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1 Introduction
The feedback to support DL CoMP has been discussed extensively in previous meetings. In [1], we proposed a CSI feedback framework to support DL CoMP, which in principle can flexibly support various scalable transmission modes of DL CoMP. 
In this paper, we show how DL CoMP can be supported with a reasonable feedback overhead. We use as an example the explicit per-cell CSI feedback approach described in [1], where the per-cell feedback for additional cells is weighted according to the receive weighting matrix derived from the serving cell channel. The feedback is quantized using codebook based vector-quantization for the per-cell CSI feedback and scalar-quantization for additional inter-cell relative CSI feedback (i.e., relative phase and/or amplitude). 
CSI feedback overhead analysis
The CSI feedback includes per-cell CSI feedback which can be based on codebook based vector quantization and inter-cell relative phase and/or amplitude feedback based on scalar quantization. These are described in more detail below.

1.1 Per-cell CSI feedback

The per-cell CSI feedback contains the directional information of the equivalent channels. The quantization for it can be implemented in a straightforward way by vector quantization, that is, the codeword that is closest in direction to the equivalent channels is selected to be fed back. The detailed implementation is described in appendix A.  
1.2 Inter-cell CSI feedback
The per-cell CSI feedback only contains the directional information of the equivalent channels and does not include the amplitude/phase information. The amplitude/phase information, however, is needed for multi-cell joint precoding operations. 

In order to save feedback overhead, only the phase and/or amplitude information of the equivalent channels associated with the non-serving cooperating cells relative to the serving cell’s equivalent channel are fed back. A detailed description is given in Appendix B. 
1.3 CSI feedback overhead analysis

We now analyse the CSI feedback overhead for DL CoMP using the CSI feedback implementation described in previous section. Note that different DL CoMP transmission schemes require different CSI feedback contents. Generally speaking, coordinated-scheduling/beamforming (Co-Sch/BF) only needs the per-cell CSI feedback. For joint-transmission with global precoding, both the per-cell CSI feedback and the inter-cell CSI feedback (including relative phase and amplitude) will be needed to enable multi-cell global CoMP precoding. For joint-transmission with local CoMP precoding, the per-cell CSI feedback is required; however, note that the inter-cell relative phase information can play an important role in further improving the performance due to the more constructive combining at the UE. 
The CSI feedback overhead analysis for the three DL CoMP transmission schemes is listed in Table 1 as follows.

Table 1 Feedback overhead per subband per user within a CSI feedback period
	Transmission schemes
	Feedback contents
	Total feedback overhead (bits)
	Avg. feedback overhead per cell (bits)

	Co-Sch/BF
	Per-cell CSI for each cell
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	JT with local precoding
	Per-cell CSI for each cell
Inter-cell relative phase for each non-serving cell
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	JT with global precoding
	Per-cell CSI for each cell
Inter-cell relative phase and ampli. for each non-serving cell
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Evaluations of the implementation solutions
To evaluate the feasibility of the proposed CSI feedback solution, some link level simulations were performed with the detailed simulation conditions listed in Table 3 in appendix C. Note that 2 cells are assumed in the simulations, but the proposed CSI feedback solution can flexibly adapt to larger number of coordinating cells straightforwardly. In the simulations, the large scale fading model (including path loss and shadow fading) is not included, or equivalently speaking, the same large scale fading is assumed for all the cell-to-UE links. This assumption is reasonable considering that: 1) the DL CoMP mainly targets the cell edge users, whose large scale fading factors are similar; 2) the main purpose of these simulations is to verify the feasibility of the quantization schemes of the CSI feedback solution. To evaluate the system-level performance with this feedback solution, system level simulations will be needed. 
1.4 Descriptions of the quantization schemes
In the simulation evaluations, the 4-bit LTE Rel-8 codebook corresponding to 4 transmit antennas was applied for the vector quantization for the per-cell CSI feedback. Note that in order to enhance the quantization quality, the covariance matrix was used to adapt the codebook to the actual spatial correlation property of the application scenarios. The usage of the covariance matrix to enhance the feedback accuracy was discussed in [4]. Note that the covariance matrix is estimated wideband (10MHz BW in this example) and long-term (20ms in this example), so even if the covariance matrix is fed back in practical systems, the increased feedback overhead is limited. 
Regarding the inter-cell CSI quantization, scalar quantization with a simple uniform codebook was assumed in the simulations. Figure 1 illustrates the scalar quantization codebook for both inter-cell relative phase and amplitude. This scalar quantization codebook is only an example and other codebooks with optimised codeword distribution and codebook size can be investigated. Note that as shown in (12)~(15), the total number of bits for amplitude quantization is the codebook size (1 bit for example) plus additional one bit, which is used to indicate the relationship between the serving cell amplitude and that of the non-serving coordinating cell (i.e., which is greater). 
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Figure 1 illustration of the scalar quantization codebook example
1.5 Feedback Overhead 
Table 2 gives the feedback overhead analysis for various DL CoMP transmission schemes. From this table, we can see that the required CSI feedback for Co-Sch/BF is a subset of that for JT CoMP with local precoding, which, at the same time, is a subset of that for JT CoMP with global precoding. Thus this kind of CSI feedback solution for DL CoMP is scalable from simple schemes to more advanced schemes, which is desired as stated in the WF [2].
Table 2 Feedback overhead per subband per user within a CSI feedback period

	Transmission schemes
	Feedback contents
	Total feedback overhead
	Avg. feedback overhead per cell

	Co-Sch/BF
	Per-cell CSI for each cell
	8bits, (4bits/cell*2cells)
	4bits

	JT with local precoding
	Per-cell CSI for each cell
Inter-cell relative phase for each non-serving cell
	12bits, (4bits/cell*2cells + 4bits/cell*1cell)
	6bits

	JT with global precoding
	Per-cell CSI for each cell
Inter-cell relative phase and ampli. for each non-serving cell
	14bits, (4bits/cell*2cells + (4+2)bits/cell*1cell)
	7bits


At the eNodeB side, the CSI of the user with all the coordinating cells can be reconstructed based on the per-cell CSI feedback (i.e., vector codebook index) and the inter-cell CSI feedback (i.e., scalar codebook index). Then, some form of DL CoMP precoder can be derived from the reconstructed channels.  
1.6 Simulation results
The simulation results with 2 cells jointly serving 2 UEs in the three DL CoMP transmission schemes are shown in Figure 2 and 3. Figure 2 uses QPSK+1/2Turbo coding per user while Figure 3 corresponds to 16QAM+1/2Turbo coding. In all the simulations, covariance matrix aided codebook adaptation was performed, which can improve effectively the per-cell CSI quantization accuracy. 
From these figures, we can observe that compared with ideal CSI feedback, quantization brings a performance loss of about 1.5dB, 1.0dB and 1.0dB at BLER of 0.1 for the three DL CoMP schemes of Co-BF, JT with local precoding and JT with global precoding, respectively. One point that should be noted is that in these simulations, random user scheduling is used; if advanced spatial channel-aware user pairing/scheduling is implemented, the overall performance will be improved to some extent. 
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Figure 2 Two cell jointly serving 2 users, with QPSK+1/2TC
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Figure 3 Two cell jointly serving 2 users, with 16QAM+1/2TC
Summary
In this paper, the feedback overhead for the three typical categories of DL CoMP scheme is analysed. For Co-Sch/BF, per-cell CSI feedback for the cooperating cells is sufficient and additional inter-cell relative CSI feedback is not needed. To support more advanced multi-cell joint transmission schemes, additional inter-cell CSI feedback is required as follows:
· JT with local CoMP precoding: inter-cell relative phase feedback is beneficial for improving the performance.

· JT with global CoMP precoding: inter-cell relative phase feedback and relative amplitude feedback are both useful. 
Considering the concern of reducing the inter-eNodeB backhaul overhead, intra-site DL CoMP is preferred at the first stage. 
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Appendix A: Per-cell CSI feedback
Denote the channel between cell 
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 (i.e., the number of cells in cooperating cell set), and M, N, respectively represent the number of antennas at the base station and the UE. Without loss of generality, it is assumed that the serving cell index of the user is k and all the cooperating cells have the same number of transmit antennas. 

The per-cell CSI feedback is based on codebook based vector quantization. Denote the codebook as 
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 represents the codewords with unit norm, 
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 denotes the cooperating cell index. The number of bits required to index the codeword within the codebook can be expressed as 
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.  The per-cell CSI feedback for all the channels from the cooperating cells to the UE can be derived using the following steps.

Step 1: calculate the receiving combining vector, denoted as W

An example of the receiving combining vector is the left dominant singular vector(s) of the channel associated with the serving cell (i.e., Hk) as follows


[image: image17.wmf]H

M

N

SVD

k

v

v

u

u

]

[

]

[

1

1

L

L

S

=

H

                                                                   (1)
Where 
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 denotes the left singular vectors and right singular vectors, respectively. The matrix 
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 is a diagonal matrix with the singular values in descent order. Without loss of generality, it is assumed that the data stream number for the user is one. In this case, the receiving combiner vector can be 
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Step 2: calculate the equivalent channels, denoted as 
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The equivalent channel between the cooperating cell 
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 and the user, considering the receiving combining operation by the vector of W, becomes 
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Step 3: codebook based vector quantization for all the equivalent channels

Within the codebook, find the codeword that is closest to the normalized equivalent channels to be quantized, expressed as follows
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where 
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 denotes the distortion measure between the normalized equivalent channel (to be quantized) and the codeword Vi,l. A most common distortion measure is the Euclidean distance metric, defined as follows
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It can be derived that under the Euclidean distance metric, Equation (3) is equivalent to 
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The UE feeds back the index of the equivalent channel quantization 
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 to its serving cell (i.e., cell k in the assumptions) 
Note that the codebook based vector quantization accuracy can be enhanced by transformation of the codebook using the cell-specific covariance matrix, as follows


[image: image31.wmf]S

i

L

l

V

R

V

R

V

l

i

i

l

i

i

l

i

Î

=

=

;

,

,

1

,

,

2

/

1

,

2

/

1

,

L

)

                                                                    (6)
In this case, the equation (5) will be replaced with the following
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Appendix B: Inter-cell CSI feedback

Inter-cell relative phase feedback
The relative phase information of the equivalent channel hi over the serving-cell channel hk can be calculated in the following steps. Note that 
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 denotes the normalized equivalent channels and their vector quantizations, respectively. For more details, please refer to the appendix A. 
Step 1: calculate the missed phase in the quantization of the equivalent channels, that is,
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Where function angle(.) returns the phase of the input complex-valued input in the range of 
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Step 2: calculate the relative phase of all non-serving cells over the serving cell, that is,
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where the set 
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 represents the cooperating cell index set except serving cell index k. Note here that modulus for 2*pi is performed to assure 
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Step 3: make the scalar quantization for the relative phase obtained in step 2 and feedback the index.
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where 
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 denotes the codebook for scalar quantization for relative phases. 

Assuming the relative phase is distributed uniformly within –pi to pi, the scalar quantization codebook can be designed as follows
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Inter-cell relative amplitude feedback
The relative amplitude information of the equivalent channel hi over the serving-cell channel hk can be calculated in the following steps

Step 1: calculate the magnitude of the equivalent channel after projection onto its vector quantization version, as follows
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Step 2: calculate the relative amplitude of all non-serving cells over the serving cell, that is,
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Note that we constrain the relative amplitude to (0, 1], depending on the relationship between Ai and Ak, which will facilitate the scalar quantization in Step 3.
Step 3: make the scalar quantization for the relative amplitude obtained in step 2 and feedback the index.
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where 
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 denotes the codebook for scalar quantization for relative amplitudes. Note that one bit showing the relationship between Ai and Ak (e.g., 0 for Ai<Ak; 1 otherwise) shall be fed back together with the index of the 
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 such that the base station can clearly reconstruct the relationship between different equivalent channel amplitudes. 

Assuming the relative amplitude is distributed uniformly within 0 to 1, the scalar quantization codebook can be designed as follows 
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Appendix C
Table 3: Assumptions and conditions for the numerical results
	Parameters
	Value

	Channel model
	ITU UMi

	Antenna configuration
	4-Tx eNB: ULA, 0.5 lambda
2-Rx UE: ULA, 0.5 lambda

	Number of eNB
	2

	Number of UE
	2

	Path loss
	Assumed same for all eNB-UE links

	Transmission schemes
	Coordinated beamforming, JT CoMP with local precoding and global precoding

	BW allocation for data transmission
	5 PRBs

	Modulation & coding
	QPSK, 16QAM, 1/2 Turbo code

	Data stream per UE
	1

	DL Precoding granularity
	5 PRBs

	Feedback solution 
	The CSI feedback solution described in this Tdoc

	Channel estimation for CSI-RS and DM-RS
	Ideal channel estimation

	Codebook type 
	LTE Rel-8 codebook (4 bits)

	CSI feedback delay (between CSI estimation and usage in DL precoding) 
	6 ms

	Channel covariance matrix 

	Ideal, with 20ms delay between estimation and usage in codebook enhancement

	Data detection 
	MMSE

	Block size
	528 bits for QPSK, and 1184 bits for 16QAM
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