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1 Introduction

In Rel-8, DL MU-MIMO is supported with codebook-based precoding. UE reports SU-MIMO CQI/PMI which the eNB uses for UE pairing and link adaptation. A 1-bit indicator is included in DCI 1D to indicate the EPRE power offset when another UE is co-scheduled in the same frequency-resources.
Enhanced DL MU-MIMO is an important topic envisioned in Rel-10, which relies on non-codebook based precoding for inter-user interference (IUI) mitigation. Substantial performance improvement has been demonstrated in the ITU-R submission ([2]) compared to SU-MIMO. For support of MU-MIMO in Rel-10, the following standard-related aspects need to be considered:
· What are the possible MU-MIMO beamforming algorithms? 
· What is the required UE feedback, which aspects should be specified in RAN1?
These issues are discussed in this paper. We conclude that the Rel-10 MU operation can be fully supported with the same implicit feedback framework as in Rel-8 SU-MIMO, with minimal standard impact. 
Without loss of generality, consider a two-user system where the received signal is given by 

[image: image1.wmf]),

n

S

W

H

S

W

H

(

U

y

),

n

S

W

H

S

W

H

(

U

y

2

2

2

2

1

1

2

H

2

2

1

2

2

1

1

1

1

H

1

1

+

+

=

+

+

=



      


(1)
where Wj, Sj, Uj, and nj are the precoding matrix, data vector, receiver equalizer and noise/interference vector of the j-th user. The objective is to obtain precoding matrices (W1, W2) to minimize, or completely pre-cancel the IUI (
[image: image2.wmf]0

W

H

U

,

0

W

H

U

1

2

H

2

2

1

H

1

=

=

), such that a robust performance with effective single-user channel 
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2 MU-MIMO Algorithms

Although the beamforming algorithms are eNB implementation specific (due to DRS), it may impact other specification-related issues (e.g. DL control, UE feedback). Abundant MU beamforming algorithms are available in the literature. The optimal scheme in terms of achieving the capacity region of Gaussian broadcast channel is dirty paper coding (DPC, see [3]), which unfortunately is impractical due to the non-causality in interference cancellation. However, sub-optimal schemes are available for reasonable performance & complexity tradeoff.
2.1 Block Diagonalization

The purpose of BD is to pre-eliminate IUI at the eNB, such that UE does not need to perform additional intra-cell interference mitigation [4]. Note the zero-interference constraint in BD assumes no specific receiver structure (MRC or MMSE). This is in contrast to generalized eigenvalue based MU algorithms (e.g. [5]) where the zero-interference constraint is formulated under a MRC receiver assumption.

Consider user 1 without loss of generality. A two-stage process is needed to obtain precoder W1 (W2 for user 2 can be derived likewise).
· Stage 1: Obtain the right null space basis vectors
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(S can be arbitrary unitary matrix), UE 2 will see no IUI and UE 1 will experience single-user MIMO channel 
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· Stage 2:  Perform SU precoding on the effective channel 
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 (eigen-based beamforming). For example, the final precoder of user 1 could be given as 
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, where evec{.} denotes the right principle eigenvector. 
To derive the null space basis (
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SVD(
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Alternatively, one may skip step 1 and directly derive W1 as
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where 
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 is the projection matrix that maps user 1 into the null-space of user 2’s channel.  Zero-interference constraint can be easily verified.
2.2 Maximal Signal-to-Leakage Ratio (SLR) Beamforming

The precoder of user 1 with SLR is expressed as
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where 
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is the noise/interference covariance estimate of the j-th user [8].  It is easy to see W1 follows the Rayleigh-Ritz quotient theory for maximizing the ratio of user 1’s desired signal to the leakage (interference) that user 1 causes to user 2.  If 
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 estimate is considered unreliable, an alternative solution is to report the noise/interference power P0 for SLR beamforming formulated as
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2.3 Zero-Forcing Beamforming (ZFBF)
Denote the effective SU-MIMO channel after SU receiver equalization as 
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, ZFBF for MU-MIMO is given as [6-7, 9]
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The ZF beamforming vector Wk of the k-th user is the k-th column of 
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. It is easy to see that IUI is completely eliminated. 
The optimality of ZFBF in terms of the asymptotic MU diversity gain is proven in [7]. It is noted that overall ZFBF is not applicable with covariance based feedback, since the channel inversion (5) requires cross-correlation of channel to both user 1 and user 2 (e.g. H1*H2).
3 Feedback in Support of DL MU-MIMO
For Rel-10 feedback in support of MU, the following design principles are noted:
· The same feedback framework to achieve commonality between SU-MIMO and MU-MIMO in Rel-10 is desirable.
· A feedback framework that can support as many MU-MIMO beamforming algorithms as possible is beneficial, to allow some precoding flexibility at eNB.
· Commonality with legacy system is beneficial, in order to minimize the additional standardization effort, which is important not only in RAN1 but also in future RAN4 work items phase. In addition, a common feedback framework also enables UE vendor to reuse their existing terminal implementation, avoid additional cost, and may expedite the time-to-market of Rel-10.

· A backward compatible design with Rel-9 is beneficial, which may allow eNB to co-schedule Rel-9 UEs with Rel-10 UEs simultaneously in MU-MIMO mode to exploit scheduling flexibility and MU diversity. 
3.1 Common Feedback for Rel-10 SU and MU 
For Rel-8, implicit feedback is the baseline for both SU-MIMO and MU-MIMO operation. For Rel-9 SU-MIMO, implicit feedback is agreed in RAN1 #58, where both TxD based and PMI based feedback modes are supported for TDD/FDD. For Rel-10 single-cell SU-MIMO, it has been agreed the baseline for feedback in support of SU spatial multiplexing is codebook-based precoding feedback [1]. As a result, enabling MU support with implicit feedback is a natural extension to Rel-10 MU operation to achieve maximum commonality between SU/MU and with legacy systems. 
· A PMI is an index to a precoding vector in the precoding codebook 
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. 
· Typically the precoding vectors are well designed to effectively span the MIMO channels in a large number of antenna configurations (e.g. ULA and cross-polarized configuration under different spatial correlation). This was followed in Rel-8 4TX codebook design and will likely to be followed for 8TX SU-MIMO codebook design in Rel-10. 
Overall, it is possible to support Rel-10 MU operation with the same implicit feedback framework as SU-MIMO with minimal standard impact. An example is given in Figure 1. 
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Fig. 1
· Step 1: Denote the SU rank-1 PMI report as 
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 reflects the quantization of the precoding vector projected into the precoding subspace defined by the codebook, and 
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denotes the energy of the projection, taking into account of noise/interference. For example, 
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· Step 2: Denote
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. For an hypothetical pair of UE, zero-forcing beamforming may be straightforwardly derived as 
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where 
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 is a regularization factor (e.g. a heuristic function of the geometry/SNR or a constant [6]).  The MU precoding vector for the j-th UE is the normalized k-th column of G.
· Step 3: The reported SU-MIMO CQI 
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 is then scaled to derive the predicted CQI for MU link adaptation, factoring in the ZF beamforming at eNB and residual IUI. Note such scaling is done at the eNB simply for link adaptation, and is therefore standard transparent. One example of MU CQI scaling is given by
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where 
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· In another example [9], when UE performs implicit feedback, the reported PMI 
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 such that the post-BF SNR 
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is maximized, with conjectured MU interference taken into account 
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(8)
The problem falls back to the SU-MIMO PMI feedback framework. In this case, eNB can simply follow the UE reported CQI 
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 for MU link adaptation.
The implicit SU CQI/PMI feedback framework is equally applicable for other MU beamforming schemes.

· For BD beamforming, the null space of user 2 channel 
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. The beamformer of user 1 can thus be approximated as 
[image: image47.wmf]{

}

)

V

(

null

V

evec

)

V

(

null

2

1

2

)

)

)

´

´

.
· For SLR beamforming, ignoring receiver processing, codebook subset restriction can be configured where UE report rank-Nr 
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as a projection of the unprocessed channel into the precoding subspace. Hence SLR beamforming is derived as
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3.2 Standardization Requirement
The additional specification change on top of Rel-8 paradigm is marginal.  UE simply follows the Rel-8 feedback framework and reports implicit SU CQI/PMI.
· Rel-8 PMI framework could be fully reused, hence no additional specification is required in RAN1.  
· The Rel-8 2Tx and 4Tx codebooks can be fully reused. For 8Tx, the PMI framework is used in conjunction with the ongoing work on 8Tx SU-MIMO codebook design. 

· Rel-8 CQI framework could be reused.  
· If the scaling of SU-MIMO CQI is to be performed at the eNB, UE can reuse the Rel-8 CQI feedback schemes.  A refined CQI granularity might beneficial for eNB to perform the CQI scaling for link adaptation. Whether or not this is necessary still needs further simulation study.
· If the scaling is to be done at UE side, additional L2 signaling may be needed to configure the scaling ON/OFF for UE report. The definition and reporting mode of CQI can be kept as is in Rel-8.
4 Conclusions

In this contribution we discuss various MU-MIMO beamforming algorithms and the required UE feedback to support MU-MIMO in LTE-Advanced. We conclude that the Rel-10 MU operation can be supported with the same implicit CQI/PMI feedback framework as for SU-MIMO, with minimum standard impact. 
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