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1 Introduction
In [1], different forms of explicit feedback are defined to support DL CoMP, including channel matrix, transmit channel covariance, and inter-cell channel properties. Two subtypes are further provided as examples for the explicit channel matrix feedback, i.e., full channel matrix (Hi) and main eigen component(s) of Hi. 
In this contribution, we propose a new form of channel matrix feedback, that is, weighted CSI feedback. The eNBs in the cooperating cell set can perform multi-user precoding based on the weighted CSI feedback to achieve the performance gains of DL CoMP transmissions. This new form of feedback reduces the feedback overhead in comparison with full channel matrix (especially when the transmit antenna number is large), while providing sufficient information to facilitate efficient DL CoMP precoding operations with only slight performance loss over optimal feedback and CoMP precoding. Additionally, numerical results show that the weighted CSI feedback based DL CoMP achieves similar or much better performances than the eigen-mode feedback based CoMP transmissions but with the same feedback overhead. The weighted CSI feedback can be implemented through codebook-based vector quantization optionally accompanied with scalar value(s). The theoretical feasibility analysis is focused in this contribution, and the details of the implementation will be studied in the future meetings. 
2 Weighted CSI Feedback
This section describes the proposed solution of weighted CSI feedback. The weighted CSI feedback can be used by the coordinating cells to derive the precoding weighting matrixes in DL CoMP of coordinated-beamforming and joint transmission, which will be described in next section in details. 
Assuming cell-i, i=1,2,…, N, constitute the coordinating cell set for the target user UE-j, among which cell-m acts as the serving cell for the user,  all these cells are involved in DL CoMP transmission for UE-j through coordinated-beamforming or joint transmission. Here, single stream transmission is assumed for UE-j, but note the feedback solution is also applicable to multi-stream transmissions. 

Let Hmj denote the channel state information from cell-m to UE-j, averaged over some subband which may be preferred by the UE or instructed by eNB. In the weighted CSI feedback, UE-j shall perform the following procedures.
· Firstly, UE-j shall estimate the channels of Hij, i=1,2,…,N, based on the received CSI-RSs from all the coordinating cells;

· Secondly, UE-j shall calculate the precoding matrix WUE-j. An example of the precoding matrix is the principle left singular vector of Hmj, that is, 
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Where Hmj = USVH, is the SVD decomposition of the channel between UE-j and its serving cell, i.e., cell-m. Here it is assumed that the singular values are arranged in S in descending order. 

· Thirdly, UE-j calculates the weighted CSI for the serving cell and neighbouring cells in coordinating cells as follows
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· Finally, UE-j feedbacks the obtained weighted CSIs to its serving cell (e.g., through codebook-based vector quantization optionally accompanied with scalar value(s)). The detailed implementation of the weighted CSI feedback will be studied in next meetings. 
From the above steps, we can see that the same single precoding matrix which depends on the channel from serving cell is applied to all the channels from serving cell and neighbouring cells. The feedback solution is implementation-friendly in the sense that the precoding matrix needs to be calculated only once for multiple channels.
3 Weighted CSI Feedback aided DL CoMP Precoding
Given the weighted CSI feedback described in previous section, we present some examples of the DL CoMP precoding operation in coordinated-beamforming and joint transmission. Note that the DL CoMP precoding algorithm applied at eNB is implementation-specific (i.e., out of scope of standardization), which is enabled by the utilization of UE-specific demodulation-RS. The weighted CSI feedback proposed in this contribution provides the eNB with a large flexibility in selecting and applying a particular DL CoMP precoding algorithm, while keeping the feedback overhead low through only feeding back the essential channel information. 
3.1 Coordinated-Beamforming
3.1.1 Co-BF precoding description
In coordinated-beamforing, the data is only transmitted by the serving cell (cell-m) for the target user (UE-j), while the neighbouring cells (
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) in the coordinate cell set, if data is scheduled for their own users on the same subband as that in cell-m for UE-j, shall deliberately suppress the interference to this user by appropriate precoding operation based on the weighted CSI feedback (which is feedbacked by the target user and shared by the serving cell).  
Without loss of generality, let’s focus on one of the interfering neighbour cells, say cell-n and assume that cell-n serves its own user, say UE-k, on the same subband as UE-j in cell-m. Taking the ZF linear precoding algorithm as an example, the precoding matrix can be derived by cell-n for UE-k with interference nulling to UE-j taken into account, as follows
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Where matrix v1 constitutes the orthonormal vectors that span the null space of pcHnj, while v2 is the right principle singular vector of the combined matrix pcHnkv1.
Similarly, the precoding matrix employed at cell-m for data transmission to UE-j while interference nulling to UE-k, as follows
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Where matrix va constitutes the orthonormal vectors that spans the null space of pcHmk, while vb is the right principle singular vector of the combined matrix pcHmjva.

At the receiver side of UE-j, the received signal can be expressed as (here, for simplicity only the interference from cell-n is considered, other interferences and noise is omitted)
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Where the first term is useful signal and the second term is the interference from cell-n. Assuming linear detection with weighting vector of WUE-j (which is the precoding matrix of weighted CSI feedback by UE-j) is employed at UE-j, thus,

[image: image7.wmf]j

b

a

mj

k

nj

j

b

a

mj

k

nj

j

UE

j

b

a

mj

j

UE

j

j

UE

s

v

v

pcH

s

v

v

pcH

s

v

v

pcH

s

v

v

H

W

s

v

v

H

W

Y

W

=

+

=

+

=

-

-

-

2

1

2

1

                                                                       (6)
The last step holds since v1 lies in the null space of pcHnj. Note that here the ZF detector with weighting vector of WUE-j is only for illustration purpose, in practical system, other detectors may be applied, e.g., MMSE detector. 
3.1.2 Numerical results
Some preliminary simulations are performed for the Co-BF with the proposed weighted CSI feedback as shown in Figure 1 and 2. The detailed simulation conditions are listed in appendix. In these figures, for the purpose of comparison, we also show the performance of Co-BF based on the eigen-mode feedback. In details, the target UE feedbacks the principle eigen-mode of the channels between the UE and each cooperating cell, and then the cooperating cell performs the zero-forcing interference nulling based on the feedback. From these figures, we can see that the Co-BF (i.e., interference nulling) with weighted CSI feedback outperforms obviously the eigen-mode feedback based Co-BF. 
[image: image8.emf]0 5 10 15

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Post-detected SINR dB

CDF

Co-BF with 2 cooperating cells

Co-BF with eigen-mode feedback

Co-BF with precoded-CSI feedback

 [image: image9.emf]0 1 2 3 4 5 6

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ergodic Capacity, bps/Hz

CDF

Co-BF with 2 cooperating cells

Co-BF with eigen-mode feedback

Co-BF with precoded-CSI feedback


                    Fig. 1 Post-detected SINR for Co-BF                                    Fig. 2 Ergodic capacity for Co-BF
3.2 Joint-Transmission
In joint transmission, the same data is transmitted by the coordinating cells, cell-i, i=1,2,…,N, to the target user (UE-j) through respective precoding, which is based on the weighted CSI feedback from the user. According to the supported user number in the same resource, joint-transmission can be further divided into two subtypes, SU-JT and MU-JT. In SU-JT, only single user is served jointly by the coordinating cells, while in MU-JT, multiple users can be served jointly by the coordinating cells through appropriate multi-user precoding operations. 
3.2.1 SU-JT

3.2.1.1 SU-JT precoding description
SU-JT precoding is performed at the coordinating cells based on the feedback. In this section, we will describe and compare several SU-JT precoding options (each with different feedback solution), including 1) SU-JT global precoding based on the weighted CSI feedback, 2) SU-JT local precoding based on the weighted CSI feedback, 3) SU-JT local precoding with local eigen-mode(s) feedback, 3) SU-JT global precoding with global eigen-mode(s) feedback. These options are described in details in the following. 

Option 1: SU-JT global precoding based on weighted CSI feedback
In this option, the target UE (say UE-j) feedbacks the weighted CSI to the cooperating cells as described in section 2, that is, UE-j feedbacks the weighted channels pcHij, i=1,2,…,N, weighting with WUE-j equal to the left principle singular vector of Hmj, to the cooperating cells.  

At each cooperating cell, a composite weighted channel is formed as follows:

cpHj = [pcH1j, pcH2j, …, pcHNj]                                                                                        
Then, the cooperating cells jointly transmit the data to the target user on the principle eigen-mode(s) of the composite weighted channel. That is, the SU-JT precoder at the cell-i (i=1,2,…, N) can take the i-th part  of the eigen-mode(s).
Option 2: SU-JT local precoding based on weighted CSI feedback
In the SU-JT local precoding based on weighted CSI feedback, the target user (say UE-j) feedbacks the weighted CSI information to the involved cooperating cells as described in section 2. Then each of the cooperating cell (say cell-i) performs the QR-based SU-JT precoding as follows [2]: 
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where Equ. (7) denotes the QR decomposition with economy size for the conjugate transpose of pcHij. The function DiagSign(.) outputs a diagonal matrix with diagonal elements 1 or -1, respectively corresponding to the positive or negative diagonal elements of input matrix R. 
For the single stream SU-JT transmission, the precoding matrix can simply take the following expression, which is actually a special case of QR-based precoding calculation. 
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Note that one interesting noticeable point is that since WUE-j can take the left principle singular vector of Hmj, the precoding at cell-m is purely local (i.e., only depends on the channel between cell-m and UE-j and doesn’t depend on other channels), while the precoding at 
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 is a compromise of local and global precoding in the sense that it uses the combined information of Hij and left principle singular vector of Hmj. 
Option 3: SU-JT local precoding based on local eigen-mode(s) feedback

In the SU-JT local precoding based on local eigen-mode(s) feedback, the target UE feedbacks the local eigen-mode(s) to the corresponding cooperating cell. Then the cell can perform the QR-based SU-JT precoding as described in option 2.

Option 4: SU-JT global precoding based on global eigen-mode(s) feedback

In the SU-JT global precoding based on global eigen-mode(s) feedback, the user (say UE-j) forms all the relevant channels to a composite channel denoted as cpH = [H1j H2j … HNj], and feedbacks the principle eigen-mode(s) of the composite channel to the cooperating cells. The number of eigen-mode equals to the number of the data streams to be transmitted. Then, the SU-JT precoder at the cell-i (i=1,2,…, N) can take the i-th part of the global eigen-mode(s). Here, we use the term global eigen-mode(s) to indicate the eigen-mode of the composite channel (instead of component channel between the user and each cell).  
3.2.1.2 Numerical results
Some preliminary simulations are performed for the SU-JT with the proposed weighted CSI feedback as shown in Figure 3. The detailed simulation conditions are listed in appendix. From these figures, we can observed that in case of single stream transmission, option 1 and option 2 achieves very close performances , which is slightly worse than the optimal performance (i.e., option 4) and much better than option 3, which is based on eigen-mode feedback. Additionally, from Fig. 3(b), we can notice that in case of multiple-stream per user SU-JT transmission, QR-based SU-JT local precoding with the weighted CSI feedback outperforms greatly the SVD-based precoding. The reason is that through specific QR-based SU-JT precoding, the streams from the multiple cooperating cells are combined more-coherently in the air. One significant advantage of this precoding method is that no additional signalling is needed to achieve this performance gain. 
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Fig. 3 Ergodic capacity distribution for SU-JT
3.2.2 MU-JT
In MU-JT, multiple users will be served by the coordinating cells through joint-transmission in the same time and frequency resource allocation. In this section, we will describe and compare several MU-JT precoding options (each with different feedback solution), including 1) MU-JT global precoding based on the weighted CSI feedback, 2) MU-JT local precoding based on the weighted CSI feedback, 3) MU-JT local precoding based on the local eigen-mode(s) feedback, 4) MU-JT global precoding with global eigen-mode(s) feedback. These options are described in the following.
3.2.2.1 MU-JT precoding description 
Without loss of generality, two users, UE-j and UE-k whose serving cells are cell-m and cell-n, respectively, are focused in the formulation of MU precoders. 
Option 1: MU-JT global precoding based on the weighted CSI feedback
In this option, the target UEs feedbacks the weighted CSI to the cooperating cells as described in section 2, that is, UE-j feedbacks the weighted channels pcHij, i=1,2,…,N, weighting with WUE-j equal to the left principle singular vector of Hmj, to its serving cell, cell-m, while UE-k feedbacks the weighted channels pcHik, i=1,2,…,N, weighting with WUE-k equal to the left principle singular vector of Hnk, to its serving cell, cell-n.  

At each cooperating cell, two composite weighted channels are formed as follows:

cpHj = [pcH1j, pcH2j, …, pcHNj]                                                                                        (10)
cpHk = [pcH1k, pcH2k, …, pcHNk]                                                                                     (11)
The zero-forcing global MU-JT precoder (ZF precoder is only taken as an example) can be derived from the two composite weighted channels as follows
Wglobal, UE-j = v1v2                                                                                                                  (12)
Where matrix v1 constitutes the orthonormal vectors that span the null space of cpHk, while v2 is the right principle singular vector of the combined matrix cpHjv1.

Similarly, the ZF global MU-precoder for UE-k can be expressed as

Wglobal, UE-k = vavb                                                                                                                  (13)

Where matrix va constitutes the orthonormal vectors that span the null space of cpHj, while vb is the right principle singular vector of the combined matrix cpHkva.
Note that each coordinating cell shall extract the corresponding elements of the global precoding matrix as precoding coefficients at the cell. 
Option 2: MU-JT local precoding based on the weighted CSI feedback
In this option, unlike the global MU precoidng which is based on the composite weighted channels, the local MU precoding will be performed at each cell based on only the weighted feedback corresponding to this cell. For example, the local ZF MU-precoder for UE-j at cell-m can be expressed as follows 
Wcell-m, UE-j = v1v2                                                                                                               (14)

Where matrix v1 constitutes the orthonormal vectors that span the null space of pcHmk, while v2 is the sub-precoder derived from the QR decomposition for the combined matrix pcHmjv1 as follows
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Similarly, the ZF local MU-precoder for UE-k can be expressed as

Wcell-m, UE-k = vavb                                                                                                               (17)

Where matrix va constitutes the orthonormal vectors that span the null space of pcHmj, while vb is the sub-precoder derived from the QR decomposition for the combined matrix pcHmkva.
Option 3: MU-JT local precoding based on the local eigen-mode(s) feedback

The details of this option are similar to Option 2 except the contents of the feedback. 
Option 4: MU-JT global precoding with global eigen-mode(s) feedback
In this option, each of the involved multiple users forms all the relevant channels to a composite channel cpH = [H1j H2j … HKj], and feedback the principle eigen-mode(s) to the cooperating cells.  
Then global MU-precoding can be performed based on all the feedbacks from the involved multiple users and each cell takes the corresponding elements of the global MU-precoder as its precoding coefficients. 
3.2.2.1 Numerical results

Some preliminary simulations are performed for the MU-JT with the proposed weighted CSI feedback as shown in Figure 4. The detailed simulation conditions are listed in appendix. From these figures, we can observed that option 1 (i.e., MU-JT global precoding based on weighted CSI feedback) achieves close performances to the optional solution. The option 2 outperforms greatly the option 3, which is based on the eigen-mode(s) feedback. Additionally, from Fig. 4(b), we can notice that in case of multiple-stream per user MU-JT transmission, QR-based MU-JT precoding with the weighted CSI feedback outperforms greatly the SVD-based precoding, which is similar to the observation in SU-JT. In Fig. 4(b), note that red and green curves overlap each other. 
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Fig. 4 Ergodic capacity distribution for MU-JT
4 Summary
In this contribution, the weighted CSI feedback was proposed to enable efficient DL CoMP precoding. We analyzed some examples of the DL precoding based on the weighted CSI feedback and compared with other feedback solutions. The preliminary results show that

· In Co-BF, the weighted CSI feedback based precoding achieves better performance than eigen-mode(s) feedback, while the overhead of these two cases are the same. 

· In SU/MU JT with global precoding, the weighted CSI feedback based global precoding achieves close performances to the optimal, and in SU/MU JT with local precoding, the weighted CSI feedback outperforms greatly the eigen-mode(s) feedback solution.
Considering the above observations, the weighted CSI feedback solution is recommended to be discussed and further studied to enable efficient DL CoMP transmissions. 
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Appendix
Table 1: Assumptions and conditions for the numerical results
	Number of cells and Tx antennas
	2, each with 4 Tx antennas

	Number of MS and Rx antennas
	2 MSs in Co-BF and MU-JT 
and 1 in SU-JT, all with 2 Rx antennas

	Number of data stream per MS
	1 or 2

	Path loss and shadow fading
	large-scale fading is assumed to be the same from multiple cells

	Channel model
	Independent Rayleigh channel

	Bandwidth
	One subcarrier assumed

	Feedback transmission
	Ideal

	Channel estimation
	Ideal

	Receiver Type
	MMSE (used in Fig. 1)

	Signal power and noise power
	Sum transmission power per UE (minus the large scale attenuation) is assumed to be two times the noise power at the receiver
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