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1 Introduction
MU-MIMO is supported in Rel-9 using the same PMI and CQI feedback information as SU-MIMO. DL MU-MIMO performance could be further improved if more accurate channel state information (CSI) is available at eNB; however, the following questions remain to be answered when some residual inter-UE interference exists due to limited quantization:

1. How do we quantify the channel feedback accuracy?

2. How does the eNB estimate the residual inter-UE interference in order to determine the SINRs or CQIs at the UEs involved in MU-MIMO scheduling?   

Without correct CQI estimation, the predicted performance gain for MU-MIMO transmission may not be realized. In the following, we focus on the Rel-8 type of implicit PMI/CQI feedback to support the single cell MU-MIMO for LTE-A.
2 Companion Subset Based Implicit Feedback 

The companion PMI and CQI feedback concept [1] could be used to provide a natural extension to MU-MIMO in which the best pairing PMI and the associated CQI for MU-MIMO are estimated by each UE and fed back to eNB.  The UE pairing or grouping for MU-MIMO scheduling is greatly simplified in this case, in which two UEs could be paired if one UE’s SU-MIMO PMI equals the other UE’s pairing PMI and the sum rate is greater than the SU-MIMO rate.  eNB can pair and schedule UEs with more accurate knowledge of the achievable CQIs for each UE involved in the MU-MIMO scheduling. 

With this approach, each MU-MIMO feedback requires the same amount of overhead as that for SU-MIMO. This doubles the amount of feedback overhead.  
2.1 Companion Subset Concept

One class of methods for reducing feedback is based on partitioning the codebook into multiple subsets and each SU-MIMO PMI is associated with one subset, called a companion subset [3]
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[4].   For a given SU-MIMO PMI, the best pairing PMI for MU-MIMO could be selected within its companion subset. This leads to reduced overhead for the pairing PMI feedback.

One approach to define the companion subset for a given SU-MIMO PMI  could be that all the codewords in the associated companion subset are orthogonal to SU-MIMO codeword as shown conceptually in Figure 1,  where the companion subset of SU-MIMO codeword  [image: image2.png]
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Figure 1.   Companion subset example where [image: image9.png]W W,y



} is the companion subset of code word [image: image11.png]Wy
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Using  the Rel-8 4-Tx rank-1 codebook as an example,  the 16 code words in the codebook could be divided into four subsets, i.e.
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Each SU-MIMO PMI is associated with one of the subsets.  For example, PMI=0 is associated with subset CB0 and its best pairing PMI can be selected from CB0.   
2.2 Pairing Performance over Companion Subset vs. Whole Codebook 

When a UE’s channel is closely represented by the codeword associated with its SU-MIMO PMI, our study shows that the MU-MIMO performance when paired with another UE precoded with a codeword selected from the companion subset is very close to that when the codeword is selected from the whole code book.  
For Rel-8 4-Tx rank-1 codebook and the companion subsets partition { Cb0,CB1,CB2,CB3}, the performance degradation in Shannon capacity of  the companion subset based approach compared to the full codebook search approach are shown in Figure 2 for the case of high channel correlation and in Figure 3 for the case of uncorrelated channel.  It is assumed that the pairing UE is always available and the  two paired UEs have the same SINR.  It can be seen that the degradation is quite small in the high correlation case, while it is slightly larger in the uncorrelated case. 

[image: image16.emf]0 2 4 6 8 10 12 14 16 18 20

0

1

2

3

4

5

6

7

8

9

10

 SU-MIMO SNR (dB)

Capacity (bit/s/Hz)

 Capacity of SU-MIMO vs 2-UE MU-MIMO (Nt =4, Nr=1, Tx correlation =High)

 

 

SU-MIMO

MU-MIMO: full codebook

MU-MIMO: orthogonal subset


Figure 2. Sum capacity of MU-MIMO vs. SU-MIMO for a highly correlated flat fading channel with correlation coefficient = 0.9
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Figure 3. Sum capacity of  MU-MIMO vs. SU-MIMO for a spatially white channel

2.3 Low Overhead Rank-1 MU-MIMO PMI/ CQI Feedback – Option #1
2.3.1 MU-MIMO PMI/CQI feedback

With the previously defined rank-1 companion subsets, the best pairing PMI for a given rank-1 SU-MIMO PMI could be obtained by searching over the companion subset and the PMI with the least amount of inter-UE interference could be  selected and reported back to eNB, i.e. 
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Where [image: image20.png]H € CVTx*Ngx



  is the channel matrix,  [image: image22.png]Wy € CVTxx1



 is the codeword indicated by the SU-MIMO PMI, and [image: image24.png]W, e V=1



 is the codeword for another hypothetical UE paired for MU-MIMO scheduling.  
For Rel-8 4-Tx codebook and the companion subsets defined previously, only 2bits are needed for the pairing PMI feedback as there are only three codewords in each companion subset for potential MU-MIMO pairing, a saving of 2bits compared to that when the pairing PMI is searched over the whole codebook. The companion subset itself can be identified by the SU-MIMO PMI at the eNB. 
When a UE is paired with another UE with the recommended pairing PMI in a MU-MIMO scheduling, the CQI is also estimated and fed back by the UE. The MU-MIMO SINR could be estimated at the UE by assuming, for example, an MRC type of receiver as follows
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Where [image: image27.png]


 is the receiver noise power and the divisions by 2  are due to the total Tx power constraint and due to using equal Tx power to each UE. The MU-MIMO CQI can be obtained from [image: image29.png]SINRyy—rivo.2



 similar to SU-MIMO.

To reduce feedback overhead, the MU-MIMO CQI can be differentially encoded with respect to the SU-MIMO CQI, where 2 bits are generally sufficient for each layer by considering the fact that MU-MIMO CQI is always smaller than the SU-MIMO CQI and that MU-MIMO gain exists only when the CQI offset is greater than -4 as shown in Figure 4. The CQI offset is defined here as the difference between the MU-MIMO CQI and the SU-MIMO CQI. The same MU-MIMO CQI is assumed for both of the UEs, which is the case where the maximum MU-MIMO sum rate is expected.
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Figure 4.  Two-UE MU-MIMO capacities  with different CQI offsets
2.3.2 Feedback Overhead Summary

From the above analysis, it can be seen that to support MU-MIMO with a single layer per UE, 4-bit additional MU-MIMO PMI/CQI  feedback is sufficient for the 4-Tx antennas case,  i.e. 2-bits for companion/pairing  PMI and 2-bits for MU-MIMO CQI.  In addition, the MU-MIMO PMI and CQI reports could be configurable and could be reported less often than the SU-MIMO PMI/CQI reports. The MU-MIMO pairing PMI and CQI are always encoded relative to the most recent reported SU-MIMO PMI and CQI.

2.4 Low Overhead Rank-1 MU-MIMO PMI /CQI Feedback – Option #2

The companion subset concept could also be used to simplify MU-MIMO feedbacks for increasing UE pairing opportunities and also for pairing with more than two UEs. 
2.4.1 MU-MIMO CQI only Feedback

With Rel-8 4-Tx rank-1 codebook and the companion subset defined in the previous sections, each companion subset has three codewords as potential pairing PMIs.  To increase the pairing opportunities at the eNB and also to enable UE pairing with more than two UEs, all the three corresponding MU-MIMO CQIs may be estimated and  fed back to eNB.  The pairing PMI feedback is not required in this case as eachcompanion PMI  is associated with  one of  the CQI reports. 
2.4.2 MU-MIMO with More Than Two UEs

In addition to the increased UE pairing flexibility at eNB, this option has also the benefit of enabling eNB to schedule more than two UEs in a MU-MIMO scheduling when the two-UE pairing CQI feedback is based on a MRC type of receiver at the UEs.  The CQI for scheduling more than two UEs can be derived from the SU-MIMO CQI and the two-UE pairing CQIs at the eNB as follows:
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 is the number of co-scheduled UEs and [image: image35.png]SINRyy—pvo,2 (k)



 is the SINR associated with the 2-UE pairing MU-MIMO CQI with the kth companion PMI in the companion subset.  The MU-MIMO CQI can be derived from [image: image37.png]SINRyy—mivo.x



 at the eNB. 

2.4.3 MU-MIMO with Two UEs with Mixed Ranks

The MU-MIMO CQI when paired with a rank-2 UE could also be derived from the 2-UE pairing CQI feedbacks when the rank-2 code word is orthogonal to the rank-1 SU-MIMO code word.  A rank-2 companion subset could be defined such that it contains all the rank-2 codewords that are orthogonal to the rank-1 codeword indicated by SU-MIMO PMI.   So any rank-2 codeword in the rank-2 companion subset can be represented by the code words in the rank-1 companion subset as shown conceptually in Figure 5, where [image: image39.png]


 is a rank-2 codeword which is orthogonal to the SU-MIMO codeword [image: image41.png]
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Figure 5.    Rank-1 companion subset and a rank-2 codeword [image: image44.png]


  orthogonal to the SU-MIMO codeword WSU
2.4.4 Feedback Overhead Summary

For a single layer UE, 6-bits are sufficient for the MU-MIMO feedback, i.e. 2bits for each of the three MU-MIMO CQIs, in the 4-Tx antennas case.  

3 Summary
The companion subset based MU-MIMO feedback overhead can be summarized in Table 1
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 for a rank-1 UE.  With the pairing PMI search over the full codebook, 8bits are required for MU-MIMO PMI/CQI feedback. While with companion subset based feedback approach, only 4bits are required for option#1 and 6bits for option #2. A feedback overhead saving of 50% and 25%, respectively.  
To summarize,   option#1  reports the best pairing PMI and the corresponding CQI over the companion subset, which leads to 50% of overhead reduction compared to that over the whole codebook. Option#2 reports all three pairing CQIs in the companion subset  without the need of pairing PMI feedback. It provides less overhead saving compared to Option#1, but with added benefits of  increased UE pairing opportunity and also the capability of MU-MIMO scheduling with more than two UEs. It could also be used to derive the MU-MIMO CQIs for pairing UEs with higher ranks.
Table 1. Companion subset based MU-MIMO feedback overhead for a rank-1 UE and with 4-Tx at eNB
	
	
	Full codebook based
	Companion subset based: Option#1
	Companion subset based: Option#2

	Rel-8 wideband feedback
	RI
	2 bits
	2 bits
	2 bits

	
	PMI
	4bits
	4bits
	4bits

	
	CQI
	4bits
	4bits
	4bits

	
	subtotal
	10bits
	10 bits
	10 bits

	Additional feedback for MU-MIMO:
	Rank-1 Pairing PMI
	4bits
	2bits
	

	
	Rank-1 Pairing CQI
	4bits
	2bits
	6bits

	
	subtotal
	8bits
	4bits
	6bits


4 Conclusions

In this paper, a number of options are described for implicit MU-MIMO PMI/CQI feedback based on the companion subset concept. The described options provide the following benefits:

1) Improved MU-MIMO pairing performance comparable with conventional companion PMI feedback (companion PMI selected from the whole codebook);
2) Reduced feedback compared with conventional companion PMI feedback;
3) Flexibility to support multiple UE pairing in MU-MIMO; and
4) Flexibility to support UE pairing with mixed ranks in MU-MIMO.
It is therefore concluded that the described options provide valid feedback choices for MU-MIMO in LTE-A for enhanced performance with manageable feedback overhead.  This leads us to propose:

· Release 10 MU-MIMO feedback is codebook based

· If Release 10 UEs could be paired for MU-MIMO transmission: 

· Report Release 8 SU-MIMO feedback, conditioned on eNB transmitting to one user in a set of RBs

· Additionally report MU-MIMO feedback, conditioned on eNB transmitting to multiple users in the same set of RBs

· The MU-MIMO feedback contains at least channel quality information

· FFS if the MU-MIMO feedback only contains channel quality information
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