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1 Introduction
In RAN1 #58bis, many feedback schemes enabling SU/MU-MIMO operations in LTE-A systems have been discussed. As suggested by some of the contributions, e.g. [1 - 4], Rel. 8 CQI/PMI/RI feedback alone can not take advantage of the advanced transmission features introduced in LTE-A to bring sufficient gains for SU/MU-MIMO operations.  However, on the other hand, the feedback overhead for the so-called “explicit feedback” is a major concern.   

Accordingly, the chairman made the following observation:
“ 

Observations:

· Rel-8 CQI/PMI/RI could provide a good baseline for simple extensions, e.g. 

· to add spatial dimension to ICIC

· to improve support for single-cell MU-MIMO

· Also consider possible addition of simple explicit feedback scheme

· Overhead is a key consideration
”
In this contribution, we introduced a low overhead explicit feedback scheme based on codebook quantization of the channel directions. The system level simulation is conducted to show the performance benefits of the feedback scheme in the context of single-cell MU-MIMO systems. Furthermore, it can be shown that the introduced explicit feedback scheme can be achieved by simple extension of the Rel. 8 CQI/PMI/RI feedback. Based on this observation, a feedback framework to support both SU-MIMO and MU-MIMO operation is introduced. 
2 Feedback Scheme Based on Eigen-direction
In this section, we give a detailed description of the introduced feedback scheme as opposed to utilizing the Rel. 8 CQI/PMI/RI feedback for MU-MIMO introduced in [2].
2.1 System Model

Without loss of generality (WLOG), let us consider a single cell MU-MIMO (two-user) system where the received signals are given by 
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(1)

where wj, Xj, Fj, and Nj are the precoding matrix, data vector, receiver equalizer and noise plus inter-cell interference vector of the j-th user. 
In order to enhance the performance of single-cell MU-MIMO to a level which is close to the IMT-A targets, the objective of the feedback is two-folded:

1. Enable eNB the freedom to choose the precoding matrices pair {w1, w2} to mitigate inter-user interference.
2. Enable eNB to predict the multi-user channel quality (MU-CQI)
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                                                                 (2)
Note that even though the prediction of the MU-CQI at eNB can be improved through HARQ over the time, the initial MU-CQI prediction is very crucial due to the fact that any reasonable MU-MIMO schedulers will have to depend on the MU-CQI to perform user pairing and scheduling [4, 5]. 
Therefore, a relative accurate MU-CQI prediction for scheduling and user pairing is very crucial to the performance of MU-MIMO systems.

2.2 Channel Direction Feedback

As described in [1] and [3], a codebook can be used to perform vector quantization of the eigen-direction of the channel where the eigen-direction of the channel can be defined to be the eigen-vectors of the spatial covariance of the channel. For example, for a system with 4 Tx and 2 Rx, the corresponding spatial covariance of the channel for user 1 can be expressed as
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where v1 and v2 are the corresponding eigen-directions. Assume C is the codebook to be used for vector quantization of the eigen-directions, similar to Rel. 8 CQI/PMI feedback, we can feedback the indices of the 
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The corresponding eigenvalues actually indicate the qualities of the channel when 
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are used as precoding matrix. For example, the corresponding channel quality for 
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can be expressed as  
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where 
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is the variance of the inter-cell interference plus noise at the receiver. The receiver structure for obtaining the SINR11 is maximal ratio combining (MRC). The corresponding channel quality for 
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which also assumes MRC receiver.

Therefore, the corresponding introduced feedback for 4 Tx and 2 Rx system can be comprised of 
· Codebook index of 
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· Quantization of SINR11 (SINR after MRC for 
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) and quantization of SINR12 (SINR after MRC for 
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It is interesting to note that the introduced feedback scheme is the same as Rel. 8 CQI/PMI feedback for the case of rank 1 feedback. That is, 
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can be computed using 
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Accordingly, it is also possible to compute 
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In this way, we illustrated an implicit way of implementing the introduced feedback scheme by restricting rank 2 feedback. 
2.3 Precoding for MU-MIMO and MU-CQI Prediction

In this section, we will illustrate how to utilize the introduced feedback scheme to perform MU-MIMO precoding and MU-CQI prediction at the eNB. 
In order to take a deeper look at the system, let us perform the singular value decomposition (SVD) of the channel matrices. To be specific, channel matrix H1 and H2 can be decomposed as 
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Taking this into account, we can rewrite the received signal of user 1 in (1) as
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Since U1 is a unitary matrix which spans the received signal space (full rank), without loss of generality, we can assume that the receiver equalizer F1 has the following structure:
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Accordingly, the received signal of user 1 can be represented as
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Note that since 
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, and the corresponding SINRs are fed back to the network, the estimated 
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for user 1 will be available at the eNB, therefore, the network could compute the MU-MIMO precoding pair {w1, w2} for user pair {1, 2} based on
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That is, for fixed receiver processings: {G1, G2}, the network could compute the MU-MIMO precoding pair {w1, w2} to maximize the system performance.
Furthermore, for a fixed precoding pair {w1, w2}, the network could also update the receive processing: { G1, G2} to further improve the system performance.

Therefore, a simple iterative algorithm can be used at the network to perform better MU-MIMO precoding and better receive processing prediction. 

Based on the introduced feedback, a good pair of MU-MIMO precoding matrix taking into account the receiver processing can be found while enabling the network the flexibility of predicting the MU-MIMO CQI based different receiver structure. That is, the network could better predict the MU-MIMO CQI based on applying different G1* and G2*:
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As suggested in Section 2.2, the rank 1 Rel. 8 CQI/PMI/RI feedback in support of MU-MIMO is a special case of the introduced feedback scheme in the case of feeding back one dominant eigen-direction. When feeding back the dominant eigen-direction, similar MU-MIMO CQI can be predicted at the eNB as shown in [2] [4]. However, there are several issues related to this feedback schemes

· Dominant eigen-direction only tells part of the signal space which introduces additional constraints on the MU-MIMO precoding. For example, if the eNB decides to choose precoding vector deviating from the dominant eigen-direction, the network does not know which direction he should deviate to.

· SU-MIMO CQI for the dominant eigen-direction is computed based on a fixed receiver structure. Without other eigen-directions, it is impossible to perform MU-MIMO CQI prediction at the eNB for different receiver processing (e.g., predict MU-MIMO CQI based on MMSE receiver processing).  
2.4 System Level Simulation Evaluation

In this section, we conduct system level evaluation for the introduced feedback scheme. The performance of MU-MIMO system is evaluated under the ITU UMa channel model with 4 Tx, 2 Rx, and 0.5 λ spacing between Tx antennas. In the simulation, we use Rel. 8 codebook as a sample codebook to quantize the channel directions described in Section 2.2. 

At the eNB, based on the feedback, following information contents are computed

· SU-MIMO

· SU-MIMO precoding (both rank 1 and rank 2) 

· SU-MIMO CQI (both rank 1 and rank 2) 

· MU-MIMO (based on different pairing of the users)

· MU-MIMO precoding {w1, w2}
· MU-MIMO CQIs {MU-CQI1, MU-CQI2}
Based on these information, dynamic SU/MU operation switching can be enabled using the scheduler described in [5].

The CDF of the user throughput of the MU-MIMO system is shown in Figure 1.
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Figure 1: System Level Evaluation for ITU UMa Channel Model
We also show the CDF of the user throughput of the MU-MIMO system based on Rel. 8 CQI/PMI/RI feedback as suggested in [2] together with the CDF of the user throughput of the MU-MIMO system based on ideal feedback of dominant eigen-direction as reference. 
The average cell throughput together with the cell-edge user throughput can be seen most clearly in Table 1.

Table 1: Throughput Comparison of Different SU/MU-MIMO Systems

	
	SU/MU-MIMO 

Based on Rel.8 
PMI/CQI Feedback
	SU/MU-MIMO 

Based on Two Eigen-Direction Quantization Feedback
	SU/MU-MIMO 

Based on Ideal Dominant Eigen Feedback

	Cell-edge User Throughput
	0.0775 
	0.0744 
	0.0769 

	Average Cell 
Throughput
	1.6549 
	 2.1057
	2.0301 


In the table, throughput results are computed based on the agreed overhead of 0.2472 while assuming L=2 for control region. Other system parameters for the simulation can be found in Table 2.

Table 2: Simulation Assumptions 

	Parameters
	Setting

	Bandwidth 
	10MHz

	Channel model
	ITU UMa  

	eNB antenna configuration
	4 vertically polarized antennas with 1/2 ( spacing

	UE antenna configuration
	2 vertically polarized antennas with 1/2 ( spacing

	Downlink scheduler
	Proportional Scheduling

	Feedback codebook
	4-bit Rel-8 Codebook

	Rank-adaptation
	Rank 1 or Rank 2 transmission for SU-MIMO 

2 UEs with each Rank 1 transmission in MU-MIMO

	Scheduling delay
	3 ms

	Receiver algorithm
	MMSE

	UE Density
	10 UEs per cell


It can be seen from the results that with 4 bit quantization of the two eigen directions, the performance of the SU/MU-MIMO system is slightly better than that of the SU/MU-MIMO system based on ideal dominant eigen direction feedback in terms of average sector throughput. 
Furthermore, the SU/MU-MIMO system based on the introduced feedback can provide around 27% gain on the average sector throughput of the SU/MU-MIMO system based on Rel. 8 rank 1 CQI/PMI feedback. Since both the SU/MU-MIMO system based on the feedback scheme in [2] and SU/MU-MIMO system based on ideal dominant eigen feedback can only enable rank 1 transmission in the SU-MIMO mode, it is not clear whether the gains are coming from the SU-MIMO rank 2 transmission and/or MU-MIMO rank 1 transmission. However, since the probability of the rank 2 SU-MIMO transmission in the SU/MU-MIMO system based on two eigen-direction quantization feedbacks is less than 0.1%, we can safely conclude that the gains are coming from the facts that the eNB could perform better MU-MIMO precoding as well as better MU-MIMO CQI prediction for user pairing and scheduling. 
3 Feedback in Support of SU-MIMO and MU-MIMO

In LTE-A, we may need to support SU-MIMO upto rank 8 transmission as well as MU-MIMO. It is well studied in LTE days that codebook based PMI/CQI/RI feedback provides very good trade-off between overhead and system performance for SU-MIMO systems. As discussed in Section 2.2, MU-MIMO can be potentially supported by rank 1/2 Rel. 8 type of CQI/PMI feedback. Therefore, overall CQI/PMI based feedback framework could still provide a good feedback framework. We could potentially restrict the feedback rank to enable the operation of MU-MIMO and SU-MIMO. For example, we could have two feedback components: no-rank restriction of CQI/PMI feedback for SU-MIMO operation and rank restriction CQI/PMI feedback to facilitate MU-MIMO operation. This can be seen more clearly in Figure 2.
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Figure 2: Multiplex PMI Based Feedback and Eigen Feedback

In Figure 2, a UE is configured to periodically feedback Rel. 8 type of PMI/CQI/RI and periodically feedback upto rank 2 Rel. 8 PMI/CQI/RI feedback. The periodicity of feeding back the Rel. 8 type of CQI/PMI/RI is P subframes while the periodicity of feeding back the rank restricted feedback is MP subframes. 

In order to perform MU-MIMO at eNodeB, better accuracy of channel feedback is needed. Therefore, a codebook with larger payload size might be needed for better quantization of the channel.
4 Conclusion
In this contribution we introduced a codebook based feedback scheme to support SU/MU-MIMO operation for LTE-A systems. To be specific, the UE feeds back the indices of the codewords which effectively quantize the eigen-directions of the spatial covariance of the channel together with the corresponding channel qualities. The overhead of the introduced feedback scheme is comparable to that of the Rel. 8 CQI/PMI feedback and can be regarded as an extension of it. Accordingly, the feedback scheme enables the eNB full flexibility to choose MU-MIMO precoding and MU-MIMO CQI prediction under different UE receive processing assumptions.
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