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1 Introduction 
In the last RAN1 #57 meeting, the following categorization was agreed on the UE feedback for downlink CoMP. 
· Explicit channel state/statistical information feedback

· Channel as observed by the receiver, without assuming any transmission or receiver processing

· Implicit channel state/statistical information feedback
· feedback mechanisms that use hypotheses of different transmission and/or reception processing, e.g., CQI/PMI/RI 
Various forms of explicit and implicit feedback were discussed further and included in the TR [1]. 

In this document, we discuss the UE feedback options described in TR mainly in the context of the explicit channel feedback. The implicit feedback is then discussed as approximation of some of explicit channel feedback options. 
The contents of the UE feedback can be divided into precoding and CQI parts. In this document, the precoding part is discussed in terms of scalability and flexibility. The scalability is defined such that the UE feedback is said scalable if any incomplete subset of the UE feedback can be exploited for transmission. The flexibility refers to the ability of “high-end” UE feedback, targeting high performance usually at the expense of high overhead, to support “low-end” transmissions with lower performance as fallback modes.
The UE feedback structure is proposed to be hierarchical and self-contained, maximizing the scalability and flexibility, and to offer gradual coverage expansion from single-cell transmission to high-performance CoMP operation with increasing overhead.
2 UE feedback on precoding
2.1  Single-cell transmission
Let us consider an ideal scenario assuming that almost complete channel knowledge is available at the transmitter and that the UE can almost perfectly estimate the channel using the dedicated reference signal, which is subject to the same precoding as the data.
 Let 
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 channel coefficient matrix of the wireless fading channel between the UE and the serving cell, and 
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precoding matrix applied at the serving cell for the UE.  In single-cell transmission, the received signal at the UE is given by
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 symbol vector transmitted by the serving cell to the UE, and 
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noise vector including interference and Gaussian noise. 

Denoting the channel covariance matrix by
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, the matrix of eigenvectors with non-zero eigenvalues 
[image: image11.wmf]1

S

V

can be obtained from the eigen-decomposition of 
[image: image12.wmf]H

SSSS

RVV

=L

or from the singular value decomposition of 
[image: image13.wmf]H

SSSS

HUV

=S

 (
[image: image14.wmf]2

H

SSSS

SS=S=L

);

[image: image15.wmf]1

1010111

0

[,][,]

00

HH

S

SSSSSSSS

RVVVVVV

éù

L

==L

êú

ëû

 (
[image: image16.wmf]111

H

SSSS

HUV

=S

).
Assuming that the transmitter employs
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 as precoder, the received signal at the UE is given by
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. The effective received signal after multiplying the channel estimates from the dedicated RS 
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Note that the above transmission and reception scenario based on the eigen-decomposition of the channel is capacity achieving [2].  
In FDD, the UE needs to report one of the followings (at least for the precoding part).  

(1) Channel matrix 
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(2) Channel covariance matrix 
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(3) Main eigen-matrix of the channel 
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In the category of implicit feedback, PMI can be seen as a quantized version of the main eigen-matrix of the channel, and the option (3) can be modified such that the UE reports the best-matching precoder from the codebook 
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        (4)   Precoding matrix index, 
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 is a distance metric.
2.2 CoMP: CS/CB
 Consider a CS/CB scenario involving a UE and two cooperating cells as shown in Figure 1.
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Figure 1  CS/CB involving a UE and two cooperating cells
The received signal at the UE is given by
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represents the channel coefficient matrix between the UE and Cell i and 
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is the precoding applied at Cell i for the UE. Using the channel estimates from the UE-specific DM RS, the effective received signal at the UE may be written as 
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By choosing 
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 to be the eigenvectors of the channel 
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.  For the inter-cell interference term 
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The UE needs to feedback one of the followings in order to realize the above transmission/reception scenario.
(1) Channel matrices 
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(2) Channel covariance matrices
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(3) Main eigen-matrices of the channels 
[image: image45.wmf]S

V

 and 
[image: image46.wmf]A

V

 from 
[image: image47.wmf]H

SSSS

RVV

=L

and 
[image: image48.wmf]H

AAAA

RVV

=L


In the category of implicit feedback, the option (3) can be modified such that the UE reports the best-matching precoder from the codebook. 

(4)  Precoding matrix indices 
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2.3 CoMP: JP
Finally, consider JP involving a UE and two joint transmission cells as shown in Figure 2. 
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Figure 2 JP involving a UE and two cooperating cells
The received signal at the UE is given by
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is the channel coefficient matrix between the UE and Cell i and 
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is the precoding applied  at Cell i for the UE. Since the UE-specific DM RS is subject to the same precoding as the data, the effective received signal at the UE may be written as below, assuming the perfect knowledge of the channel at the transmitter and receiver sides.
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· Method 1: Global precoding
The eigenvector matrix 
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, and it is used as precoder:
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The remaining process is similar to the single-cell transmission case and this process is capacity achieving.

· Method 2: Local precoding plus phase correction [4]
The precoding at joint transmission points is chosen locally each based on the eigen-decomposition of its own channel and then the phase-correction for inter-cell beam alignment is done later with the assumption of the local precoding that has been decided individually for cells.  The precoding at Cell i 
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The intra-cell terms involving only individual cells can be made approximately diagonal and not affected by the choice of 
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Similarly, 
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The phase-correction matrices 
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The UE needs to feedback one of the followings.
(1) Channel coefficient matrices 
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(2) Channel covariance matrices 
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(3) Main eigen-matrix 
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(4) Main eigen-matrices 
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, and phase-correction matrices
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In the category of implicit feedback, the options (3) and (4) can be modified such that the UE reports the best precoder from the codebook. Denoting the codebook for local precoding at Cell i as 
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(5) Global precoding: precoding matrix index 
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(6) Local precoding plus phase correction: precoding matrix indices 
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2.4 UE feedback structure
The transmission schemes considered here are single-cell, CS/CB CoMP, non-coherent JP CoMP [6], and coherent JP CoMP transmissions. In searching for commonality between different schemes of transmission, it is noted that the same feedback can be exploited for both CS/CB and non-coherent JP operations. The feedback for the single-cell transmission can be simply extended to include multiple feedbacks each accounting for the channel between the UE and one cell in the cooperating set to support CS/CB and non-coherent JP operations. A major departure from similarity among the UE feedbacks appears as one goes from either of CS/CB CoMP and non-coherent JP to coherent JP.
To support coherent JP, one may use a completely different UE feedback than the ones for other transmission schemes to take into account coherent joint transmission as shown in the previous section. The other approach is to reuse the UE feedback of CS/CB and non-coherent JP CoMP and complement it by adding additional feedback for example, regarding beam-phase correction.
Tables 1 and 2 compare the UE feedback contents for various feedback options for explicit and implicit channel feedback, respectively.

The options (1) and (2) in Table 1 induce a large overhead inherently. In contrast, we note that the options (3) and (4) can be implemented with reduced overhead, and the options (5) and (6) in Table 2 are implicit channel feedback corresponding to the options (3) and (4), which are similar to the LTE Rel.8 PMI feedback. One example of such implicit feedback was proposed in [4] in the context of coherent JP CoMP.  
The benefits of hierarchical UE feedback have been discussed [5]. Such a hierarchical structure maximizes the commonality among single-cell operation, and multi-cell CS/CB and JP CoMP operations. The commonality provides the flexibility, allowing an easy transition between different schemes of transmission for a given UE feedback. Also a mix of CS/CB and JP operations is possible by allowing only some of the reported cells to participate in the joint transmission and the others to cooperate in coordinated scheduling under CS/CB operation. For example, the network can decide on which cells to operate for JP or CS/CB based on the availability, latency and capacity of X2 interface while the same basic UE feedback structure can be maintained regardless of the network decision. 

Table 1  Explicit feedback for various schemes of transmission

	Explicit feedback
	Single cell
	CoMP
	Note

	
	
	CS/CB
	Non-coherent JP
	Coherent JP
	

	(1) Channel matrix
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	High overhead, Fully scalable and flexible

	(2) Channel covariance matrix
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	High overhead, Fully scalable and flexible

	(3) Eigen-matrix for global precoding
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	Low overhead, Partially scalable and flexible

	(4) Eigen-matrix for local precoding and phase-correction matrix
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	Medium overhead, Fully scalable and flexible


Table 2 Implicit feedback for various schemes of transmission
	Implicit feedback
	Single cell
	CoMP
	Note

	
	
	CS/CB
	Non-coherent JP
	Coherent JP
	

	(5) PMI for global precoding
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	Multi-cell codebook needed,  Partially scalable and flexible

	(6) PMI for local precoding and phase correction
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	Single-cell codebook, Fully scalable and flexible


3 Conclusions
We have discussed the UE feedback options for explicit and implicit channel feedback. The hierarchically structured UE feedback, explicit or implicit, seems desirable due to the flexibility and scalability of operation, which enables easy switching between different transmission schemes and allows transmission based on partial feedback due to self-contained nature of the UE feedback reports. 
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