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1
Introduction
Different spatial processing techniques such as higher order SU-MIMO, MU-MIMO and CoMP are considered for system performance and user experience improvement in Release 10 of LTE. As reported by multiple companies in recent ITU submission (see e.g. [1]-[3]), single cell MU-MIMO can provide additional gains over SU-MIMO operation.  
Release 8 specification does not provide enough air-interface support for efficient MU-MIMO operation. In this document, we discuss air-interface support required for a more efficient MU-MIMO operation in Release 10 of LTE. The areas of interest include reference signal design, feedback and control signalling impact.

2
Discussion
2.1
Release 8 Specifications

In LTE Release 8, each UE can be semi-statically configured for MU-MIMO operation in transmission mode 5. Transmission to the UE is performed on only one spatial layer in MU-MIMO. DCI format 1D is associated with MU-MIMO transmission scheme.

· The MU-MIMO operation is limited to codebook-based precoding:

· The codebook used is mainly optimized for SU-MIMO operation with granularity of 4 bits for 4 transmit antenna configuration
· Demodulation is based on the common reference signal and the precoding information is signalled by the eNodeB in the downlink assignment
· For MU-MIMO, supported modes for feedback report are aperiodic reporting mode 3-1 and periodic reporting modes 1-1 and 2-1. In these modes,
· Only wideband PMI precoding report is supported. Therefore, the feedback mechanism is mostly useful for MU-MIMO operation with highly correlated antenna configurations for which dominant channel directions are not frequency selective
· Only rank 1 reporting is supported for MU-MIMO
2.2
Reference Signal Design
Supporting non-codebook based precoding is instrumental for an efficient MU-MIMO operation.  Contrary to the SU-MIMO setup, the transmit beams in MU-MIMO setup depend on the spatial channels of multiple served UEs. In such scenarios, non-codebook based precoding allows for beam adaptation taking into account spatial channels of all the involved UEs and can achieve significant transmit interference nulling gains. System level simulations reporting the gains of transmit interference nulling gains based on techniques like zero-forcing or maximization of SLR (signal to leakage ratio) criterion are reported in [1]-[3].
The reference signals structure agreed in way forward for Release 10 of LTE [4] already supports non-codebook based precoding for different spatial processing techniques. 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 [4]. Orthogonal multiplexing of the UE-RS for different co-scheduled users should be supported in Release 10, as already mentioned in way forward, and can provide good channel estimation performance. 

In [5], we propose UE-RS pattern for rank 4 transmission that is natural extension of the agreed UE-RS pattern for rank 2 for DS-BF in Release 9 and is based on a hybrid CDM/FDM structure which can facilitate interference estimation procedure and PSD allocation across resource block. Going forward, sequence initialization design for UE-RS should consider with MU-MIMO application in mind. In particular, departure from a RNTI-dependent initialization of Release 8 DRS sequence can facilitate interference estimation in multi-user scenario operation. 
2.3
Feedback Mechanisms

As mentioned previously, non-codebook based precoding operation that relies on transmit interference nulling techniques is of great importance for efficient MU-MIMO operation. In order to achieve attractive transmit nulling gains beam adaptation based on the spatial channel from multiple users is required. Unlike the SU-MIMO scenario, the choice of the precoder and corresponding CQI and rank information 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, it seems natural that the eNodeB compute the choice of precoders and corresponding MCS for each UE. 

In [6] and [7] it is shown that accurate report of channel direction information (CDI) regarding the spatial structure of the channel is required to achieve transmit nulling gains. In [6], MU-MIMO performance gains with different quantization levels of CDI were considered. It was observed that MU-MIMO and transmit nulling shows greater sensitivity to the feedback accuracy than SU-MIMO. In particular, Release 8 codebook granularity of 4 bits is not sufficient for achieving transmit nulling gains. Therefore, we recommend that
· High granularity codebooks for 4 to 8 transmit antennas needs to be considered for efficient operation of MU-MIMO in Release 10. Preliminary studies regarding the codebook granularity can be found in [6], [8].

· Codebook structure needs to be designed considering interference nulling performance it can provide in MU-MIMO operation. In particular the codebook should have good cross interference properties among precoding vectors in the codebook.  Furthermore, the codebook design should consider a variety of propagation scenarios and antenna configurations, e.g. different antenna spacing and polarizations. To this end, configurable and possibly downloadable codebooks need to be considered to address such variety of scenarios.
For channels with frequency selectivity, CDI report for different parts of the frequency band is required. Given high accuracy of spatial channel information feedback needed for achieving large gains in MU-MIMO, it is required to consider overhead reduction techniques. Such reduction can be achieved through compression or efficient encoding techniques. Feedback compression techniques reduce overhead by providing only the essential information about the spatial channel structure, whereas feedback encoding techniques exploit time and frequency correlations of the channel structure. To summarize the detailed studies done in [6] and [8], we propose the following feedback mechanism:

· Feedback compression: we propose providing information about dominant eigen-directions of the channel, i.e. reported precoding vectors represent dominant eigen-directions of the channel. In the context of the MU-MIMO, we showed in [6] that such reporting provides negligible loss compared to feeding back the entire channel for ITU channel models.
· Feedback encoding: we believe that multiple description coding (MDC) technique reported in [8], that employs time (and/or frequency) varying codebooks for reporting of CDI, should be considered. While there is no additional UE complexity with such scheme, it gives the eNodeB the capability of combining multiple reports in frequency and time to exploit the correlations across these dimensions. 
The users will provide CQI report along with the CDI feedback. The CQI report from the UE can not capture the potential impact of multi-user interference. Therefore, it would make sense for the CQI/RI prediction and packet format selection to be carried out at the scheduler. In this case, 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. HARQ and rate-prediction outer loop adjustments can capture the UE receiver processing gains and can provide more accurate rate prediction.

It is also possible for the schedulers (eNodeBs) to semi-statically or dynamically provide UEs with implicit knowledge of clustering and beam-forming decisions and UE in turn reflect these decisions in its CQI/RI report. The applicability of such approaches depends on different system parameters such as antenna correlation, UE mobility and the scattering environment. 
· For diversity antennas with low antenna correlation, UE clustering needs to be based on short-term fading; therefore, a dynamic indication of the beam-decisions will be required. This can be achieved by transmission of precoded RS along the selected beams followed by CQI report from the users. Notion of CQI reporting based on precoded RS has been mentioned in [9], [10] and [11]. As shown in [9], precoded RS and subsequent CQI report can provide significant gains in heterogeneous deployments such as CGS cells in the presence of low rank dominant interference. However, given the multi-user nature of MU-MIMO transmission, precoded RS can also provide improvements in MU-MIMO as reported in [1]. We should also note that such feedback structure will capture the UE receiver processing gains accurately as well.
On the other hand, in scenarios with correlated antennas where large number of closely spaced transmit antennas and/or limited angular scattering of individual UEs is present, semi-static signaling of the clustering and beam selections can be useful. In this case, UE clustering can be based on long-term spatial channels, thereby making it applicable to UEs with higher mobility. In such scenarios, it is possible to introduce clustered codebook structure where precoding vectors in each cluster covers a limited angular spread. eNodeB typically pairs UEs from different clusters. This information can be used by UE to predict MU-MIMO CQI/RI. Finally, the following remark regarding the feedback mechanism described above is in order:
· The proposals on feedback granularity, feedback compression and encoding are readily applicable to CoMP operation. In fact, the feedback approach presented here provides a unified framework for different spatial processing techniques; single-cell and multi-cell (see [11]). Such unified approach

· Allows for dynamic switching between different spatial processing techniques in a UE-transparent way.

· Avoids multiple feedback modes with different hypothesis. Such implicit feedback introduces scheduling constraints which is not desirable especially in lightly loaded systems where multi-user operation can provide significant UE throughput gains. Given the multi-user nature of the operation in MU-MIMO and CoMP mode we believe that scheduler flexibility is an important aspect that needs to be kept in mind. 
2.4
Downlink Control Signaling

Downlink control signaling for MU-MIMO operation should be studied in the light of the new features present in Release 10. However, it is desirable to adopt similar philosophy for DCI format structure as in Release 8. Furthermore, downlink control signaling for MU-MIMO needs to be designed with consideration of all other spatial processing techniques, i.e. CoMP and SU-MIMO (with up to rank 8 transmission) to provide a uniform structure that allows for switching between different spatial processing modes in a UE transparent way.

Given the UE-RS based operation the following information is not needed in Release 10 DCI formats for MU-MIMO:

· Precoding information and power offset bit
However, in order to support MU-MIMO and rank adaptation in SU-MIMO, UE needs to be informed of the UE-RS antenna ports for channel estimation. Signaling of such information can be done semi-statically and/or dynamically. New fields in DCI formats of Release 10 may be needed to convey information about the UE-RS antenna ports. The exact mechanism of signaling the UE-RS should be done considering both the overhead and flexibility of operation and needs to be discussed further. Similar discussions are ongoing for DS-BF operation in Release 9.
2.5
MU-MIMO with Multiple Layers per UE
The discussions so far focused on MU-MIMO operation with single layer transmission to each scheduled users. However, it is possible to consider MU-MIMO operation with multiple layer transmission per users. Such operation may be motivated by deployments with cross-polarized antenna configurations or lightly loaded systems. The feedback mechanism proposed in previous sections can be readily extended to this scenario by reporting CDI and CQI information for multiple dominant eigen-directions of the channels. 

However, given the additional complexity and overhead associated with supporting such feature, the gains of going to higher ranks per user needs to be further studied. Furthermore, techniques for reducing the complexity and overhead in feedback and also signaling can be considered.
3
Conclusion

In this document we outlined our views on features that are required to enable efficient MU-MIMO operation. Support for some of these features is not present in Release 8 specifications and hence should be consider in air-interface design of Release 10 of LTE. Some of the features are present in Release 8; however, enhancements to the existing specification are required. In summary, 
· Non-codebook based precoding is instrumental for efficient MU-MIMO operation. Such operation is enabled by UE-specific demodulation reference signal agreed in way forward for Release 10.

· New codebooks should be considered in Rel-10 for the Rel-8 antenna configurations and new antenna configurations to enable efficient support of MU-MIMO:
· High granularity of codebook size is required for achieving transmit nulling gains.
· Codebook design for various antenna configurations and propagation conditions should be considered and the value of configurable (downloadable) codebooks should be evaluated.
· Feedback compression in the form of feeding back only the dominant-eigen vectors and corresponding CQI values should be considered.
· Feedback encoding schemes such as multiple description coding and multi-level coding that exploits the time/frequency correlations to reduce feedback overhead can be considered.

· Precoded RS followed by CQI report as a mechanism to capture the post beam-selection C/I and UE receiver processing gains needs to be considered. Such mechansim leads to significant gains in heterogeneous deployments and better rate prediction in multi-user and/or multi-cell transmission scenarios.
· UE-RS antenna port signaling to the UE in a semi-static and/or dynamic fashion is required. Exact signaling method is for further study.
· Value of MU-MIMO with multiple layers per users needs to be further studied.
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