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1
Introduction
The gain in user throughput of MU-MIMO and CoMP over SU-MIMO is widely agreed upon. However the performance improvement should not come at a cost of increased implementation complexity and feedback overhead, especially when it comes to implementing CoMP. The following high level features of CoMP feedback are noted in [1]

· Explicit channel state/statistical information feedback

· Channel as observed by the receiver, without assuming any transmission or receiver processing

· Implicit channel state/statistical information feedback

· Feedback mechanisms that use hypotheses of different transmission and/or reception processing, e.g., CQI/PMI/RI 
· UE transmission of SRS can be used for CSI estimation at eNB exploiting channel reciprocity. 

In the RAN1 #58 meeting, feedback for various downlink algorithms such as SU/MU-MIMO and CoMP was an important discussion issue. The following more specific points were considered for CoMP feedback [2]
· If new feedback will be needed, strive for scalable feedback for different CoMP categories (CBF and JP) if both CoMP categories were supported.

· Feedback scalability means that a feedback in support of CoMP JP is a superset of a feedback in support of CoMP CBF. 

· A UE feedback in support of a CoMP transmission category is such that it also enables the network to dynamically switch to single-point transmission for this CoMP transmission category 
· Individual per-cell feedback is the baseline for schemes that need feedback
· Complementary inter-cell feedback might be needed

· The detailed explicit, implicit or SRS-based feedback designs, if any, are FFS

· Combinations of full or subset of above three are possible
The general consensus was to formulate a unified feedback framework for SU/MU-MIMO and CoMP. This ensures backward compatibility of Rel-10 and Rel-9 implementations of LTE. In this contribution, we present high level views on such a framework. 
2
Discussion

2.1
      SU-MIMO Feedback

This is the basis of Rel-8 LTE. Though well known we first discuss this case as the methodology highlighted will be extended for MU-MIMO and CoMP. Assuming that the BS has NT transmit antenna and the UE has NR receive anetena, and the UE is allocated L layers for transmission (L =1,2) the transmission reception is given by the following fundamental equation, 
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where y is the NR X 1 received signal vector, H is the NR X NT channel matrix, S is the NT X L precoding matrix and u is the L X 1 information symbol vector. The composite noise and out of cell interference tern is given by z. In this case the UE can measure the channel matrix H of its serving cell, from the CRS symbols. Assume that 
[image: image2.wmf]H

V

U

H

L

=

 is the singular value decomposition of the channel. The UE can choose U as the receiver processing matrix and feedback the information about V to the serving BS. It could use a codebook based method to send the PMI of V. The information of the singular values 
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is sent indirectly through CQI feedback. In case of single layer transmission (also called single layer beamforming, L=1), UE calculates a CQI estimate as a function of the supported rate 
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 is the dominant eigenvalue of
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, P is the transmit power and N0 is the estimated power of the noise plus interference.  In case of dual  layer beamforming, the UE sends CQI estimates for both layers that are functions of  
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is the next strongest eigenvalue and the transmit powers P1 and P2 add up to the total transmit power P and are calculated via some criterion such as waterfilling. Note that other quantities for PMI feedback could be the spatial covariance matrix of the channel. 
Thus a codebook based CQI/PMI feedback suffices for SU-MIMO. Note that for simplifying our explanation, we have used the model of a flat channel, but the same method can be extended for wideband channels. 
In LTE standard the typical values for the feedback quantities are 4 bits for PMI and 5 bits for wideband CQI. 

2.2       MU-MIMO Feedback 

Assume that the BS transmits to two UEs indexed by 1 and 2. Let the channels to the two UEs be H1 and H2 , the information vectors be u1 and u2 and the precoding matrices used by the BS be S1 and S2 for UEs 1 and 2 respectively. The received signals y1 and y2 at the two UEs are given by 
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Let us first concentrate on linear precoding methods. Most of them are variants of the block diagonalization method [3]. Let us now examine the theory behind this method and how it can be implemented using a feedback framework similar to what was stated in Section 2.1 for SU-MIMO. 

UEs 1 and 2 measure channels H1 and H2 respectively and feed it back to the BS. Note that this could be done using a codebook method; but there is need for higher number of bits as currently supported in LTE. Instead of the 4 bits for PMI, we probably need in the order of 40 bits [4]. Also one factor that might reduce this is the use of SRS signals which are transmitted by the UE and can be used by the BS to measure the channel without need of additional UE feedback. The SRS is sent at less frequency than PMI feedback but still can be used to capture the long term statistics of the channel. 

Once the BS knows H1 and H2, it can calculate the precoding matrices as H1S2 = 0 and H2S1 = 0. Let N1 and N2 be the nullspaces of the matrices H1 and H2. Thus the precoding matrices can be chosen as S2 = N1 and S1 = N2. Thus the equivalent received signals at the two users become,
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Now first assume that BS can transmit the information about N2 to UE 1 and N1 to UE 2. In this case, the situation reduces to the case as explained in Section 2.1 for SU-MIMO. Then the subsequent PMI/CQI reporting algorithm is known. As an example consider that
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. Thus UE 1 now feeds back V1 via PMI to BS. Thus the composite precoding matrix for UE 1 is given by N2V1.  
The BS can inform one UE about the nullspace information about the other UE using UE specific reference symbols. LTE-A provides for this via the option of DMRS. Note that this is similar to the ideas of precoded RS as discussed in [5],[9]. Note also that what we propose can be classified as a two-tiered feedback as the UE first feeds back the entire channel and then receives feedback from the BS and in turn feeds back to the BS again. 
Non-linear precoding methods such as THP can also be implemented by codebook based methods [6].  Thus codebook based feedback framework can also be used for MU-MIMO.  
One final issue in MU-MIMO is the UE selection criterion by the BS. For optimal performance the singular values of the two channels H1 and H2 should be of the same order or else the MU-MIMO algorithm will reduce to a SU-MIMO one with all power being allocated to the stronger user. This is in addition to any multiuser PF algorithm that might be employed to pick the UEs. This could be decided by the BS based on the SRS estimates for all the UEs. 
2.3       CoMP Feedback

CoMP categories as noted in [1] are given by 
· Joint Processing (JP): data is available at each point in CoMP cooperating set (definition below)

· Joint Transmission: PDSCH transmission from multiple points (part of or entire CoMP cooperating set) at a time 
- data to a single UE is simultaneously transmitted from multiple transmission points, e.g. to (coherently or non-coherently) improve the received signal quality and/or cancel actively interference for other UEs

· Dynamic cell selection: PDSCH transmission from one point at a time (within CoMP cooperating set)  

· Coordinated Scheduling/Beamforming (CS/CB): data is only available at serving cell (data transmission from that point) but user scheduling/beamforming decisions are made with coordination among cells corresponding to the CoMP cooperating set.

In Joint Transmission, let two BS 1 and 2 transmit to a single UE. We assume that the UE data is shared among the BS and they send the same symbol u and they are involved in coherent joint transmission. Let the channels from the two BS be H1 and H2 and the precoders used by the BS be S1 and S2. Thus the received signal at the UE is given by 
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The UE can measure the channel matrices H1 and H2 from the RSRP values from both the BS. And form the composite channel HC= [H1, H2]. Let the composite singular value decomposition is given by
[image: image14.wmf]H

C

C

C

C

V

U

H

L

=

. Then the precoding matrices are given as follows: S1 is the matrix formed from the first NT rows of VC and S2 formed from the next NT rows. This can be implemented via a codebook based CQI/PMI method. Note that instead of the UE operating with the composite matrix H, it can also consider a suboptimal hierarchical codebook based method, where it only has to consider the individual channels and one extra beamforming vector [7].  

For dynamic cell selection, the UE can perform singular value decomposition for each BS and choose the one with the largest value of the largest singular value. The algorithm is similar to SU-MIMO. 
For Coordinated Scheduling/Beamforming, channel direction information (CDI) could be the extra feedback parameter that enables these schemes [5]. This could also be implemented using a codebook based approach. The alternative would be, for the UE to report the best/worst companion PMI reports to its serving cell based on which scheduling decisions can be taken. Also the UE scheduling could be based on creating least interference to other UEs based on a SLNR minimization criterion [8]. 
3
Conclusion

In this contribution we presented a framework for SU/MU-MIMO and CoMP. We showed that 
· Rel-8 codebook based feedback forms a natural starting point for Rel-10 feedback.
· Using simple improvements of Rel-8 feedback structure such as increased number of bits for PMI feedback, two tiered PMI feedback based on precoded RS and CDI and/or best/worst companion PMI feedback, various MU and CoMP algorithms could be implemented. 
· The exact performance loss due to imperfect feedback still needs to be studied in detail [10]. Additional design parameters such as designing codebooks keeping in mind antenna configurations and channel correlations can improve the performance [5]. 
· Channel reciprocity as exploited by the SRS transmission should be utilized in Rel-10.
· Another issue has to do with transparency i.e. whether the UE should be aware of the MIMO (SU/MU or CoMP) via which it is being served. We believe that the UE should be aware of this. Indeed the feedback mechanisms that have been presented in this contribution assume this awareness on part of the UE. 
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