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1. Introduction
PU2RC is one the techniques that has been proposed for Multiuser MIMU (MU-MIMO) downlink transmission in LTE [1]. It has been shown to achieve good system throughput with modest overhead, feedback requirements, and complexity. At a high level, PU2RC operates as follows:

1. A codebook consisting of L precoding matrices, Ui, i=1,…,L, are available. These matrices are constrained to being unitary. Altogether, these L matrices amount to nT(L column vectors where nT is the number of transmit antennas at the Node-B.

2. Each UE reports back to the Node-B a preferred subset of such column vectors and a quality indicator corresponding to a hypothetical transmission from each of these. The size of this subset is a parameter that can be anywhere between 1 and nT(L.

3. For each precoding matrix in the codebook, the Node-B identifies those UEs that have expressed preference for a column vector of such matrix and associates those users with that matrix. If several users have expressed preference for the same column vector of that matrix, only one of those users is retained in the association (this can be done randomly or based on priorities). Thus, there are at most nT users associated with each matrix.
4. One of the precoding matrices is selected on the basis of the priorities of the associated users, as determined by the scheduler, and simultaneous transmission to those users takes place via the corresponding precoding matrix.

A shortcoming of PU2RC that has been identified [2-3] is that its performance actually deteriorates as the size of the codebook grows large. The reason for this is that, as L grows while the number of users K in the sector remains constant, the probability that several users will express preference for the same precoding matrix diminishes. (In fact, this probability vanishes for L(( if the user population is isotropic). Thus, when L is very large, the Node B ends up transmitting mostly to one user at a time, thereby forfeiting the MU-MIMO advantage.
In this contribution, we present a refined user grouping method that resolves this problem.
2. New User Grouping Method

The central idea behind the proposed grouping method is to allow the Node-B to evaluate the suitability of each user for each column vector in the codebook at various levels of granularity, thereby solving the problem described in the previous section, namely, degraded performance with growing granularity. To that end, the Node-B uses the set of precoding matrices in the codebook to construct a tree with logq(L) levels (cf. Fig. 1). This tree is structured in such a way that q precoding matrices connect at the immediately superior level, with one matrix that is at some minimum distance from these q precoding matrices according to some distance metric. More details on the tree construction and the distance metrics are given in Section 3.2.
Using the aforedescribed tree, the user grouping proceeds as follows:

1. For each precoding matrix at the base level of the tree, the Node-B identifies those UEs that have expressed preference for a column vector of such matrix and associates those UEs with that matrix. (If several UEs have expressed preference for the same column vector of that matrix, only one of those users is retained in the association.) Those matrices with nT users associated with it are deemed complete.

2. For those precoding matrices that are not yet complete, a second stage takes place to try to fill up the columns that remain empty. For each such incomplete matrix, the Node-B identifies users that have expressed preference for the corresponding columns on the precoding matrix connected with it at the immediately superior level. (If several users have expressed preference for the same column vector, only one of those users is associated.) At the end of this second stage, those matrices having nT users associated are deemed complete.

3. The process in (b) continues for a pre-determined number of stages or until all the precoding matrices are complete, whichever happens first. At most, the process should span logq(L) stages beyond the initial one. 
4. One of the precoding matrices is selected on the basis of the priorities of the associated users, as determined by the scheduler, and simultaneous transmission to those users takes place. At this point, two different approaches (unchanged-codebook and extended-codebook) are possible concerning the precoding matrix used for actual transmission. These two approaches and their signaling implications are discussed in Section 3.

The number of stages in the process should be determined on the basis of performance and signaling considerations. As higher levels in the tree are examined, the column vectors in the matrices progressively depart from those for which the UEs had expressed preference (i.e., those at the base level), there may be a point beyond which performance in terms of spectral efficiency no longer improves. In addition, in the extended-codebook approach the signaling overhead depends on how many tree levels are utilized (cf. Section 3). Thus, only a number of tree levels need actually be constructed.

2.1 Example: Fourier Codebook
As an example, we describe the user grouping method using a codebook of Fourier matrices, where the (r,c)th entry of the ith precoding matrix is given by

{Ui}r,c = 1/(nT)½  exp{-j 2r(c+i/L)/nT}


 (1)
for i=0,…,L-1 and r,c=0,…, nT-1. It may be noted that these matrices are unitary by construction. The Fourier matrices at level i+1 have a finer angular resolution as compared to the Fourier matrices at level i, in line with the idea behind the new user grouping method. 

We can arrange these L Fourier matrices in such a way that each terminates the branch of a tree having logq(L) levels. Since, for Fourier matrices, an obvious distance metric is the angular difference between the mainlobe directions of the corresponding antenna patterns, branches in the tree connect matrices with the minimum angular difference at adjacent levels. This is graphically exemplified in Fig. 1.

Note that, as we move up in the tree, the Fourier matrices are subject to a coarser angular partition, i.e., a set of beams further spaced from each other than at lower levels of the tree. This increases the probability of finding a set of users that are suitable to all the vectors in a given matrix.
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Figure 1. Tree arrangement of a Fourier codebook. Note that the factors 1/(nT)½ have been obviated for the sake of clarity.
2.2 Distance Metrics and Tree Construction
The distance metrics are useful in order to:

a) Identify precoding matrices that are closest according to the metric chosen and should therefore be connected to a common matrix at the immediately superior tree level.

b) Quantify the closeness of precoding matrices at different tree levels, which in the non-codebook-based approach can be used as an indicator of the performance loss in not using the precise precoding vector that has been indicated by the user.

For Fourier precoding matrices, an obvious distance metric is the angular difference. Other distance metrics may be required especially for other precoding matrices that do not allow for such a simple geometric interpretation. In particular, the inner product can be easily used as a distance metrics. In general, precoding matrices are close when the inner product for the corresponding precoding vectors is large, and when the inner product for the non-corresponding precoding vectors is small. Hence, the closeness C of two unitary precoding matrices Um and Un can be expressed as
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where we have assumed that the columns of the matrices are normalized to unit norm such that the precoding does not affect the total power transmitted.

Since the constant nT  and the factor 2 in Eq. (2) are not relevant for expressing the relative distance, the closeness for unitary precoding matrices can be simply defined as
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At each tree level starting with the base, two or more precoding matrices that are close according to the desired distance metric are combined into a new precoding matrix at the immediately superior level. Note that the precoding matrices at tree levels above the base can be pre-computed and stored, rather than computed every time they are needed. The combination of the matrices to form those at the superior level can be made using a constrained least-squares criterion, which leads to
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This optimization corresponds to the Procrustes problem [4] with a known and straightforward solution. The formulation can be easily extended to more than two matrices in the constrained least-squares combining operation.

3. Signaling

As mentioned in Section 2, two different approaches are possible in terms of the precoding matrix used for actual transmission:

1. In the unchanged-codebook approach, only the precoding matrices in the original codebook (i.e., at the base level of the tree) can be used for transmission. Thus, one of these matrices is used with the UEs that were associated with it throughout the various stages of tree exploration.
2. In the extended-codebook approach, the transmission need not use only the precoding matrices at the base level. Rather, the precoding matrix to be used is formed by combining the columns from various tree levels that best matched the associated UEs. Note that such precoding matrix need not be unitary.
Consider a 4-antenna example: two UEs were associated with columns 1 and 2 at the base level, a third UE was associated with column 3 at the level immediately above, and a fourth user was associated with column 4 at a level yet above. In the extended-codebook approach, the precoding matrix to be used will have columns 1 and 2 taken from an original codebook matrix, column 3 taken from a matrix at the level immediately above, and column 4 taken from a matrix at a level yet above. In contrast, in the unchanged-codebook approach all the columns are taken from the same precoding matrix at the base level.
In both approaches, the feedback signaling on the uplink is unchanged with respect to conventional PU2RC. Likewise, the downlink signaling required to indicate the identity of the scheduled UEs is unchanged. There are implications, however, in terms of the downlink signaling required to indicate the precoding vector that is actually used for a particular UE:

a) In the unchanged-codebook approach, this is as in conventional PU2RC and thus, with this approach, the new user grouping method is fully transparent. However, the UE can no longer rely on receiving a transmission with the preferred precoding vector but rather on a vector that is close to it according to the distance metric.
b) In the extended-codebook approach, the downlink signaling needs to support indexing precoding vectors that are not in the original codebook. In fact, the tree levels above base can be regarded as an extension of the original codebook. The number of bits required to signal an entry in this extended codebook increases with respect to the original codebook by an amount that depends on the number of tree levels utilized. In the tree depicted in Fig. 1, for example, q=2 and thus the total number of entries in the tree is L + L/2 + L/4 + … + 2 + 1 =  2L-1 and thus using the whole tree would only double the size of the codebook, i.e., add 1 bit. If q>2, or if only part of the tree is used, the addition would be a fraction of a bit. 
4. Conclusion

We have presented a new user grouping method that prevents the performance degradation of PU2RC with growing codebook size. Simulations results are not available yet but are planned  for future contributions. We expect that, with a proper choice of the number of tree levels to be explored, the performance of PU2RC with this grouping method will be monotonic in the size of the codebook. In terms of the signaling requirements, two different precoding approaches can be used in conjunction with the new grouping. The unchanged-codebook approach is fully transparent in that it has no feedback or downlink indexing signaling implications while the extended-codebook approach increases the downlink index signaling by at most 1 bit.
5. References

[1] Samsung, R1-060335, “Downlink MIMO for EUTRA”, 3GPP TSG RAN WG1 Meeting #44, Denver, USA, 13-17 Feb. 2006.
[2] Philips, R1-070346, “Comparison of MU-MIMO feedback schemes with multiple UE receive antennas”, Sorrento, Italy, 15-19 Jan. 2007.
[3] Alcatel-Lucent, R1-070318 “Link-level results for multiuser eigenmode transmission with limited feedback”, Sorrento, Italy, 15-19 Jan. 2007.
[4] 
G.H.Golub and C.F.van Loan, “Matrix Computations”, 2nd ed., John Hopkins Univ. Press, 1989.




























� More generally, a matrix would be deemed complete if it has been preferred by as many users as the desired rank. For the sake of clarity, we shall consider full-rank transmit covariances only but the proposed method would apply with arbitrary ranks as well.





_1239206508.unknown

_1239375147.unknown

_1239201747.unknown

