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1
Introduction
MU-MIMO is among the spatial processing techniques that can be considered for improving the system throughput and enables achieving the spectral efficiency requirements set in LTE-Advanced for LTE Release 10 [1]. Recently it was shown that MU-MIMO can provide significant gains, allowing achieving the ITU requirements on spectral efficiency for IMT-Advanced [2].
In [3] we outlined our views on air-interface support required for efficient MU-MIMO operation in LTE-Advanced. In particular, we discussed demodulation reference signal design that allows for non-codebook based precoding and beam- formation. Furthermore, issues and requirements regarding feedback for efficient MU-MIMO operation were discussed. As stated in [3], we believe a unified approach for all closed loop spatial processing modes in terms of reference signal design and feedback operation is desirable as it allows for seamless switching between these modes in a UE transparent way.

In this paper, we provide some details on the MU-MIMO scheduling algorithms. We further outline and study the required air-interface support for efficient operation of MU-MIMO technique. 

2
Discussion
2.1
Scheduling Procedure

The considered MU-MIMO scheduling procedure is based on dynamic multiplexing of the users within each cell. In the following we consider multiplexing of at most two users, each with one layer of transmission. In principle, the scheduler can be generalized by multiplexing more users or allowing for multiple layer transmission per users. 

We also allow for dynamic switching between SU-MIMO and MU-MIMO. Therefore, the scheduler will schedule a UE in SU-MIMO or MU-MIMO based on the estimate of the spectral efficiency attainable for each transmission mode and the corresponding scheduling metric.

The scheduler can employ frequency selective scheduling in which different set of users are scheduled and possibly multiplexed together across different subbands. In this case, subband-based feedback of CQI and/or CDI may be required. 

The scheduler carries out the following procedures for different pair of UEs (and different parts of the frequency band if frequency selective scheduling is employed)

Precoder selection: 
Conditioned on a specific UE pairing (UE0, UE1), the MU-MIMO precoding vectors w0 and w1 are computed such that the signal-to-leakage ratio (SLR) is optimized.  The SLR criterion has been well established in the literature [4] as well as in past contributions [5] and represents a tractable way of computing the precoding vectors such as to strike a balance between maximizing the received signal at the UE potentially being scheduled and minimizing interference caused to adjacent “victim” UEs.  Denoting the channel matrices to UE0 and UE1 by H0 and H1, respectively, and assuming that the receive processing of UEi is matched to its channel (i.e., is given by the dominant left singular vector of Hi) the SLR optimization criterion can be written as
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where λi and vi denote the dominant singular value and eigen-vector of UEi, respectively.  The scalar µ denotes the interference and noise power stemming from thermal noise and out-of-cell interference. It is straightforward to show that based on these assumptions the precoding vector is given by
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In case of a frequency selective channel, this computation can be performed on a per subband basis.  The precoding vectors wi are computed at the eNodeB based on the quantized feedback of λi and vi from UEs. The impact of quantization and the feedback choice will be studied in greater detail in the Feedback Section.
Spectral efficiency computation: 

The spectral efficiency associated with a specific UE pair (UE0, UE1) can be computed based on the knowledge of λi, vi for i=0, 1 in a straightforward fashion.   In the case of frequency selective channel, the feedback granularity of λi and vi may be adjusted to strike an optimal tradeoff between feedback overhead and performance.
Marginal Utility computation: 
The marginal utility associated with an MU-MIMO transmission to a UE pair (UE0, UE1) is based on proportional fairness metric and is computed as
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where Si denotes the anticipated spectral efficiency associated with the scheduling of UEi and Ti denotes the throughput that UEi has experienced for far, and therefore incorporates fairness into the scheduling framework.  We note that for an SU-MIMO scheduling decision the above expression would only consist of one term, corresponding to the scheduled UE.  The flexibility resulting from the marginal utility framework enables a dynamic selection of SU/MU-MIMO operation.
Based on the above procedure the pair of users (or user) with highest marginal utility are (is) scheduled in the corresponding frequency locations. The rate prediction and MCS format selection for the scheduled users is performed based on the estimated spectral efficiency as defined above. It is also possible to employ precoded RS to obtain more accurate post scheduling SINR estimate. 

2.2
Reference Signal Design

The MU-MIMO operation considered here relies on non-codebook based precoding at the transmitter using the SLR criterion. The demodulation reference signal for PDSCH in Release 10 is agreed to be UE-specific and is precoded with the same beams that are used for transmission of data at different layers. Having UE specific UE-RS design enables the SLR based non-codebook based precoding considered here and other spatial processing techniques in the context of MU-MIMO and CoMP. Furthermore, orthogonal multiplexing of the UE-RS for different users will provide good channel estimation performance. In [6], a CDM-based UE-RS pattern with such desirable properties is proposed and studied.
2.3
Feedback 
Our view on feedback for spatial processing techniques including SU-MIMO, MU-MIMO and coordinated multiple point transmissions (CoMP) are discussed in great detail in [7]. In general, a unified feedback approach that can allow for seamless switching between transmission modes in a UE transparent way and scale to CoMP scenarios is of great interest. Unlike the SU-MIMO scenario, the choice of the precoder and corresponding CQI and rank information, which will be used in rate prediction and MCS selection, will be dependent on the information from multiple UEs, which is not available at UE side. Therefore, an individual UE does not have sufficient information to compute and report the precoder choice and corresponding CQI and rank information to the eNodeB. In these scenarios, the eNodeB can compute the choice of precoders for each UE provided that the spatial channel information of different UEs is accurately conveyed to the eNodeB. Without this accurate spatial channel direction, the transmit interference nulling gains can not be achieved. Therefore, as discussed in greater detail in [3,7], we recommend
·     Non-codebook based precoding is used to provide the gains achievable by MU-MIMO and CoMP. UE-RS structure agreed for demodulation already enables such operation in LTE Release 10.
·    High accuracy of spatial channel information feedback compared to Release 8 is required to achieve transmit nulling gains attainable using MU-MIMO and CoMP approach. 
· This will require employing feedback reduction schemes to provide transmit nulling gains in MU-MIMO. The reduction can be achieved through compression or efficient encoding techniques.
·     Feedback compression techniques by providing the significant information about the spatial channel, e.g. dominant eigen-vectors rather than all the channel coefficients.

·     Feedback encoding techniques such as the MDC approach described in [8] that exploits the frequency time correlation of the channel.
2.3.1
Feedback Compression

In this part, we consider the performance of a feedback compression technique in which the UE provides the scheduler with the dominant eigen-vector of the channel rather than the entire channel. Table I shows the cell edge and mean UE throughput for different scenarios and antenna configurations. As we can observe from Table I, the losses of feeding back the dominant eigen-vector only is less than 2% in cell throughput and 4% in cell edge user throughput in all scenarios. The same conclusion holds for 5UE/cell simulations. For this case the cell throughput loss is less than 1%.
Table I Performance of dominant eigen-vector based feedback compression (10 UE/cell)
	Spectral Efficiency (bps/Hz)
	Entire channel feedback 
	dominant eigen-direction Feedback
	Performance Loss

	UMi

4( 
	Cell spectral efficiency
	2.560
	2.525
	1.4%

	
	Cell-edge user spectral efficiency 
	0.0896
	0.0879
	1.9%

	UMi

0.5( 
	Cell spectral efficiency 
	2.838
	2.788
	1.8%

	
	Cell-edge user spectral efficiency 
	0.0995
	0.0956
	3.9%

	UMa

0.5( 
	Cell spectral efficiency 
	2.389
	2.375
	0.6%

	
	Cell-edge user spectral efficiency 
	0.0757
	0.0748
	1.2%


2.3.2
Impact of Quantization

Table II shows the performance of the MU-MIMO operation with different number of quantization bits for channel direction information (CDI). In these simulations the dominant eigen-vector is quantized using a 6, 8 or 12 bit codebook. For each quantization payload, the codebook is obtained by searching the codebook space to minimize the outage interference nulling gain defined in [8]. 
From the table we can observe the following:

· Gain of MU-MIMO over SU-MIMO in this scenario is considerable and about 12% and 21% for 6 bit and 12 bits codebooks respectively. The same codebook is used in both setups. As shown in [2], the gains compared to release 8 SU-MIMO performance can be around 30% with enough accuracy in CDI feedback.
· Sensitivity to the number of quantization bits: the performance loss of CDI quantization for MU-MIMO  is around 8% and 20% for 12 bits and 6 bits codebooks respectively. One can observe around 12% performance gain going from 6bit to 12 bits codebook in MU-MIMO. For SU-MIMO and the same codebooks the performance gain is limited to 5%. This confirms the sensitivity of the MU-MIMO gains to feedback  accuracy.
Although not shown, the performance of 6 and 12 bit codebooks is simulated for UMi 0.5( and UMa 0.5( and similar observations hold in those scenarios as well. Also, we have seen that for ITU channel models, 20 bit quantization of the dominant eigen-vector incurs small losses and can meet the requirements for the IMT-Advanced.
Table II Impact of CDI Quantization on SU-MIMO and MU-MIMO performance
	UMi 4(
	SU-MIMO (6bit) 
	MU-MIMO (6 bit)
	SU-MIMO (12 bit)
	MU-MIMO (12 bit)
	MU-MIMO      (no quantization)

	Cell spectral efficiency (bps/Hz/cell)
	1.848
	2.081
	1.968
	2.385
	2.560

	Cell edge user spectral efficiency (bps/Hz)
	0.0688
	0.0717
	0.0730
	0.0830
	0.0896


2.3.3
Long-term vs Short-term Feedback

Table III shows the performance of the MU-MIMO operation with different assumptions on the CDI feedback for different antenna configurations. The short-term CDI feedback is based on 5ms periodicity for reporting and 3ms delay. The long-term CDI feedback is based on filtering of the channel and providing the long-term covariance matrix of the channel. The filter length considered here is 200ms. As it can be observed, the performance of scenarios with low antenna spacing and high antenna correlation with long-term CDI feedback is reasonable. However, for simulations with large antenna separation (i.e., diversity antenna setup), the loss due to long-term CDI feedback is significant in mean and cell edge user throughput. In general correlated antenna setup will limit the rank of the channel and can not achieve the peak spectral efficiency and rate requirements set in LTE-A. Furthermore, correlated antenna setup may impact services like VoIP that benefit from higher antenna diversity. Thus short-term feedback of CDI information needs to be considered. The PMI feedback in release 8 also supports such a short-term feedback. The frequency of the CDI feedback can be configurable. Furthermore, if needed, the scheduler can obtain reliable estimate of the long-term CDI by filtering the short-term CDI reports from the UE. 
Note that we assume short-term reporting of CQI even in the case of long-term CDI feedback. Otherwise, the losses due to long-term CQI reporting will be much larger. For instance, even for the correlated antenna setup of UMi 0.5( simulations show a performance loss of around 20% in cell throughput and 30% in cell-edge user throughput compared to short-term feedback scenario.
Table III Long-term vs. Short-term CDI feedback
	Spectral Efficiency in (bps/Hz)
	Short-term feedback
	Long-term 

CDI feedback 
	Performance Loss

	UMi

4( 
	Cell spectral eff.
	2.560
	2.30
	10%

	
	Cell-edge user spectral eff.
	0.0896
	0.074
	17%

	UMi

0.5( 
	Cell spectral eff.
	2.838
	2.70
	5%

	
	Cell-edge user spectral eff.
	0.0995
	0.089
	10%

	UMa

0.5( 
	Cell spectral eff.
	2.389
	2.36
	0%

	
	Cell-edge user spectral eff.
	0.0757
	0.069
	9%


2.4
Link Adaptation

As mentioned in the previous section, the CQI report from the UE can not capture the potential impact of multi-user interference in the CQI report. Based on this observation, it would make sense for the CQI/RI prediction and packet format selection to be carried out at the scheduler. In this case, as described earlier, UE will report dominant eigen-vector(s) and the CQI corresponding to such eigen-vector(s) to the scheduler. The CQI will essentially capture the interference level and the dominant singular-values of the channel. The scheduler will compute an estimate of the achievable spectral efficiency for each (multiplexed) user based on its feedback report and the computed beamforming vectors.

It is also possible for the schedulers (eNodeBs) to dynamically provide UEs with implicit knowledge of clustering and beam-forming decisions and UE in turn reflect these decisions in its CQI/RI report. For instance, this can be achieved by transmission of precoded RS along the selected beams.
We have also observed gains by employing a scheduler that relies on Asynchronous HARQ in DL LTE. In this case, a number of non-decodable packet formats (with coding rate > 1) are introduced and the scheduler targets higher number of transmissions. By scheduling the retransmissions in asynchronous fashion, the scheduler is still able to capture the multi-user diversity gains in the network.
3 Conclusion
In this document, some details are provided regarding the MU-MIMO scheduling and the air-interface support for efficient operation of MU-MIMO in release 10. As demonstrated, large gains of MU-MIMO over SU-MIMO are possible in Release 10 of LTE with support of accurate feedback and employing user specific precoded RS with orthogonal multiplexing of the users.

A unified feedback scheme for different spatial processing techniques including SU-MIMO, MU-MIMO and CoMP can be envisioned that allows for a seamless switching between different modes. Based on the simulation results, we can observe that

· Feedback compression in the form of feeding back the dominant-eigen vectors and corresponding CQI from the UE to the scheduler incurs very small loss compared to feeding back the entire channel. This mechanism is scalable to CoMP scenarios as well as explained in [7, 8].

· Short-term and accurate feedback of CDI is required for obtaining MU-MIMO gains for all antenna configurations. 

· Simulations show sensitivity of the performance gains to the quantization of CDI. More careful codebook design needs to be further considered to obtain most of the transmitter-side nulling gains.
· Long-term CDI can incur significant loss in systems with large antenna spacing.
· Feedback encoding techniques such as MDC approach discussed in [8] can be considered to reduce the overhead while attaining the gains seen here.
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4 Appendix

The following table lists relevant simulation assumptions used in this contribution. The channel model used in based on the ITU channel model in [9].

	Network layout
	19 eNodeB, 3 cell/eNodeB

	Number of users
	10 UEs/cell (on average)

	Number of control symbols
	3

	Base station Tx antenna
	4

	Base station antenna configuration
	4(, v-pol for UMi

0.5(, v-pol for UMa, UMi

	UE Rx antenna
	2

	UE Rx antenna configuration
	0.5 (, v-pol

	Channel estimation
	Non-ideal

	Noise estimation
	Non-ideal

	Receiver algorithm
	MMSE

	Feedback periodicity
	Short-term feedback: 2 ms for UMA, 5ms for UMI
For long-term feedback, long-term covariance matrix obtained by 200ms filtering is reported

	Feedback error
	Not modeled

	Frequency sensitive scheduling
	Yes 

	Subband size
	6 RB

	Scheduling fairness
	Proportional fair
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