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1. Introduction
Multi-user MIMO (MU-MIMO) has been discussed during the last few RAN WG1 meetings. Several important issues have been brought up, but no firm decisions have been taken ‎[1], ‎[2]. In this contribution we try to identify some important aspects of MU-MIMO that may lead to some progress on this subject.

It should be noted that while the main goal with SU-MIMO is to increase the user throughput and to provide high peak-rates, the main goal for MU-MIMO is to provide high system capacity in extremely high loaded networks. For example, in order to pair users in MU-MIMO mode, several users need to have data at the same time and possibly experience channel conditions that prefer scheduling in the same frequency band.
2. MU-MIMO operation

Since the main goal of MU-MIMO is to provide very high system capacity rather than high bit-rates, it is desirable to keep the overhead, both UL and DL, as low as possible. If the offered system load is high, every additional signaling bit will steal capacity from the data channel, which will counteract the purpose of MU-MIMO. This points in the direction that small codebooks and coarse granularity of precoding and CQI data is wishful. To reduce the signaling overhead, correlated antenna structures are beneficial. It should be noted that not only scheduled users need to provide precoding and CQI feedback but all active users need to provide this information on a fine time scale. This to make it possible for the network scheduler to pair users that, not only have data in the Tx buffer, but also can be transmitted using the same precoding matrix. 

2.1. MU-MIMO scenarios and codebook design

In the case of a highly correlated antenna setup, the precoding matrix/vector can be the same over the whole bandwidth or at least over several MHz. Also, since only large scale variations in the fading needs to be tracked, the update in time domain can be coarse as well. All in all, this indicates that efficient support for MU-MIMO can be obtained in these scenarios. In ‎[3] (see also in Section ‎2.4) it is shown that a 3-bit codebook suffices for the case of highly correlated antennas. 

To support efficient MU-MIMO operation at uncorrelated antenna configurations would require much larger overhead than the corresponding high correlation case. Here, the precoding information need to be updated with a fine grid in both time and frequency domain. This will contribute significantly to the overhead; hence the gain with MU-MIMO is reduced. 

Updating precoding weights frequently in time and/or frequency domain means that the interference will be very unpredictable. This together with feedback delay will hamper the link adaptation due to fast interference variations ‎[4], resulting in retransmissions or underutilization of the channel capacity.

2.2. CQI feedback

CQI estimation and interpretation is slightly different in MU-MIMO compared to SU-MIMO mode. Since the UE does not know which vectors that will be used in the transmission instant. This means that, either many CQI variants have to be fed back to the system, or very robust link adaptation has to be performed. The first option means that the UE feeds back CQIs representing the quality as if it gets scheduled alone, and also CQI indicating the quality it would experience if other users where to be scheduled at the same resource. More robust link adaptation would mean that the channel is underutilized. This increase in overhead should then be compared to the gain of MU-MIMO compared to SU-MIMO.

One way to alleviate this problem, at least for dual stream transmission, would be to define a CQI reporting scheme that indicate not only the quality if a single UE gets scheduled, but also the penalty of MU interference. For example, assume that the UE reports its CQI on its preferred stream, in addition it also reports (with only one or two bits) how much worse the quality would be if another UE gets scheduled on other layers. By this, the network can not only judge the quality if one or two users are scheduled, but it can also make a decision on how to optimize the use of the available resources.

In this contribution we have looked at a correlated (0.5 wavelength element separation) which performs classical SDMA. MU-MIMO can, in principle, be operated from a low correlation setup as well. While in the correlated array case, we can rely on slow updates of the precoder weights, a low correlation setup would require instantaneous information about the fading and interference. Also the frequency granularity can be very coarse for a correlated array. Typically, the same weight is used over the whole frequency band. All this shows that the signaling overhead needed for the high correlation case is much less than that needed for the low correlation case. As argued above, for MU-MIMO, minimizing overhead is one key aspect. This is also the main reason why we prefer a codebook based on DFTs rather than an unstructured codebook.

2.3. Polarized antenna setups

The conventional DFT codebook discussed above is valid for spatially separated array with high correlation. Another common antenna setup that needs to be covered is a 4Tx array using cross-pole columns as illustrated in Figure 1 below.
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Figure 1: Illustration of an array consisting of 2 (/2 separated columns each containing cross-pole elements.
For this configuration, a maximum of two users are separated by putting them on different polarizations. Since the XPD is typically rather high even in the long-term, separation is achieved even on a long-term basis, thus avoiding the need of instantaneous information about the interference situation. For each polarization, a DFT based two-element beamformer can be individually applied. Conceptually, it would be possible to instead allow the users to be put also on the same polarization. This however has the significant drawback that it is no longer possible to rely on long-term properties of the channel to achieve separation. Again, instantaneous interference information would be needed.
2.4. Numerical example

In this simulation we consider a linear array with 4 elements spaced uniformly 0.5 wavelengths apart. Hence only rank one transmission is considered here. The precoders are taken from DFT matrices. Two cases are considered; orthogonal and non-orthogonal (unitary and non-unitary). Detailed simulation assumptions can be found in the appendix. In Figure 2 we show the mean user throughput for different codebooks and scheduling strategies. Similarly the cell-edge (5th percentile user throughput) is depicted in Figure 3. In the figures below, dashed lines are obtained if all available vectors are used without pairing of orthogonal beams. Solid curves represent the case when a maximum of 4 orthogonal beams, regardless of codebook size, is used. Hence, in this case unitary precoding is performed. It can be noticed that, regardless of scheduling strategy, increasing the number of available beams (size of the codebook) does not increase the system throughput. In fact, using a 3bit codebook (8 available vectors) seems to be the best choice in this scenario. It can also be seen that using orthogonal beams (unitary precoding) provides larger system throughput (for a given offered traffic) both in mean sense and at cell-edge than non-orthogonal. It is also noticed that for non-orthogonal pairing, the served traffic decrease when the offered load increase above 4 users per cell. This can be attributed to the increased inter-beam interference and its effect on link adaptation.
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Figure 2: Mean user throughput for MU-MIMO using different codebooks.
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Figure 3: Cell-edge user throughput for MU-MIMO using different codebooks.
3. Conclusions

In this contribution we have discussed possible operation scenarios where MU-MIMO seems applicable and is expected to provide decent gains. In order to benefit from MU-MIMO it is expected that the overhead signaling need to be kept at a minimum. We therefore propose to define a MU-MIMO scheme based on coarse precoding granularity with small codebooks. The granularity should be kept coarse both in time and frequency domain. One scenario that is believed beneficial is the use of highly correlated antennas at the network node. As was noted in ‎[4] fast adaptation of e.g. precoding weights may lead to inferior system performance due to link adaptation mismatch. It is therefore proposed that MU-MIMO support with finer granularity is FFS. In particular the impact of interference variations and link adaptation should be considered in the evaluation.

It is further noted that CQI evaluation and reporting is more involved than the corresponding SU-MIMO case. To avoid this, we prefer antenna setups that allow the long-term properties of the channel to be exploited for achieving user separation. Schemes supporting a combination of long-term and some limited form of instantaneous information may also be beneficial. To support such approaches, it is here proposed that the UE reports the CQI for its preferred layer together with an indication on how much worse the CQI will be if another UE is scheduled on the same resource.

4. Way forward

The above motivates the following way forward:

· Decide on a MU-MIMO scheme with a small (unitary) codebook and associated signaling supporting very coarse granularity in time and frequency

· Codebooks optimized for low correlated array are FFS

· To optimize CQI feedback for MU-MIMO. One possible scheme is indicated in this contribution

· To adopt a 3bit codebook based on DFT vectors and another codebook for the cross-pole antenna setup

Proposed 3bit codebook for 2Tx antennas is given by
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The corresponding codebook for 4Tx antennas is then given by
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Proposed 4bit codebook for cross-pole antenna setup is described by
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Appendix
	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation
	[0.5 1 4 8 12 16] with full buffer model

	Radio Network Models

	Distance dependent path loss
	L = 15.3+20*+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM Suburban Macro

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance (ISD)
	500m

	General System Models

	Spectrum allocation
	5MHz

	Base station power
	20W

	Max antenna gain
	14dBi

	Modulation and coding schemes
	QPSK, 16QAM, and 64QAM, Rel-6 turbo codes, rates 0.1, 0.14, 0.2, 0.25, 0.33, 0.4, 0.5, 0.6, 0.67, 0.75, 0.8, 0.89

	Channel estimation
	Ideal

	Overhead
	2/7

	Channel quality estimation
	Instant (no delay) ,  error-free feedback

	Reuse
	Uncoordinated reuse 1

	Algorithm Characteristics

	Receiver
	MMSE for MU-MIMO

	Scheduler
	Round Robin (RR)

	Beam selection duration
	Every superframe

	Link adaptation
	Initial MCS selection with BLER target of 10%/Nstreams.

	Power allocation
	uniform
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