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1 Introduction
Multi-antenna technologies including precoding, single-user (SU-) MIMO, multi-user (MU-) MIMO, and coordinated multipoint (CoMP) transmission are identified as enabling technologies for LTE-A systems to meet the IMT-Advanced spectral efficiency targets [1]. It is agreed in 3GPP RAN1 #55bis that the demodulation of PDSCH in LTE-A systems will be based on UE-specific reference signals (UE-RS) [2], [3]. In this way, the network does not need to signal the transmission precoding matrix index (TPMI) to the UE and is able to perform non-codebook based precoding. 
In general, the reference signal structure is closely related to the design of channel feedback. In LTE, the demodulation of PDSCH is based on non-precoded common reference signals (CRS). Therefore, both the network and UE has to have an agreement on which precoding vector will be used at the network. Accordingly, the feedback in LTE is based on UE recommending some precoding vector and computing the quality of the precoded channel based on the recommended precoding vector. This is the transmission aspect of Rel. 8 channel feedback. However, due to the adoption of UE-RS for demodulation of PDSCH, this transmission aspect of feedback is not needed in LTE-A systems. Furthermore, since in LTE-A, MU-MIMO will become an important technique which requires the network has better channel knowledge than just the PMIs. Therefore, the feedback design principle should be revisited to provide better performance under the advanced reference signal structure and new system challenges. 

In this contribution, we discuss UE feedback paradigm to support both SU-MIMO and MU-MIMO. To be specific, various alternatives on the spatial channel feedback and channel quality feedback are discussed. System level simulation is performed to evaluate the performance of different schemes. Based on the evaluation results, a potential direction for channel feedback is introduced in support of both SU-MIMO and MU-MIMO. Furthermore, the possibility of extending the introduced UE feedback to support different CoMP schemes is also discussed.
2 Channel Feedback: An Overview
Channel feedback is crucial to enable advanced closed-loop MIMO technologies and scheduling algorithms in LTE-A advanced systems. Depending on the time scale of the feedback, channel feedback can be classified into two categories: long term channel feedback and short-term channel feedback. 
In long term channel feedback, the UE periodically feedbacks long-term (e.g. over 200 ms) channel characteristics possibly in terms of channel correlation matrix or covariance matrix. These long-term channel characteristics can be averaged over the whole system bandwidth or averaged over different sizes of sub-bands. A typical exemplary feedback scheme in this category is adaptive codebook approach in which the UE feedbacks information about the long-term channel correlation matrix to allow transformation of the base codebook [4]. 
On the contrary, in short term channel feedback, the UE feedbacks short-term channel variation for the network to perform closed-loop MIMO and scheduling in a much shorter periodicity (e.g. 5 ms periodicity). Just as long-term channel feedback, short-term channel feedbacks can also be obtained based on the whole system bandwidth or on different subbands. A typical example of short-term channel feedback is PMI/CQI/RI feedback in Rel. 8 systems. Of course, as discussed in [4] and [5], long-term channel feedback and short-term channel feedback can be combined to offer a better trade-off between feedback overhead and feedback quality. 
In this contribution, we focus on short-term channel feedback schemes while more detailed information about long-term channel feedback can be found in [5].
2.1 Spatial Channel Feedback and Channel Quality Feedback 
Essentially, when a UE is going to feedback short-term channel to the network, there are two components: spatial channel information and channel quality information. Since LTE-A systems will be equipped with multiple transmit antennas and multiple receive antennas, the spatial channel information tells the network on the channel direction of the MIMO channel and therefore the network could obtain the precoding vector for the intended UE based on the spatial channel direction. On the other hand, the channel quality information tells the network about the channel strength of each spatial direction as opposed to the interference and noise. In a way, this channel quality information can be thought of the information which could be used to generate corresponding link adaptation or modulation coding scheme (MCS) level for the intended UE.  
A. Spatial Channel Feedback

There are several alternatives on how to feedback spatial channel related information to the network. One alternative is to feedback the average short-term or instantaneous wideband correlation matrix [6] as 
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 is the channel matrix for subcarrier i and the correlation matrix is averaged over total N subcarriers.  Another way to feedback spatial channel information is to feedback the dominant eigenvector of averaged channel matrix [7]:
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The feedback of this dominant eigenvector can be based on codebook [5] [7] and is termed as channel direction indicator (CDI) in [7]. Of course, as mentioned in [8], one alternative is that UE only needs to feedback Rel. 8 PMI. In this situation, the eNB performs user pair and precoding vector computation for MU-MIMO operation based the PMIs fed back from different UEs. Actually in this scenario, the PMI is serving as a way to quantize the direction of the effective channel considering receiver processing.
B. Channel Quality Feedback
As in the spatial channel information feedback, there are many alternatives in the channel quality information feedback. In [6], it is suggested that the covariance matrix of the interference plus noise is also fed back to the network. Once the covariance matrix of the interference plus noise together with R is available at the network side, the network can perform precoding, user pairing and scheduling freely. In [7], several alternatives on feeding back channel quality related information are introduced. However, the major proposal is to compute channel quality based on precoded reference signals (RS) since the CQI computed based on precoded RS would capture the actual inter-user interference as well as the noise variance to enable better user scheduling and link adaptation at the network side.  Furthermore, as proposed in [8], UE could only feedback the Rel. 8 CQI with higher resolution. That is, the UE feedback 6 bit CQI instead of 4 bit CQI. Since Rel. 8 CQI is computed based on SU-MIMO transmission assumption, once the network decide to perform MU-MIMO operation, the network will have to transform the Rel. 8 SU-MIMO CQI to MU-MIMO based different user pairing schemes as described in [8]. 
2.2 Performance Evaluation
From previous section, it can be seen that there are two extremes in both of the feedbacks. One extreme is to feed back  only Rel. 8 PMI/CQI/RI and rely on the network to transform the information to perform user pairing, precoding, scheduling and link adaptation based on certain transformation. The other extreme is to let the network know all the necessary information including the short-term or instantaneous correlation matrix of the channel, R, and the covariance matrix of the interference plus noise 

It is identified in [9] that advanced intra-cell MU-MIMO and coordinated multipoint (CoMP) transmission are the crucial technologies for LTE-A to meet the targets of IMT-A systems in UMi and UMa. Therefore, it is important for us to know whether Rel. 8 PMI/CQI/RI feedback would be sufficient for us to meet the IMT-A targets under UMi and UMa and what can the covariance matrix feedback bring us. Towards this end, we evaluate these two extremes under ITU UMa channel model with 4 by 2 system and 0.5 λ spacing as shown in Figure 1.
[image: image4.emf]0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

ITU UMa MU-MIMO

CDF

Throughput (user throughput). 

 

 

Feedback Rel. 8 PMI/CQI

Feedback Covariance Matrix


Figure 1: System Level Evaluation for ITU UMa Channel Model

In the system level evaluation, we allow dynamic switching between SU-MIMO and MU-MIMO using the joint proportional fairness scheduling scheme similar to that presented in [10]. Other detailed system parameters can be found in [11]. The average cell throughput together with the cell-edge user throughput can be seen most clearly in Table 1. Note that the Rel. 8 SU-MIMO results are also included as baseline.
Table 1: Throughput Comparison of Different Schemes

	
	Feedback Rel.8 
PMI/CQI 
	Feedback Covariance Matrix
	Rel. 8 Baseline
(SU-MIMO)

	Cell-edge User Throughput
	0.0501 
	0.0673 
	0.05 

	Average Cell 
Throughput
	1.9209 
	 2.5049 
	1.88 


In the table, throughput results for LTE-A systems (first two columns) are computed based on the agreed overhead of 0.2472 while the Rel. 8 results are obtained under the agree overhead of 0.1968 [9]. It can be seen if all of the spatial channel information is available at the network; the system will provide around 30% gain in both cell-edge user throughput and average cell throughput. Furthermore, it seems that completely relying on Rel. 8 PMI/CQI/RI feedback could not help us meet the IMT-A spectral efficiency targets. Therefore, additional feedback information other than Rel. 8 PMI/CQI/RI or compressed version of transmit short-term or instantaneous covariance matrix feedback should be considered for LTE-A system to enable SU-MIMO, MU-MIMO, and possible extension to CoMP. 
3 Channel Feedback Based on Eigen-Direction
In Table 2 different alternatives for spatial channel feedback together with channel quality feedback are listed. 
Table 2: Possible Channel Feedback Schemes

	
	R
	Eig (H)
	Eig ( R )
	Rel. 8 PMI
	Enhanced Rel. 8 PMI

	CQI based on 
Precoded RS
	
	[7]
	
	

	Rel. 8 CQI
	
	
	
	[8]
	

	Rel. 8 CQI + 
Additional CQI
	
	
	
	
	Possible Direction A

	Cov (I + N)
	[6]
	
	
	
	

	Eigenvalues of R and H (normalized by Cov(I + N))
	
	Possible Direction B
	
	


Since the evaluation results suggest that Rel.8 PMI/CQI/RI feedback alone could not help LTE-A to meet the IMT-A requirements, additional feedback schemes should be studied. In general, we could start from two directions: improving upon Rel. 8 PMI/CQI/RI feedback or compressing the information in R and H.
The first approach is to enhance the Rel. 8 PMI/CQI/RI feedback to facilitate the MU-MIMO technology. For example, for spatial channel information feedback part, we could enhance the Rel. 8 codebook to a codebook with larger payload size. Or we could combine Rel. 8 codebook with DFT based codebook to improve the system performance under MU-MIMO technology. As for the channel quality feedback part, additional CQI concerning MU-MIMO operation could fed back in addition to the Rel. 8 SU-MIMO CQI. This direction is indicated in Table 2 as “Possible Direction A”.
On the other hand, we could also efficiently compress the information contained in R and H. One example is to use the approaches suggested in [10] to feedback the dominant eigenvectors of R and H while sending the corresponding normalized eigenvalues as channel quality information. This approach is indicated in Table 2 as “Possible Direction B”.
A. Eigen-vector Feedback

Eigenvectors of the covariance matrix, R, or the right-singular vector the channel matrix, H, are the eigen-directions of the channel and contains the necessary information for the network to figure out the precoding vector for each user. Essentially, the feedback of PMI in [8] to facilitate precoding for MU-MIMO is actually using the Rel. 8 codebook to quantize the dominant right-singular vector of the channel matrix. In this way, the two extremes are really the same approach, that is, feeding back the quantized version of the right-singular vectors and the singular values. The only differences between the two schemes are the precision of the quantization and the number of right-singular vectors to be fed back.

Therefore, in LTE-A systems, we can feedback the quantized version of the right-singular vectors based on codebooks. Furthermore, we can quantize the right-singular vectors separately depending on the significance of the vector or we can quantize the right-singular vectors jointly. In terms of feeding back them separately, some dimension reduction methods can be used to further reduce the feedback overhead. Some of the details concerning codebook design for eigenvector quantization can be found in [5].
B. Eigen-value Feedback

The eigenvector tells the channel direction while the eigenvalue tells the strength of the eigenvector. The eigenvalue normalized towards the interference plus noise gives us the sufficient information to perform user scheduling and link adaptation.  Essentially, the feedback of Rel. 8 CQI in [8] is a quantization of some function of the corresponding normalized eigenvalue. Therefore, if we are able to feed back the quantized version of the normalize eigenvalue, the network could reconstruct the transmit covariance matrix and channel.
Furthermore, the eigenvalue also reflects the importance of the corresponding eigenvector. For example, the dominant eigenvector is usually much more important than the other eigenvectors. Therefore, we could potentially use codebooks with different payload sizes to quantize different eigenvectors based on the corresponding eigenvalues. In this way, we may have a better trade-off between the overhead and performance.  
C. Dynamic Switching Between SU-MIMO and MU-MIMO

In LTE-A, we may need to support SU-MIMO upto rank 8 transmission. 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. Therefore, PMI based feedback could still be very efficient for SU-MIMO systems. On the other hand, the overhead of the eigenvector based approach for rank 8 might be very large. In this way, we could potentially multiplex these two feedback schemes over time. 
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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 based PMI/CQI/RI and periodically feedback eigenvector based feedback for MU-MIMO with a different periodicity. The periodicity of feeding back the SU-MIMO based feedback is P subframes while the periodicity of feeding back the MU-MIMO based feedback is MP subframes. At the subframe when UE is configured to feedback the eigenvector/eigenvalue (or right-singular vector/singular value) based feedback for MU-MIMO, UE can still feedback the PMI/CQI/RI based feedback for SU-MIMO. 

D. Feedback Extension to CoMP

It is agreed in 3GPP RAN1 #58 that, we should “strive for scalable feedback for different CoMP categories (CBF and JP) if both CoMP categories were supported” where “feedback scalability means that a feedback in support of CoMP JP is a superset of a feedback in support of CoMP CBF”. 

Under this agreement, it is desirable to have a unified framework for feedback to support both single-cell operation and multi-cell operation. As suggested in [7], based on hierarchical structure, the eigenvector/eigenvalue based feedback could be used for CoMP CB/CS and JP. 
Simply extending the eigenvector/eigenvalue based feedback to CoMP reporting set will enable the operation of CoMP CB/CS. On top of the feedback of CoMP CB/CS, inter-cell information is needed to be fed back to enable CoMP JP.

The relationship can be seen most clearly in the follow figure. 
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Figure 3: Unified Feedback Framework
In Figure 3, the feedback for different schemes is inter-connected. For example, the additional feedback (a) can be the eigenvector/eigenvalue feedback for the cells other than anchor cell in the CoMP reporting set while the additional feedback (b) can be the inter-cell information among the cells in the CoMP reporting set. If CoMP CB/CS is not supported in the system, then additional feedback (c) can be added directly to the single-cell SU/MU-MIMO feedback to allow dynamic scheduling. 
4 Conclusion
In this contribution we studied the channel feedback for LTE-A systems with the focus on short-term channel feedback. Two classes of feedback information are identified: spatial channel information and channel quality information. Different alternatives in these two classes are discussed and system level evaluation is performed to compare the Rel. 8 PMI/CQI/RI feedback and short-term or instantaneous transmit covariance feedback. The results suggest that Rel. 8 PMI /CQI/RI alone could not provide sufficient gain for LTE-A to meet the IMT-A requirements. 
Accordingly, two alternatives are suggested for improving the channel feedback quality for LTE-A systems. One is to enhance upon the Rel. 8 based PMI/CQI/RI feedback. The other is to efficiently compress the information contained in the short-term or instantaneous transmit covariance matrix.  Along this line of thoughts, a feedback framework based on the quantization of eigenvectors and eigenvalues is introduced. The feedback mechanism seems work well with single-cell operation and has the potential to be “scalable”. That is the feedback mechanism can be directly extended to CoMP CB/CS and CoMP JP.
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