel-10 codebook for MU-MIMO due to the increased codebook size. 
4 Geographically separated antennas
Geographically separated antennas may occur in a number of different important deployment scenarios, including outdoor deployments with RRHs and multi-antenna indoor deployments. 

The existing codebooks are constant-modulo, and thus do not capture the channel fading difference between geographically separated antenna elements. This is reasonable because the existing codebooks primarily target localized antenna configurations, and in these cases the phase information is more important for quantization than the amplitude information, particularly because the codebook size is not large. However, received power imbalance has been identified as an important issue in scenarios with geographically separated antennas [3]. Existing codebooks suffer from significant performance loss when applied in such a scenario.

A new codebook based on two-stage feedback could be used to deal with this problem. In the short-term/wideband feedback of W1, the long-term average power difference among separated antennas could be captured in W1, and the short-term/subband feedback of W2 could further depict any amplitude adjustment between the different polarizations as well as phase adjustment. Take three antenna groups separately located for example. The enhanced codebook for geographical separated antenna with imbalance Tx power is expressed by
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where 
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 respectively denote the amplitude and phase adjustment between different polarizations. 
5 3D beamforming
For geographically localized 3D beamforming arrays, the channel spatial properties can be jointly precoding in 3D or decomposed into two independent precoding in horizontal and vertical directions: 
· Horizontal spatial channel property, related to each horizontal row of elements in the antenna array;

· Vertical spatial channel property, related to each vertical column of elements in the antenna array. 
.

The decomposition of 3D spatial channel into two 2D spatial channels is a suboptimal scheme and would reuse the design principle of codebook and feedback in Rel-10.  To measure a 3D channel with horizontal and vertical decomposition and feed back its quantized CSI, a pair of PMI feedbacks, one for vertical CSI and one for horizontal CSI, will suffice. It can be shown that additional phase information between the vertical CSI direction and horizontal CSI direction is not necessary. 
5.1 Multiple CSI-RS configuration and PMI feedback
Two sets of CSI-RS ports needs to be configured for a UE to enable it to measure the 3D channel and feeding back a pair of CSIs - one corresponding to the rows of antenna elements and one corresponding to the columns of antenna elements. These two sets of CSI-RS ports  may be configured in the same subframe or in different subframes, as shown in Figures 1 and 2 respectively. 

[image: image40.emf]Subframe 1 Subframe 2 Subframe 3 Subframe 4 Subframe 5 Subframe 6 Subframe 0

CSI-RS offset CSI-RS period

Two 4Tx PMIs selection and feedback for 

H-CSI and V-CSI respectively

eNB reconstructs 

CSI based on V-and 

H-PMI extrapolation

Horizontal 

CSI-RS ports

Vertical CSI-RS 

ports

Subframe 7


Figure 1: Sets of CSI-RS configured in the same subframe for horizontal and vertical PMI feedback
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Figure 2: Sets of CSI-RS configured in different subframes for horizontal and vertical PMI feedback
The UE will make channel estimations for each CSI-RS configuration independently, and will select two corresponding PMIs which represent the  rows and columns of antenna elements. Note that different codebook subset restrictions can be configured for the horizontal and vertical CSI feedback. Note also that the UE should not need to know which of the two CSI-RS configurations relates to rows of antenna elements and which to columns; the UE only needs to know that the two CSI-RS configurations are independent, so that it derives CSI feedback independently for each. 
5.2 codebook design to support 3D spatial channel decomposition
To enable 3D beamforming, the eNB combines the two PMI feedbacks for horizontal CSI and vertical CSI.  We denote 
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  as the rank-r horizontal codeword and vertical codeword respectively. The antenna array has 
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-column elements. Since the angle spread is typically much bigger in the horizontal plane than in the vertical plane, the main beam directions should be considered in the horizontal plane. For rank 1, by the multiplication of horizontal codeword and vertical codeword, the 3D codeword for all antennas could be easily derived. For higher ranks, each column of the 3D codeword could also be obtained by the multiplication of the certain columns in the horizontal and vertical codewords. The detailed construction is illustrated below:

· Rank 
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In this case, a rank-
[image: image47.wmf]r

 horizontal codebook and rank-1 vertical codebook are used for 3D codebook construction. Each column of the 3D codeword is the multiplication of the corresponding column of horizontal codeword and rank-1 vertical codeword.
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where 
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In this case, a rank-
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 streams, a higher rank vertical codebook could be used for 3D codebook construction. By the multiplication of certain columns in the horizontal and vertical codewords, the 3D codeword could be obtained as follows:
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where 
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Based on the design principle above, if the horizontal codebook and vertical codebook are both nested and unitary as in Rel-10 codebook for 4Tx, the proposed 3D codebook would also have the nested and unitary properties.
6 Conclusions
In order to support the important cases for CSI feedback enhancement, namely x-polarized antennas, geographically separated antenna deployments and 3D beamforming arrays, it is necessary to increase the size of the PMI feedback codebook. However, the feedback overhead should not be increased. 

The two-stage feedback introduced in Rel-10 should therefore be reused for Rel-11 enhancements for 4tx antennas. As shown above, this can support all the important cases for CSI feedback enhancement.

The ability to configure multiple sets of CSI-RS ports for a single UE is also important (as is also needed for CoMP), together with the possibility to apply independent codebook subset restriction to the feedback corresponding to each set of CSI-RS ports, but some constraints can be reconsidered for flexibility to enhance various antenna configurations.

7 References

[1]  R1-111434, “Real-life scenarios for downlink MIMO enhancement”, Alcatel-Lucent, Alcatel-Lucent Shanghai Bell 
[2]  3GPP RAN1#65, R1-111435, Downlink MIMO enhancement for CLA antenna configurations, Alcatel-Lucent Shanghai Bell, Alcatel-Lucent
[3]  R1-112417, “Analysis of geographically-separated antenna systems”, Alcatel-Lucent Shanghai Bell, Alcatel-Lucent

Appendix
A.1 System simulation assumptions

	Parameter
	Assumptions used for evaluation

	Deployment scenario
	3GPP case 1 3D, SCM-UMa with high angle spread (15deg)

	Cell number
	19 cells with 3 sectors per cell

	Wrap-around model
	Yes

	Duplex method and bandwidths
	FDD: 10MHz for downlink

	Network synchronization
	Synchronized

	Traffic model
	Full-buffer

	UE number per sector
	10

	Maximal number of co-scheduled UE
	4

	Handover margin
	1.0 dB

	eNB Antenna assumptions
	4Tx：cross-polarized antennas with 0.5-lambda spacing (CLA): +/- 45 degrees

	UE antenna assumptions
	2Rx: one pair of cross-polarized antennas with polarization angles of +90/0 degrees

	UE antenna orientation
	Random distribution within range [-90, 90] degrees

	Calibrated antenna array
	Ideal

	Downlink transmission scheme
	MU-MIMO: rank 1 per UE, DMRS, ZF precoding

	Downlink scheduler
	Proportional fair, frequency selective

	Feedback assumptions (feedback periodicity in time domain, feedback granularity in frequency domain)
	Sub-band PMI: 5ms periodicity, 6ms delay

	
	Sub-band CQI report: 5ms periodicity, 6ms delay, with measurement error: N(0,1dB) per PRB

	CQI
	Lower bound MU-CQI 

	Downlink HARQ scheme
	Synchronous HARQ, Chase combining

	Downlink receiver type
	MMSE

	CSI-RS based CSI estimation error
	Real

	DM-RS channel estimation
	Real

	Feedback error
	1% codeword error rate

	HARQ
	Chase combing with max 3 retransmissions

	Control channel and reference signal overhead
	As agreed in ITU assumption with PDCCH of 3 OFDM symbols
MU-MIMO: 0.3063
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