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1. Introduction
Multi-user MIMO (MU-MIMO) provides a way to increase system capacity in E-UTRA downlink when many users are active in the same cell ‎[1]. In MU-MIMO mode, single-stream or rank-one transmission is performed to several users sharing the same resource blocks. Hence, MU-MIMO will also be applicable to UEs supporting demodulation of only a single layer. In addition to time and frequency, users are separated spatially by using sufficiently different precoder vectors for their respective transmissions. By a proper choice of precoder vectors, intra-cell interference introduced by the multiplexing operation can be kept at a reasonable level.

There are two fundamentally different array geometries that can be used. If the antenna array consists of closely spaced elements (in the order of (/2) it results in a correlated array. MU-MIMO in this context is often referred to as SDMA (Spatial Division Multiple Access). In this case “beams” are formed which is used to achieve antenna gain as well as user separation. Because of the antenna setup, it is sufficient to select the beamformers based on long-term properties, e.g. correlation, of the channel. 

Alternatively, an uncorrelated array can be used. The codebook vectors are then used to instantaneously achieve coherent addition of the signals at the receiver. For a frequency selective channel, different precoder vectors are needed for different frequencies. The preferred granularity in frequency domain depends on e.g. the time dispersion of the channel and the acceptable signaling overhead. 

Minimizing signaling overhead, in uplink as well as in downlink, while not sacrificing overall real-life performance is in general an important goal. Since MU-MIMO primarily targets high system load scenarios, this is likely to be even more important than when SU-MIMO is utilized. Precoding codebook sizes, needed precoder frequency and time granularity and the amount of signaling for assisting demodulation at UE side are some of the factors that have a direct impact on the signaling overhead.

2. Precoding for Correlated Antenna Array Setups

For antenna configurations where the instantaneous channel needs to be tracked in frequency as well as in time, it is a challenging task to keep the signaling overhead at a reasonable level while providing the necessary control mechanisms to support efficient MU-MIMO operation. Employing array setups with closely spaced elements is as already indicated considerably easier since it introduces attractive long-term (in time as well as in frequency) properties of the channel that can be exploited for achieving robust user separation with low signaling overhead. 

For illustrative purposes, it is instructive to consider the idealized case of line-of-sight in a NT x 1 system using a uniform linear array (ULA) with omni-directional elements. The angular spread is then zero it should be clear that the channel can be modeled as
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where θ is the angle of departure (AOD) in the horizontal plane. In the case of closely spaced antenna elements, e.g. L = 0.5λ , the channel varies rather smoothly and slowly as a function of θ and λ. The AOD for reasonable cell-sizes also varies slowly, even for high UE speeds. In addition, for the carrier frequencies under consideration, the wavelength is rather constant over the system bandwidth.  Consequently, the channel does not vary much over the system bandwidth and it is approximately constant over time as well. This means a considerable reduction in signaling overhead as compared to an uncorrelated fading scenario as only one precoder needs to be signaled for the entire bandwidth and it moreover does not need to be updated at a quick pace.

To maximize the SNR by achieving coherent addition of the transmitted signals at the UE, the precoder should be matched to the channel, i.e., 
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. Thus, a suitable precoder has a similar structure as the channel itself, with complex exponentials with linearly increasing phase over the antenna elements. For the codebook based precoding approach used in LTE downlink, it is of course not possible to achieve perfect matching for all AODs. DFT vectors are however similarly structured and therefore achieve a close to ideal match, making them a suitable choice for a codebook.

Although the line-of-sight example represents an idealized situation, the above reasoning and conclusions hold to a great degree even in more complex fading scenarios as long as there is sufficiently strong transmit correlation in the channel, as is the case if the angular spread of the AODs is reasonably small and closely spaced antenna elements are used. The channel models SCM-A to SCM-C in ‎[2] provide examples of scenarios where it is reasonable to expect that considerable correlation has been introduced into the channel.

3. SDMA for Correlated Antenna Array Setups

Again taking the line-of-sight channel as an idealized example, the basic idea behind SDMA for correlated antenna array setups is to schedule those UEs simultaneously which differ sufficiently in AOD. For those UEs, the precoder vector for each UE is matched to the corresponding channel and thus focuses the transmitted energy in the direction of the UE, while keeping the transmitted energy in the directions toward the other UEs low. 

A major benefit is that there is no intra-cell interference in such a scenario if orthogonal precoder vectors are used, and even for non-orthogonal precoders, the intra-cell interference can be kept at a low level as long as there is sufficient orthogonality between the precoders for the different UEs. 

Another important advantage of the correlated setup, is that the long-term properties of the channel, help overcome many of the challenges in introducing efficient MU-MIMO support in practice. Due to the slowly changing characteristics of the channel, the precoder can be updated on a slow basis and only one precoder needs to be signaled over the feedback channel as well as for downlink signaling. This not only provides the potential of saving considerable signaling overhead but also greatly improves the possibility to find UEs that have reported precoders that are sufficiently different so as to allow simultaneous scheduling over the same resource blocks. Such a UE pairing problem is greatly alleviated in scenarios with closely spaces elements since the same precoder is applicable for the whole system bandwidth, providing the scheduler with considerable freedom as to where in frequency and with what bandwidth a certain UE is scheduled.

The fact that the channel is well-matched with a single precoder over the whole system bandwidth also means that even in scenarios with substantial frequency-selectivity, the orthogonality of the SDMA transmissions is maintained to a high degree on the same resource blocks. This keeps intra-cell interference low and thus greatly reduces the need to explicitly inform each UE about the beamforming vectors of the other UEs scheduled on the same resource blocks. The impact on the down link control signaling can thus be kept small.

4. Summary and Conclusions

This contribution discussed SDMA for correlated array setups and explained why we believe such a scheme provides a simple and robust way to achieve MU-MIMO gains and thus deserves to be supported in E-UTRA downlink. SDMA for correlated antenna arrays has great potential in providing robust and efficient MU-MIMO operation while keeping the signaling simple and with small overhead. The key enabler is the exploitation of the correlation in the channel, whose long-term property and frequency invariance means that

1. Signaling overhead is minimized since it is sufficient if each UE reports a single precoder/beamformer for the whole bandwidth and at a rather slow pace.

2. It becomes considerably easier for scheduler to find UEs that report sufficiently orthogonal precoders.

3. Robustness is achieved since SDMA operation does not rely on accurate tracking of instantaneous channel realizations, which is notoriously difficult to achieve in practice for uncorrelated antenna arrays even for the easier case of a single link. 

4. Intra-cell interference is kept small, thus enabling simple UE independent downlink signaling since it is not necessary to signal which precoders other SDMA UE in same resource blocks are using. 

5. Way Forward

Based on the above discussion and to ensure at least some basic MU-MIMO support in LTE DL, we propose as a way forward to include efficient support for SDMA for correlated antenna setups by making sure that LTE has the possibility for the following characteristic in MU-MIMO mode

· Support for MU-MIMO codebooks -- 2 Tx: 2-bit DFT codebook, 4 Tx: 3-bit DFT codebook.

· These DFT codebook sizes ensure partial overlap of beams and two sets of orthogonal beams.

· Each UE receives DL signaling independent of other simultaneously scheduled UEs. In particular, a UE is in DL only signaled its own beamforming vector.

· Similar as in SU-MIMO

· As proposed in ‎[3], each UE reports CQI treating intra-cell interference and inter-cell interference in the same manner by reusing SU-MIMO single rank CQI reporting mechanism.

· Each UE reports beamforming vector tailored purely for own channel only (base it only on channel estimate, e.g. maximizing received energy)

· To avoid possibly non-predicable time-varying IRC filters at UE (due to bursty inter-cell interference) influence the precoder reporting

· DL and UL signaling should support signaling of only a single beamformer for entire bandwidth available for scheduling.

· Possibility to have different reporting granularity (in time as well as in frequency) for precoding and CQI.

· TTI speed signaling of pilot to traffic channel power ratio.

· Seems to be common understanding that UE needs to know power ratio to assist demodulation and CQI computation. In MU-MIMO, number of simultaneously scheduled UEs varies from one TTI to the other, potentially resulting in TTI speed power variations on the shared data channels.

· Long-term precoding where NodeB can configure averaging length, meaning that the UEs have the ability to base the precoder selection on many subframes worth of downlink data.

· Ensures reported beamformers target the long-term properties of the channel rather than instantaneous channel realizations that are outdated at high mobility by the time they reach the NodeB.

Note: No explicit restriction on number of multiplexed UEs is needed since the downlink signaling anyway is to be conducted independently among the UEs. For the same reason, there is also no need to enforce orthogonal precoder selection and thereby artificially restrict the scheduling operation. 
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