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1 Introduction
Downlink MIMO in LTE-Advanced has been enhanced in Release 10 to support 8-layer SU-MIMO transmission and dynamic SU-MU MIMO switching. For the 8-tx antenna case, the CSI feedback to support downlink MIMO has been enhanced with a new dual-codebook structure aimed at improving CSI accuracy at the eNB without increasing the feedback overhead excessively. Precoded reference symbols are provided for data demodulation, allowing arbitrary precoders to be used by the eNB for transmission. MU-MIMO operation is considered by many network operators as important to further enhance system capacity. As agreed in the last RAN-1 meeting, it is therefore worth studying further potential enhancement for MU-MIMO, which includes UE CSI feedback enhancement and control signaling enhancement [1]. The objectives of the study on downlink MIMO enhancement for LTE-Advanced are to [2]
· With first priority:
· Evaluate issues from real-life network deployments of MIMO. 
·  Identify the need for DL MIMO enhancements, and evaluate such enhancements, applicable to non-uniform network deployments, low-power nodes (including indoor), relay backhaul scenarios, and practical antenna configurations (especially 4 tx, and including geographically-separated antennas i.e. macro-node with low-power RRHs), including:
· Evaluate UE CSI feedback enhancements, including:

· Identify and evaluate techniques for CSI feedback accuracy enhancement, especially for MU-MIMO.
· New codebooks or techniques for codebook selection, modification or update may be included, considering different environments and deployment scenarios.

· Assess the standardisation impact of the studied techniques, including impact on CSI payload sizes. If relevant feedback proposals are not directly implicit in nature, the study of testing aspects should be included. 
· Evaluate enhancements for downlink control signalling:

· to support MU-MIMO;

· based on UE-specific reference signals.
· With second priority:
· Evaluate open-loop MIMO, including open loop MU-MIMO operation
· Within the constraint of not introducing new antenna ports, evaluate possible enhancements for demodulation RS for MIMO, including considering improved orthogonality for MU-MIMO and possibilities for DMRS overhead reduction.
All studies should evaluate the throughput gains potentially achievable from the studied techniques, especially for MU-MIMO, while also taking into account estimation errors, calibration errors, complexity, feedback overhead, backward compatibility and practical UE implementations. Reuse of existing feedback frameworks should be considered if possible. Sub-band versus wideband feedback should be taken into account. 

In [3], we have briefly reviewed CSI feedback enhancement proposals made in Rel. 10 and investigated the performance achievable by combining several proposals. Especially, we have observed that 
· CSI feedback should be enhanced in Rel. 11

· A simple combination of a double codebook structure and multi-component report provides non-negligible gains over SU-MIMO based on Rel-10 SU-MIMO report about 12% and 22% in terms of cell average and cell edge throughput, respectively.

In this contribution, we further discuss the benefit of multiple component feedback for MU-MIMO.  Especially we will focus more on the performance improvement provided by rank-restricted feedback. The system level simulation results will be shown to demonstrate the performance improvement in the context of single-cell MU-MIMO systems. 
2 Feedback Scheme Based on Eigen-direction
In this section, we give a detailed description of the introduced feedback scheme utilizing the Rel. 10 CQI/PMI/RI feedback for MU-MIMO introduced in [4].
2.1 System Model

Consider a single cell MU-MIMO (two-user) system where the received signals are given by 
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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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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 [6, 7]. 
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 [5], 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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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 [4] [6]. 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).  
3 Issues with SU-MIMO feedback for MU-MIMO Operation

In MU-MIMO transmission, the network will have to perform two key operations:

· User pairing 

· Multi-user CQI prediction

For user pairing, effectively, the network needs to know what is/are the principal directions of the channels from the network to the corresponding UE. Basically, the network needs to know the ordering of the precoding directions.

For multi-user CQI prediction, the network needs to predict the MU-CQI conditioned on different user pairs, this is crucial for proportional fair scheduling to achieve good trade-off between cell-edge user throughput and average cell throughput.

Related discussion on these two issues could be found in [4]. In order to get a complete picture of the story, we can take a look at what SU-MIMO feedback gives us. In SU-MIMO feedback, the CQI/PMI/RI will be fed back assuming single user operation. Furthermore, the CQI is computed conditioned on the corresponding PMI/RI. 

As observed by many companies [10-15], some versions of SU-MIMO feedback do provide the sufficient information for MU-MIMO operations. For example, 

· Rank 1 CQI/PMI does provide the network about the principal direction of the channel as needed for MU-MIMO operation.  The corresponding MU-CQI prediction method can be found in [10].

· Rank 2 CQI/PMI feedback also provide the network about the principal directions of the channel. To be specific, the PMI together RI=2 gives the two principal directions of the channel. Furthermore, the CQI together with the differential CQI provide ordering information among these two principal directions of the channel. The corresponding MU-CQI prediction method can be found in [10].

· Rank r CQI/PMI feedback (where r > 2) does not provide the ordering information among the principal directions fed back by the corresponding PMI/RI. Furthermore, the MU-CQI prediction will be extremely complicated since the SU-MIMO CQI contains multi-layer information as opposed to the SU-MIMO CQI for the rank 1/2 cases. 

Note that the discrepancies in the principal precoding direction ordering and MU-CQI prediction are intrinsic to the SU-MIMO based feedback mechanism and will not go away as feedback accuracy increases.  

4 Benefits of Multi-Component Feedback 

In the previous section, the potential issues of completely relying on SU-MIMO feedback for MU-MIMO operation have been discussed. Rel-10 solution is to perform SU-MIMO operation when UE is feeding back rank 3 or above while performing MU-MIMO operation when UE is feeding back rank 1 or rank 2 CQI/PMI. 

This solution seems to be natural initially, however, it causes some issues. 

The introduction of MU-MIMO is mainly for improving average-cell spectral efficiency. As extensive system level study suggests that most of the gains of MU-MIMO are obtained from non-cell-edge users where cell-edge users are exclusively operating in SU-MIMO operation mode. Using Rel-10 solution solely may cause two significant issues:

1. cell-center users will be assigned to SU-MIMO operation mode in a high chance

2. cell-edge user has the potential to be assigned in MU-MIMO operation mode due to the imperfectness of MU-CQI prediction (note that with perfect MU-CQI prediction and optimal proportional fair scheduling method, SU-MIMO will always be selected for cell-edge users)

These two issues will eat up most of the potential benefits of SU/MU-MIMO systems as opposed to SU-MIMO systems. 

Alternatively, as suggested by many contributions that rank-restricted CQI/PMI feedback, multiple rank 1 CQI/PMI feedback as well as best companion PMI feedback could be used to provide efficient support for MU-MIMO operation:

· Rank restricted SU-MIMO feedback: as suggested in [10, 11] and in section 2 that both rank 1 and rank 2 PMI/CQI/RI feedback for SU-MIMO could be used to generate precoding information and MU-CQI predication at the network side. 

· Best-companion PMI feedback: as suggested in [12], best-companion PMI feedback can be used to provide enhanced feedback support for MU-MIMO. Essentially, the best-companion PMI tells eNB about the null-space of the particular UE and this information could be helpful in generating MU-MIMO precoding at the eNB. Alternatively, instead of sending the additional PMI as best-companion PMI to describe the null-space, UE could also send the additional PMI to better describe the signal space. This method can be seen more clearly in [13].

In our views, both methods are good candidates for supporting MU-MIMO operation with little modification on top of Rel-10 type SU-MIMO feedback. 

Therefore, in order to support dynamic switching between SU-MIMO and MU-MIMO in one transmission mode, we could potentially time multiplex the two feedback components as shown in Figure 1. 
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Figure 1: Multiplex Two Feedback Components

As a detailed example, we could have two feedback components: Rel-8 type SU-MIMO CQI/PMI/RI feedback for up-to 8 layers spatial multiplexing and rank restricted CQI/PMI/RI feedback to enhance MU-MIMO transmission scheme. This can be seen more clearly in Figure 2.
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Figure 2: Multiplex PMI/CQI/RI Based 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. 

Alternatively, we could multiplex best-companion PMI feedback together with SU-MIMO CQI/PMI/RI feedback which is shown in Figure 3.
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Figure 3: Multiplex Best Companion Feedback with SU-MIMO Feedback

5 Performance Evaluation

In this section, we perform system level evaluation for the proposed rank restricted feedback since the evaluation results for best-companion PMI/CQI feedback are rich in the literature. 

In order to make a fair comparison, we compare two SU/MU-MIMO systems both with improved feedback accuracy:

· Base SU/MU-MIMO system (SU/MU-MIMO system 1): UE periodically feeds back PMI/CQI/RI with improved feedback accuracy. The improved feedback accuracy is modelled by using codebook with larger payload size. For example, instead of 4-bit codebook, a 6-bit codebook is used to.

Accordingly, the network will perform SU/MU-MIMO for the UEs which feed back either rank 1 or rank 2 PMI/CQI and will perform SU-MIMO for the UEs which feed back rank r PMI/CQI (r > 2).

· Multi-component SU/MU-MIMO system (SU/MU-MIMO system 2): UE periodically feeds back both rank non-restricted CQI/PMI/RI and rank restricted CQI/PMI/RI as suggested in Figure 2.  

Accordingly, the network will perform SU/MU-MIMO for all the UEs in the system.

Based on the feedback information, dynamic SU/MU operation switching can be enabled using the scheduler described in [14].

The CDF of the user throughput of SU/MU-MIMO system is shown in Figure 4.
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Figure 4: System Level Evaluation for SU/MU-MIMO

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 

multiplexing two component feedback
	SU/MU-MIMO based on 

rank non-restricted feedback 

	Cell-edge User 
Throughput
	0.0978
	0.0993

	Average Cell 
Throughput
	2.2083
	2.1053


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 UMi  

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

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

	Downlink scheduler
	Proportional Scheduling

	Feedback codebook
	6-bit Codebook for the effects of improved feedback accuracy

	Rank-adaptation
	Rank 1 to 4 transmission for SU-MIMO 

2 UEs with each Rank 1/2 transmission in MU-MIMO

	Scheduling delay
	3 ms

	Receiver algorithm
	MMSE

	UE Density
	10 UEs per cell


From the result we can see that multiplexing two feedback components especially using rank restriction for MU-MIMO feedback component can lead to around 5% perform gain in terms of average cell throughput. This gain is mainly achieved through 

· better scheduling flexibility at the eNB

· eNB could switch high rank SU-MIMO transmission with rank 1/2 MU-MIMO operation which could be beneficial for average cell-throughput

· better MU-CQI prediction 

· Combination of rank-restricted feedback and rank non-restricted feedback provides finer resolution of the spatial spaces of the channel for the dominant channel directions. Furthermore, combination of these two information gives eNB additional information about the UE for scheduling purpose and MU-CQI prediction purpose. For example, if the UE’s SU-MIMO feedback rank is high, then assigning that UE in MU-MIMO mode will be beneficial for average cell throughput. 

6 Conclusion
In this contribution, we analyze the feedback information for supporting both SU-MIMO and enhanced MU-MIMO. To be specific, we show the issues of completely relying on SU-MIMO feedback to perform MU-MIMO operation. Discussion on efficient feedback support on MU-MIMO operation is provided and a time-multiplexed multi-component feedback is introduced. The introduced feedback framework is a rather simple extension of the Rel-10 feedback where currently discussed methods for improving feedback accuracy could be readily incorporated to both feedback components.

The system level performance evaluation on multiplexing two feedback components especially rank-restricted feedback for MU-MIMO operation are conducted. As compared to doing nothing where relies on SU-MIMO feedback with improved feedback accuracy to perform SU/MU-MIMO, there is around 5% gain in terms of average cell throughput. This gain will be even larger when the system performance for 8 Tx system is evaluated since there will be higher chance of high rank SU-MIMO feedback for 8 Tx systems.
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