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1 Introduction
This contribution is an update of R1-102200 to address the evaluation/performance issues related to multiple components feedback in support of dynamic switching between SU-MIMO and MU-MIMO. 

As discussed in R1-102200, there is a natural question for the current discussed feedback framework: how to provide feedback support for a transmission mode which supports both SU-MIMO upto 8 layer spatial multiplexing and MU-MIMO upto 2 layers per UE?
Apart from improving the feedback accuracy, the real question is 
· How to provide feedback support for enhanced dynamic switching between SU-MIMO and MU-MIMO operations?

As a baseline, network could completely rely on SU-MIMO feedback to perform MU-MIMO operation. That is, the network only perform MU-MIMO operation for those UEs whose SU-MIMO feedback is rank 1 or rank 2 while performing SU-MIMO operation for those UEs whose SU-MIMO feedback is rank 3 or above.

Alternatively, as suggested in [1] by a group of companies that we could multiplex two feedback components to facilitate dynamic switching between SU-MIMO and MU-MIMO.
In this contribution we discuss the potential problems of completely rely on SU-MIMO feedback to perform MU-MIMO as well as the benefits of multi-component feedback and provide evaluation results on how this multiplexed feedback will benefit us.
2 Issues with SU-MIMO feedback for MU-MIMO Operation
In Rel-10, SU-MIMO upto 8 layer spatial multiplexing will be supported. A natural feedback support for this type of transmission scheme is to use Rel-8 type of CQI/PMI/RI feedback with new 8 Tx codebook as illustrated in [2]. In this case, 

· PMI/RI are determined based on the distance measure between the UE’s observed channel and the codebook entry in the codebook. PMI and RI jointly specify a codebook entry.

· CQI is computed assuming that the reported codebook entry is interpreted as a recommended precoder by the eNB 
In 3GPP RAN1 #60 meeting, a way forward on feedback framework has been agreed to improve the feedback accuracy. To be specific, this way forward proposes an exact way of constructing a precoder through two matrix indices. However, from the constructed precoder’s point of view, it is just a Rel-8 type SU-MIMO precoder with finer granularity. Therefore, this type of feedback will achieve the same effects of Rel-8 SU-MIMO CQI/PMI/RI feedback with higher granularity codebook. (The two matrix indices feedback is just a way to reduce the payload of the underlying codebook.)
Equivalently, we could assume the effects of the introduced feedback framework to be the same with Rel-8 CQI/PMI/RI feedback with higher granularity codebook (e.g. 6 bit or 8 bit codebooks). Then the issue breaks down to whether Rel-8 SU-MIMO feedback with finer granularity will provide efficient support for MU-MIMO. We analyze this issue by first looking at what are needed for MU-MIMO operations.

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 [3]. These two issues are the main discussion points between the so-called “explicit feedback camp” and “implicit feedback camp” which result in two way forwards in 3GPP RAN1 #59 meeting. 

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 [3-5], 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 [3].
· 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 [3].

· 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.  

3 Benefits of Multi-Component Feedback 
In Section 2, the potential issues of completely relying on SU-MIMO feedback for MU-MIMO operation have discussed. One easy 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 more issues than it can solve. 

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 the apparent “natural” solution will 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 [3, 4] 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 [5], 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 [6].
In our views, both methods are good candidates for supporting MU-MIMO operation with little modification on top of Rel-8 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 upto 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

4 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 the all the UEs in the system.

Based on the feedback information, dynamic SU/MU operation switching can be enabled using the scheduler described in [7].

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. 
5 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 rely 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-8 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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