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1 Introduction

Multi-user (MU-) MIMO has in a number of RAN1 contributions shown promising benefits to EUTRA. In [1], Huawei showed significant cell, user and cell edge throughput improvements in macrocell environments for a precoded MU-MIMO system over the 1x2 reference case.  Furthermore, in [2] and [3] TI showed that MU-PARC gives significant spectral efficiency gain in average sector throughput and cell edge user throughput over single user (SU-) PARC and the 1x2 reference case. 
The aim of this contribution is to discuss in general what criteria must be fulfilled for MU-MIMO to operate efficiently. As will be shown, frequency selective scheduling gain from localized scheduling and multi-user MIMO scheduling are not straightforward additive features of E-UTRA. Particularly how precoding affects multiuser MIMO will be discussed in this contribution.
2 Three Precoded Multiuser MIMO criteria
MIMO Precoding has the benefit of spatially matching the transmitted signals to the MIMO channel, thereby resembling as close as possible the optimal eigenvector precoding. When precoding is used together with MU-MIMO, precoding is used to simultaneously match multiple user’s channel and at the same time keep the cross interference between these multiple users low. The precoding will thus reduce the interference between the virtual antennas as opposed to the case when no precoding is used, i.e. in MU-PARC. 
On the other hand, some criteria should be fulfilled to be possible to use MU-MIMO spectral efficiently. Assume that we have two different users denoted A and B. For them to be able to efficiently reuse the same physical resource block (sub-band) the following three criteria must hold:

Criterion 1.  User A and B must both have data in their buffers (Time criterion)

Criterion 2.  User A and B must have high gain in the same frequency sub-band (Frequency criterion)
Criterion 3.  User A and B must have low spatial channel cross-interference (Space criterion)
The first criterion is strictly required for a joint scheduling to be possible. 
The second criterion applies in the localized scheduling case and assures that frequency selectivity scheduling gain is obtained, in other words, a user is scheduled on its highest or among its sub-bands with highest CQI. Hence, there must be some overlap between the X best sub-bands for user A and the X best sub-bands for user B if they both shall be jointly scheduled on a particular sub-band and still both obtain the frequency selectivity scheduling gain. One should note that criterion two is important to obtain high user throughput but there might be services where this criterion has less significance. An example could be delay sensitive applications or when distributed resource blocks are used.    
The third criterion assures that the interference to user B when simultaneously transmitting to user A and vice versa is kept low. This criterion is simple to fulfill in the precoding MIMO case since each UE reports a preferred precoding vector index or/and precoding matrix index and these can be used to check if two users A and B can be scheduled together. The criterion depends on the type of codebook and is listed in Table 1. In non-precoded MU-MIMO, such as MU-PARC [3], this criterion becomes implicitly fulfilled by the scheduling operation since each UE reports one CQI for each transmit antenna and the cross-interference is taken into account in the CQI calculation.
Table 1 Interpretation of Criterion 3 when either Non-Unitary or Unitary precoding is used. 

	Vector codebook (Non-Unitary precoding)
	Matrix codebook (Unitary precoding)

	The preferred precoding vectors of user A and B have correlation less than the prescribed parameter ρ 
	The preferred precoding matrix of user A and B is the same. The preferred precoding vectors of user A and B within this matrix are different. 


In this contribution, we have assumed precoded MU-MIMO and investigated the probability that Criterion 3 is fulfilled and also that Criteria 2+3 is fulfilled as a function of the number of users fulfilling Criterion 1. 
3 Simulation results
The following simulation results show the probability of fulfillment of the three Criteria necessary for MU-MIMO operation in a sub-band. The simulation was made using a system level simulator and using the SCM Urban channel model and 5 MHz bandwidth. These results are produced without the involvement of a scheduler and give thus no performance indications; it serves only as an indicator for the opportunity to use MU-MIMO. Then a scheduler should be added to take advantage of this opportunity.  The simulations are made assuming a codebook of 16 precoding vectors of size 2x1 and 4x1 in the non-unitary precoding case and eight 2x2 precoding matrices or four 4x4 matrices for the 2 and 4 transmit antenna unitary case. The 16 column vectors in the non-unitary precoding codebook were selected as the same as the 16 columns in the unitary precoding codebook. Hence, the number of bits required to index the codebook is the same in the non-unitary and unitary case. 
To investigate Criterion 2, it has been assumed that two different UEs must report the particular sub-band among its X best bands (highest SIR), to be accounted as fulfilling this criterion. We also include the result without Criterion 2 to see the difference in scheduling probability with and without guaranteed high frequency selectivity scheduling gain. 
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Figure 1 Shows the probability that a sub-band can be used for 2x2 MU-MIMO (fulfilling criterion 1+3 and 1+2+3) for non-unitary and unitary codebooks respectively in a 5 MHz bandwidth and SCM urban channel model.  Criterion 2 is fulfilled for two users in a sub-band if this sub-band belongs to the X=3 best sub-bands of both users.  The Unitary codebook has 8 unitary matrices of size 2x2 and the Non-unitary codebooks consist of the same 16 column vectors as in the unitary codebook.
Figure 1 shows the probability in the 5 MHz bandwidth where there are 12 sub-bands and 2 transmit antennas and Figure 2 for the 12 sub-bands and 4 transmit antennas. The channel model is SCM Urban with high angular spread. Clearly, Criterion 2 with X=3 best bands reduces the probability of using MU-MIMO in a sub-band considerably. This means that if we want to maintain the gain from localized scheduling, the use of MU-MIMO is reduced. For example, with 8 UE’s that has data in the buffer, the probability of using MU-MIMO in a sub-band drops from 94% to 20% when Criterion 2 is active for the 2 transmit antenna case and from 100% to 30% in the 4 transmit antenna case.
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Figure 2 Probability that a sub-band can be used for 4x2 MU-MIMO (fulfilling criteria 1+3 and 1+2+3) for non-unitary and unitary codebooks respectively in a 5 MHz bandwidth.  Criterion 2 is fulfilled for two users in a sub-band this sub-band belongs to the X=3 best. The Unitary codebook has 4 unitary matrices of size 4x4 and the Non-unitary codebooks consist of the same 16 column vectors as in the unitary codebook.
The MU-MIMO probability also differs depending on which codebook is used, due to Criterion 3. When the number of UE’s is 10, precoded multiuser MIMO can statistically be used in 30% of the sub-bands if the non-unitary precoding codebook is used and only 12% if the unitary codebook is used. When the number of transmit antennas is 4, the gap between the unitary and non-unitary codebook is smaller. The non-unitary codebook thus gives larger flexibility to the scheduler since there are more pairs of UE’s that can be scheduled together.  
The unitary codebook gives fewer possibilities for MU-MIMO, since the two candidate UEs must report preference for the same precoding matrix and different vectors within this precoding matrix. The probability for this to take place decreases when the size of the codebook (number of matrices) increases. For the non-unitary codebook with a fixed limit on the correlation, the number of MU-MIMO scheduling opportunities increase with the size of the codebook. Alternatively, by adjusting the correlation parameter with a fixed size codebook, the MU-MIMO scheduling probability can be adjusted whereas it is static in the unitary codebook case.

4 Conclusion

Even though MU-MIMO has shown to increase EUTRA performance, there are some criteria that must be fulfilled for MU-MIMO to be efficiently used in a sub-band. MU-MIMO gives the scheduler more scheduling possibilities and higher spectral efficiency since physical resources can be used by more than a single UE. 
Since MU-MIMO can not be used in all sub-bands, the scheduler must be able to fast select another mode of transmission for these non-MU-MIMO sub-bands. This could either be transmission a single stream that is, closed loop beamforming /transmit diversity, or switch to SU-MIMO in this sub-band. This flexibility must be considered in the development of MIMO in E-UTRA.
This contribution has pointed out a potential conflict between the user multiplexing benefits of MU-MIMO and the gain from localized sub-band scheduling, especially when the number of UEs with data in their buffers is low. To maintain the multiuser gain from localized sub-band scheduling when introducing MU-MIMO, the requirement of spatial orthogonality can be slightly relaxed by using the non-orthogonal precoding vectors instead of the orthogonal ones. The alternative is to keep precoding vectors orthogonal but then expect lower gain from frequency scheduling. This tradeoff shall be further studied in the E-UTRA evaluation phase.  
5 Appendix

Here follows a table with the details of the simulator setup. 
Table 1: Simulation parameters for Case 1 as in [4]
	Parameter description
	Value

	Cellular Layout
	Hexagonal grid, 19 sites, 3 sectors per site

	Inter-site distance
	500 m

	Carrier frequency
	2.0 GHz

	Bandwidth
	5 MHz

	Node B
	Total available power
	20 W

	
	Number of TX antennas 
	2 or 4, spaced 0.5( 

	
	Antenna gain plus cable loss
	14 dBi

	
	Antenna pattern
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	Slow fading
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	8 dB

	
	
	Correlation between sites
	0.5

	
	Fast fading
	SCM urban model, 15( mean AS, 3 km/h

	
	Penetration loss
	0 dB

	
	Intercell Interference
	Explicit for 3 strongest cells, including beamforming – other cells: white



	UE
	Thermal noise
	Power density -173.9 dBm/Hz in 10 MHz

	
	UE noise figure
	9 dB

	
	Antenna pattern
	0 dBi

	
	Number of RX-antennas
	2, spaced half a wavelength (LMMSE receiver with interference covariance assumed known)

	
	Channel estimation
	Ideal

	Precoding
	Codebook size
	M=16 vectors or 8 2x2 matrices or 4 4x4 matrices

	
	Spatial correlation used in codebook grouping 
	(=0.2
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