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1 Introduction

It has been decided that MU-MIMO shall be a part of LTE since it has significant potential to maximize the sector capacity. It has also been decided that precoding is mandatory when MU-MIMO is in operation since precoding reduce the cross interference between the transmitted streams which is beneficial when serial interference cancellation receiver cannot be used. It has so far been a FFS issue if the precoding shall be unitary or non-unitary, in other words, whether the columns in the MU-MIMO precoding matrix shall be constrained to be pair wise orthogonal or not. The unitary constraint imposes benefits in some cases when it comes to CQI estimation but reduces the probability to find a MU-MIMO scheduling pair of UEs [1]. 
In this contribution, we introduce some simple procedures that allow unitary precoding and non-unitary precoding as a fallback mode so that the benefits of both can be obtained. In summary, we suggest that the UE shall always assume unitary precoding when estimating the CQI. In this way, the ambiguity in calculating the CQI is removed. However, we leave it open for the Node B scheduler to decide on the use of a unitary precoding matrix, in which it knows that the reported CQI is correct, or a non-unitary precoding matrix, in which the reported CQI is over-estimated. 

By this procedure, the performance of unitary precoding is guaranteed, as a lower bound. Furthermore, when the Node B scheduler can not find a UE pair that report preference for orthogonal precoding vectors, it may then use non-unitary precoding and then compensate accordingly for error in the CQI report and/or rely on H-ARQ. The non-unitary precoding possibility is also useful when persistent scheduling of streaming services is used, where fast AMC adaptation based on frequent CQI reports are not used, but instead a constant or slowly adaptive AMC. Then the efficient spatial re-use of resources through MU-MIMO scheduling is important and the possibility for non-unitary precoding increases the spatial re-use probability [1]. 

This contribution first discusses some drawbacks and benefits of unitary and non-unitary precoding in Section 2, followed by the operating principles in Section 3 and 4.
2 Characteristics of unitary and non-unitary precoding
Based on previous contributions in this field, we can summarize the pros and cons of unitary and non-unitary precoding for MU-MIMO as follows:
2.1 Unitary precoding
The benefit of unitary precoding with 2 antennas Node B’s is that if a UE has decided on a preferred precoding vector in a precoding matrix, the precoding vector used for the interfering transmission to the other UE is uniquely defined. Therefore the CQI can be estimated without any ambiguity for 2 TX antennas NodeB.  For 4 TX antenna Node B’s, there are three possible interfering orthogonal precoding vectors and this introduces an ambiguity in the CQI estimation similar to the problem in non-unitary precoding (see below).
A drawback of the unitary precoding is that the size of the codebook must be kept very small (1-2 matrices) to increase the probability to find at least two users that report preference for the same precoding matrix and simultaneously different columns to this matrix. A too small codebook imply worse performance of the precoding since the spatial mismatch between channel and precoding matrix is on average larger.   Therefore, the unitary MU-MIMO precoding performance will increase with the number of active users but decrease with the size of the codebook [1]. 

2.2 Non-Unitary precoding

The benefit of allowing a transmit precoding matrix with columns that not necessarily are orthogonal is the increased probability of finding at least two users that can share resources since they need not report preference for strict orthogonal precoding vectors to be scheduled together in MU-MIMO. 
A drawback with non-unitary precoding is that there is an ambiguity when calculating the CQI (similar to the 4 TX Node B case with unitary precoding) since more than one precoding vector for the interferer is possible. 
3 Combination of non-unitary and unitary precoding
It is possible to combine the non-unitary and unitary precoding by simple principles and thereby obtain the benefits of both schemes. These principles are: 
· From the UE perspective, the CQI shall always be reported as if the unitary precoding matrix was used at the transmitter
· The NodeB scheduler shall have the freedom to assemble and use a precoding matrix which has mutually non-orthogonal columns.
If these simple rules are applied by the UE, it is up to the NodeB to decide on the unitary or non-unitary precoding operation depending on the reported preferred precoding vectors. 

If there are many UEs in the sector, the NodeB scheduler finds with higher probability a pair of MU-MIMO users which can be scheduled with a unitary precoding matrix. Since their CQI reports are always based on the assumption of unitary precoding, the CQI is accurate (at least in the 2 TX antenna NodeB case).

If there are few UEs in the sector, and it is not possible to pair two UEs with orthogonal precoding vectors, the NodeB may still be able to pair two users with sufficiently low spatial correlation and form a non-unitary precoding matrix and hence, MU-MIMO operation can still be performed. Since the CQI reports are based on a unitary precoding assumption, the CQI is not accurate; the true CQI may be lower than the reported “unitary” CQI. The NodeB has to rely on retransmissions if the first transmission fails. Also, it may be so that fast and accurate CQI reports are not needed, if fast rate adaptation is not used, i.e. for persistent scheduled and VoIP users. 
Also, to simplify the CQI reporting and allow for a fallback mode, we suggest that

· In MU-MIMO mode, each UE scheduled receives only one stream.

Which implies that MU-MIMO and SU-MIMO rank 1 transmission is similar from the UE perspective. 
4 Operation principles
Based on this combined precoded MU-MIMO, we can define the operation principles for SU and MU-MIMO as follows:

A UE in MU-MIMO mode shall report the same CQI and precoding vector as in the rank 1 precoding SU-MIMO mode. Hence, MU-MIMO mode implies that the UE is forced to report rank one precoding vector information although it could have supported a higher rank if it were allowed to operate in the SU-MIMO mode.  NodeB’s with 2 TX antennas can MU-MIMO schedule 2 UEs on the same resource block (RB) and NodeB’s with 4 TX antennas can schedule up to 4 UEs on the same RB provided that they have sufficient interference suppression capability (sufficient number of RX antennas). 
We therefore suggest that the feedback is the same in the SU-MIMO rank 1 mode and the MU-MIMO mode and contains in addition to the preferred precoding vector, these two CQI values 

· MU-CQI: Is calculated by assuming interference from orthogonal precoding vector(s)
· SU-CQI: Is calculated with no intra-cell interference (normal SU-MIMO rank 1 transmission)

Only UEs which report rank 1 feedback can be scheduled in MU-MIMO mode, these can be UEs that either has been forced to report rank 1 or SU-MIMO UEs which has a low rank channel and by rank adaptation has voluntary selected rank 1 precoding. The MU-CQI and SU-CQI can be reported using full CQI and differential CQI to reduce signalling overhead [2].  
4.1 Example of a NodeB MU-MIMO Scheduler operation
Assume that there exist a number of UEs in the cell that reports rank 1 precoding information (forced or voluntary) and the corresponding CQI’s. With the described setup above, the NodeB scheduler can operate according to the following principles:

1. Pair two or more UEs for MU-MIMO transmission using unitary precoding and use the MU-CQI for link adaptation
if this fails

2. Pair two or more UEs for MU-MIMO using non-unitary precoding and use the MU-CQI for link adaptation
if this fails

3. Transmit to a single user using its preferred precoding vector (SU-MIMO rank 1) using the SU-CQI for link adaptation.

By these steps, the scheduler use non-unitary precoding as a fallback mode if a unitary precoding pairing is not possible. Secondly, the scheduler can use SU-MIMO rank 1 transmission if it is still impossible to find two MU-MIMO users that can be paired. Also, the UE’s may be switched to SU-MIMO mode if the probability of MU-MIMO scheduling has reduced. Since the delay of this switching could be slow (~100 ms), the steps 2 and 3 above can be used until the UE is switched to SU-MIMO mode and can utilize higher rank MIMO transmission. 
5 Conclusions

In this contribution, we suggest that 
· In MU-MIMO, each scheduled UE receive only one stream. 

· The UE shall always report CQI as if the precoding matrix were unitary.
· The Node B is free to schedule two or more users in a MU-MIMO mode with orthogonal or with non-orthogonal precoding vectors where the precoding vector correlation is less than some pre-defined value. 
· The CQI report in the MU-MIMO and SU-MIMO rank 1 case is identical and contains two CQI’s, obtained with and without interference. 
The last bullet enables an immediate fallback mode to SU-MIMO rank 1 if the MU-MIMO pairing of UEs fails. We propose that RAN1 decides that combined unitary and non-unitary precoding is adopted for the downlink MU-MIMO, where unitary precoding shall be assumed when CQI is calculated in the UE and where the Node B has the freedom to schedule multiple UE’s without the constraint of orthogonality, but with spatial correlation less than some predefined value. 
6 References

[1]  R1-060822, “Precoding and Multiuser-MIMO”, Huawei, Athens, March 2006.

[2]  R1-062043, “System operation of SU-MIMO and MU-MIMO”, Qualcomm, Tallinn, August 2006. 
































































































