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1 Introduction
In this paper we review the assumptions on feedback mechanisms agreed to at RAN1#57, and focus on identifying commonalities across the CoMP transmission modes.  Based on this review, we make some proposals on UE feedback support that may reduce the overhead of signalling while still efficiently supporting the CoMP transmission modes.

2  Discussion
For the case of explicit feedback, it is our understanding that channel state/statistics on a per cell basis are sufficient for all CoMP modes.  For implicit feedback, Table 1 below summarizes our understanding of the feedback requirements for each CoMP mode.  This is based on discussions held up to and including the last RAN1 meeting, which can be found in references [1], [2], [3], [6], [8] and [9].  Further details behind this table can be found in sections 3 through 5 of this document.
Table 1 Summary of implicit feedback methods for different COMP modes

	
	Coordinated beamforming
	Joint transmission

	
	
	Joint precoding
	Disjoint precoding
	Dynamic cell selection

	
	
	
	Type A (coherent or non-coherent over the air combining) 
	Type B (soft-bit combining)
	

	CQI report
	One CQI per serving cell
	One CQI for the global virtual cell
	One CQI for the COMP set
	Multiple CQIs for cooperating cells
	Multiple CQIs for cooperating cells

	PMI report
	One PMI for serving cell and recommended PMIs for cooperating cells
	One PMI for the global virtual cell
	Multiple PMIs for cooperating cells
	Multiple PMIs for cooperating cells
	Multiple PMIs for cooperating cells


It can be seen from the table that there is overlap in the feedback requirements across several of the CoMP modes.. As an example, type B disjoint precoding and dynamic cell selection can be implemented with the same implicit feedback. Further, the PMI requirements are the same for all modes except joint precoding.  In order to minimize system complexity it seems possible to take advantage of this overlap to reduce the combinations of feedback contents.  
Proposal 1 - We recommend that per cell reporting of the feedback be required.

While the use of explicit or implicit or a combination thereof requires further study in terms of the trade off between performance and overhead, we believe it is reasonable to take as a starting assumption that per cell reporting of the feedback (regardless of implicit or explicit) should be required,   The overhead could be reduced by reporting on a subset of the measurement set – e.g., the best ‘N’.  If explicit feedback is used, this is sufficient information to cover all CoMP modes. If implicit feedback is used, this per cell reporting gives the most commonality across the various CoMP modes.  It also provides sufficient information to the network to dynamically switch between CoMP and non-CoMP operation, to dynamically switch between CoMP modes, and to dynamically configure the transmission set within any particular CoMP Mode.

Proposal 2 – We recommend that if implicit feedback is the agreed upon mechanism, a single additional joint CQI be included, along with the per cell feedback.

It would be beneficial to have some limited additional “joint cell” feedback in the case that implicit feedback is used.   For example, to support type A disjoint precoding, a single additional joint CQI would also be needed, perhaps reported as a differential CQI encoded with respect to the individual CQI of the serving cell in order to minimize the additional signalling.    This joint CQI might also be useful in joint precoding.
3 Types of Feedback

In this section, we study the proposed feedback types and specifically summarize the major feedback mechanisms that have been proposed for explicit feedback.
3.1 Implicit feedback
Implicit feedback refers to the recommended transmission parameters such as the precoding matrix indicator (PMI), channel quality indicator (CQI) and rank indicator (RI). For each COMP transmission mode, different types of assumptions or hypotheses might be needed to compute these parameters. The transmission parameters required for implicit feedback for each of the major COMP transmission modes are further analyzed in Sections 4 and 5.
3.2 Explicit feedback
In explicit feedback, instead of the recommended transmission parameters such as the PMI or CQI, information about the channel itself or relevant statistics of the channel are fed back to the network.
There have been several proposals on what kind of information to feedback such as:

· The channel matrix itself, H.

· Channel covariance matrix, HHH.

· Interference and noise power or covariance matrix of interference and noise
· Eigenvectors of the channel matrix or channel covariance matrix

The explicit information to be fed back should be sufficient for the network to implement the envisioned transmission algorithms for COMP. Channel information could give the most flexibility in terms of COMP algorithm design but the overhead of channel covariance feedback could be smaller due to more slowly changing time and frequency correlation and the symmetry of the covariance matrix. Therefore, trade-off between the performance of the algorithms that rely on a specific explicit feedback and the overhead should be studied carefully. We elaborate on this point by studying two sample algorithms for two different COMP scenarios.
· An algorithm proposed for coordinated beamforming is based on the maximization of signal to leakage-noise ratio [4, 15]. As shown in the appendix, knowledge of the channel covariance matrices is sufficient to implement this algorithm. 
· An algorithm that can be used for joint global precoding with MU-MIMO transmission is the block diagonalization scheme which is a generalization of the zero-forcing beamforming method. To implement this algorithm, channel matrices of the cells in the COMP set are required. As we have shown in the Appendix, however, the same algorithm can also be implemented with the feedback of singular vectors of the channel, or equivalently, the eigenvectors of the channel covariance matrix.
One other important area to investigate for which several methods have been proposed as summarized below is how to feedback the required explicit information. Control channel overhead, performance and power efficiency of each method are some of the items that need further study. 
· Analog feedback of the matrix coefficients [5,16]
In analog feedback, the UE directly modulates the subcarriers with the unquantized coefficients from the matrix to be fed back, i.e., each coefficient is transmitted as a complex vector in one RE. As an example, each coefficient can be spread with an orthogonal sequence and transmitted in the PUCCH.
· Scalar quantization [12]

Another method is to quantize the real and imaginary parts of each coefficient with a certain number of bits and send these bits to the serving cell. As an example, the real and imaginary parts of each complex coefficient of the matrix can be quantized with 4 bits respectively. The overhead would increase with increasing number of transmit and receive antennas.
· Vector quantization [5,8]

Another quantization method is vector quantization where the estimated vector is quantized according to a vector codebook and the index of the selected element from the codebook is sent to the network. To quantize a matrix, the matrix can first be vectorized and then quantized, or each column or row of the matrix can be quantized separately.
· Joint explicit and implicit feedback

When the explicit feedback is normalized, for example when a vector quantization codebook is used, the amplitude information is lost. In this case, in addition to the normalized element, the UE also needs to feedback an estimate of the channel quality similar to the CQI reporting. As an example, for zero-forcing beamforming, feedback of the quantized channel information (channel direction) and a CQI feedback were discussed in Rel-8 [7].
4 Feedback for coordinated beamforming
Coordinated beamforming refers to the transmission mode where the UE receives PDSCH from the serving cell only but the cells in the COMP set coordinate their transmissions so that inter-cell interference can be reduced. To achieve the coordination, the UE needs to feedback information about the channel states of the serving cell and the other cells in the COMP set. The received signal is given in Equation 6 in the appendix, where the serving cell index is m and the remaining N cooperating cells design the beamforming matrices
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such that the interference on the UE receiving data from the m’th cell is minimized.

4.1 Implicit feedback for coordinated beamforming
As mentioned before, in implicit feedback, the UE feeds back to the network the recommended transmission parameters such as precoding PMI, CQI, and RI. For coordinated beamforming, the following types of implicit feedback might be needed:
1. PMI feedback: 

· The preferred PMI for the serving cell.

· In addition to the preferred PMI for the serving cell, the network might need to know the PMIs that would result in the minimum interference when they are used for transmission by the other cells in the COMP set [1].
2. CQI feedback

· The basic CQI can consist of the channel quality estimation based on the assumption that the preferred PMI will be used by the serving cell and no assumptions about the other cells in the COMP cooperating set. This CQI would be pessimistic as the interference from the other cells in the COMP set would in fact be reduced if they used the recommended precoding matrices.

· Methods to report a more reliable CQI taking into account the coordination should be investigated. To compute the exact CQI, the UE needs to know which of the cells in the measurement set would in fact cooperate. This information is, however, not available at the time of CQI reporting. Therefore, methods to estimate a reliable CQI without this knowledge need to be investigated. Some possible methods are summarized below.
· The most straightforward CQI reporting method is to feedback one CQI for each possible set of cooperating cells [3]. The overhead of this method would increase significantly with increasing number of cooperating cells. If the number of cells in the COMP set is m+1 including the serving cell, then the total number of required CQI reports is given by 
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As an example, if there are 4 cells A, B, C, and D in the measurement set with A being the serving cell, 8 groups of possible cooperating cells can be defined: {A}, {AB}, {AC}, {AD}, {ABC}, {ABD}, {ACD}, and {ABCD}. Feeding back a CQI for each of these possible combinations would result in a significant overhead. 
· One possible method to reduce the overhead is to feedback a basic CQI for the serving cell assuming that there is no coordination. Later, this CQI can be refined either by the UE with additional feedback or the serving cell.
· Another method is to feedback a basic CQI for the serving cell and some additional differential CQI. The differential CQI might reflect the additional gain if either all of the cells in the measurement set or the cells whose interference were above a certain threshold had cooperated. In addition to this, the UE can send a list of the preferred cooperating cells and the CQI assuming that only these cells will cooperate. It is also possible that PMIs for only these cells are reported. For example, if cell D causes the largest interference, the UE can send a bitmap [0 0 1] to indicate the preferred cooperating cell D, the preferred PMI for cell D, and a differential CQI for {AD}.
4.2 Explicit feedback for coordinated beamforming
Channel state information about each of the cells in the COMP measurement set is fed back to the network. As presented in Section 3.2, this information could be in the form of the channel matrix or channel covariance matrix or eigenvectors of one of these matrices. If the channel state information is normalized, then an additional indicator for the channel quality is also required. In this case, similar methods as discussed in Section 4.1 to report a CQI can be used.

5 Feedback for joint processing
Joint processing refers to the transmission mode where multiple transmission points have the data to transmit. The data is either jointly transmitted from the cooperating cells or one of the cells is dynamically selected for transmission. In joint transmission, two types of main transmission modes can be listed as joint precoding and disjoint precoding. 
In joint precoding, the precoding matrix used by each cell constitutes a part of the global precoding matrix W distributed over all cells. It is this global precoding matrix that is recommended by the UE. The received signal can be written as below where H is the composite channel and W is the composite (or global) precoding matrix.
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(1)
In disjoint precoding, each precoding matrix Wi  is selected separately.  If the same data (and modulation symbols) are transmitted from all cooperating cells, both coherent and non-coherent over-the-air combining are possible. However, for coherent combining, different transmission points might need to adjust their respective phase shifts. If different data streams are transmitted from the transmission points, spatial multiplexing is possible. If the same data but with possibly different modulation and coding are transmitted, then combining can be done after estimating the soft bits. For each of these transmission techniques, different types of feedback information might be required as discussed in the next sections. 

5.1 Implicit feedback for joint transmission
5.1.1 Joint precoding
1. PMI feedback: A single PMI distributed over all the antennas of the cooperating cells is fed back to the network. When estimating the PMI, the UE assumes a certain composite channel matrix H, i.e., a set of cooperating cells and their orders inside the H matrix. As an example of 3-site CoMP, the optimal PMI for H = [H1 H2 H3] could be different than H = [H1 H3 H2]. Therefore, a bitmap over the ordered measurement set can be used to indicate the cooperating set. Another possibility that would result in a significantly large overhead is to send a PMI for all possible sets of ordered cooperating cells.
2. CQI feedback: A single effective CQI is fed back to the network based on the assumption that the reported PMI will be used for data transmission by the selected cells.
In joint precoding, the cooperating cells jointly transmit data to the UE and the transmission from a neighbour cell is not interference. However, multiuser interference exists if the network simultaneously transmits to multiple users by using a MU-MIMO technique. To reduce this interference, the UE can report to the network the least or most desired precoding matrices to precode the other UEs’ data. The reported CQI can also take into consideration of the multiuser interference. As an example, a differential CQI can be transmitted based on assumption of the interfering precoding matrix.
5.1.2 Disjoint precoding:
1. PMI feedback: In disjoint precoding, a separate PMI is fed back for each cell. To enable coherent combining, additional information about the phase offsets of the transmission points can also be fed back. Another method proposed in [8] is to feedback the inter-channel correlation matrices.
2. CQI feedback: Two main types of CQI feedback can be defined based on whether over-the-air combining or soft bit combining is implemented.
a) Single effective CQI

A single CQI is reported for the transmission of the same data (by using the same modulation symbols) from the cooperating cells such that over-the-air combining is possible. The combining can be coherent or non-coherent depending on whether the transmitting cells can adjust their phase offsets or not. If G is the combining vector used at the UE receiver, then the SINR can be written as
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b) Separate CQIs for each cooperating cell

Separate CQIs can be reported for each of the cooperating cells. In this case, different data streams can be transmitted from the cooperating cells as in spatial multiplexing. Or the same data can be transmitted, for example different redundancy versions of the same data stream, and combining is done after the estimation of the soft bits. In this type of CQI computation, the data transmission from the other cells is considered as interference. The SINR due to the transmission from the m’th cell can be written as
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(3)
Computation of the exact CQI for disjoint precoding depends on the actual set of cells cooperating and the transmission method. This information might not be available at the time of reporting by the UE. To report a reliable CQI, methods similar to those studied in Section 4.1 can be used. 
In one method, the UE can feedback a preferred list of cooperating cells and the corresponding CQIs. The reported CQIs can be refined by the UE or the network.The cooperation method (joint precoding or disjoint precoding) can be configured by the network and then the UE either can report a single effective CQI or separate CQIs. Another possibility is that the UE can feedback both of these CQIs by using a universal feedback scheme and enable network to dynamically change the transmission scheme. Some discussion on CQI feedback for joint and disjoint processing can be found in [6].
5.1.3 Dynamic cell selection

In dynamic cell selection, data is transmitted from one of the cells at a given time. The signals received from other cells in the COMP set would look like interference to the UE. Separate PMI and CQI reports are fed back for each cell in the COMP set. The feedback is similar to the feedback for disjoint precoding with soft-bit combining. The difference in this case is that the UE does not know what precoding matrices the interfering cells could use because only one cell transmits to the UE at a given time. Therefore, the interference power estimation could be less reliable.
5.2 Explicit feedback for joint transmission
Channel state information about each of the cells in the COMP cooperating set is fed back to the network. This information could be in the form of the channel matrix or channel covariance matrix or eigenvectors of one of these matrices. If the explicit feedback information is normalized, then an additional indicator for the channel quality is also required. In this case, methods as in Section 5.1 can be used.
6 Summary and conclusion
In this contribution, we have analyzed the main types of feedback mechanisms that have been proposed for COMP and have made the following recommendations:

(1) Per cell reporting of the feedback be required, regardless of whether implicit or explicit is used
(2) For the case of implicit feedback, a joint CQI be reported in addition to the per cell feedback
We have presented Table 1 as our understanding of the assumptions for implicit feedback for CoMP.  If there are disagreements we welcome feedback from interested parties in order that we may correct the table so that it reflects the consensus of what has been agreed to date.
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Appendix  A
A.1 System Model

We assume that the COMP cooperating set consists of N cells. The received signal at a given UE can be written as
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(4)
where si is the data vector transmitted from the i’th cell, Hi is the channel matrix between the UE and the i’th cell, Wi is the precoding matrix used by the i’th cell, Pis are power scaling factors and n is the noise and interference from the other cells outside the COMP set. When data is jointly transmitted from all cells in the COMP cooperation set, the received signal by the k’th UE can be written as
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where the first item inside the parenthesis denotes the signal received from the i’th cell and the second item is the interference due to MU-MIMO transmission from the i’th cell to (Ki-1) additional UEs at most. In coordinated beamforming, the UE receives data transmission only from the serving cell and the data transmitted from the other cells in the COMP set is interference for the UE. Assuming that the serving cell is the m’th cell, the received signal becomes


[image: image8.wmf]11, 

NN

iiiimmmmiiii

iiim

PPP

==¹

=+=++

åå

yHWsnHWsHWsn

 



(6)

where the second term on the right hand side is interference. Note that any additional multi-user interference is embedded in the first term.

A.2  Signal to leakage ratio with channel covariance matrix
Assume that each cooperating cell i transmits to a single UE by using the precoding matrix Ti. The dimensions of Ti is (number of data streams for the ith UE) x (number of transmit antennas at the NodeB). We assume that a single data stream is transmitted per UE. There are K cells and UEs. Also, assume that the channel matrix for the ith UE is denoted as Hi. Then, the received signal at the kth UE can be written as 
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The SINR is given as
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A term called leakage is defined as the signal power leaked to the other users as interference. For example, if the k’th cell is transmitting to the k’th UE, then the interference received by the other UEs in neighbour cells is given by
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Then, we define the signal to leakage-noise power as
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Then the optimization problem is that the beamforming vectors are selected such that the SLNR is maximized for all users subject to unit-norm beamforming vector constraint. The solution to this problem has been given in [15] as
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We can see from the formula that the solution can be computed from the channel matrices or the channel covariance matrices.
A.3  Block diagonalization with channel and channel covariance matrices

Assume that the network transmits to K users simultaneously and uses the precoding matrix Ti for the ith UE by using joint precoding. The dimensions of Ti is (number of data streams for the ith UE) x (number of transmit antennas at the NodeB). Also, assume that the channel matrix for the ith UE is denoted as Hi. Then, the received signal at the kth UE can be written as 
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Our goal is to select the precoding matrices such that the interference term 
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, i.e., the precoding matrix used for the kth UE does not cause any interference on the remaining UEs. This requires that the columns of the precoding matrix Tk lie in the null space of the channel matrices of the remaining (K-1) UEs. One method to compute the precoding matrix Tk is to find this null space by using the SVD. To do this, we stack the channel matrices as follows 
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and take the SVD of the composite matrix as 
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. Then, the precoding matrix can be written as
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guarantees that the interference from the kth UE’s data on the other UEs is zero, i.e, the MU-MIMO system is transformed into K block diagonal SU-MIMO systems. The matrix 
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 can be designed by using any of the existing SU-MIMO optimization technique.
Now, we show how the interference can be cancelled when the singular vectors of the channel are used. Assume that the SVD of the channel can be written as
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. Then, the UE feeds back one or more of the right singular vectors Vk1.  These vectors are then used to compute the precoding matrices as explained above. Note that, while explaining the receiver processing, we assume that there is no quantization error.

After the precoding matrices are computed and used for transmission, the received interference can be written as 
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where we have used the SVD of the channel matrix. Then, we can write 
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. Due to the design of the precoding matrices, the first interference term is zero; however the second term is not cancelled. Then, if we use the corresponding left singular vectors at the receiver, we get 
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Therefore, the interference gets cancelled. When the UE requires only a single data stream as in ZF beamforming, then only the one right singular vector is fed back to the NodeB. In this case, the NodeB will have to use only one beamforming vector to precode the single data stream.
















































































































PAGE  
1

_1306148600.unknown

_1306395683.unknown

_1306398183.unknown

_1307215134.unknown

_1306395743.unknown

_1306395614.unknown

_1306395665.unknown

_1306395625.unknown

_1306148702.unknown

_1306395487.unknown

_1306148631.unknown

_1271069700.unknown

_1271074244.unknown

_1306148520.unknown

_1306148583.unknown

_1306148469.unknown

_1271074542.unknown

_1271070493.unknown

_1271070641.unknown

_1271070234.unknown

_1271061014.unknown

_1271061070.unknown

_1271061092.unknown

_1271058616.unknown

_1271060974.unknown

_1271058657.unknown

_1271058590.unknown

