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1. Introduction
The release-9 study so far is focused on enabling two-user MU-MIMO and specifically optimized for one stream per user. For UEs with two Rx, two-stream transmission to at least one of the two users is technically feasible. Actually, MU-MIMO itself may not be limited to two users either, even though it has also been pointed out that it may be desirable to limit the total number of UEs to two to limit control channel overhead, or more generally the gain of serving more than two users should be evaluated with control overhead accounted for properly [6]

 REF _Ref244871472 \r \h 
[7].  

We refer to transmission of a total of more than three (including three) data streams to at least two UEs as higher order MU-MIMO. Some of the contribution in the previous meetings have discussed higher order MU-MIMO [6]

 REF _Ref244871472 \r \h 
[7]

 REF _Ref244871473 \r \h 
[8]

 REF _Ref244871474 \r \h 
[9]. In this contribution, we investigate potential performance improvements with higher order MU-MIMO under different antenna configurations and user geometries when eNB are provided with spatial covariance feedback. We limit to two-user MU in the simulation. 
2. Transmit Precoding for Higher Order MU-MIMO 

We assume the eNB has the knowledge of spatial correlation “R” defined as  
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where S is a set of subcarriers, corresponding to a subband (including the special case of a single sub-carrier),  the whole transmission band, or a single component carrier in the case of spectrum aggregation.  “R’ is an instantaneous correlation estimated based on an instantaneous channel estimated from CSI-RS in a subframe. If accumulated over a longer period of time, it eventually converges to statistical correlation. Correlation matrix can be deemed as a compressed or averaged “channel” from a set of channel response matrices. Further details of spatial covariance feedback are described in [2]

 REF _Ref244932146 \r \h 
[3]

 REF _Ref244932175 \r \h 
[4]

 REF _Ref244929384 \r \h 
[5].
In this study, we limit to two-user MU, but will investigate the chance when at least one user is scheduled for rank-2, and the system performance improvement due to this high-order MU. 
The scheduler algorithm to decide when to use higher order MU is described next. Basically, eNB compares the sum capacity (adjusted according to proportional fairness) of each mode, i.e., SU (rank-1/2), MU(rank-1 each), higher-order MU (rank-2 for at least one UE). 

For a hypothetical user pair (UE-i, UE-j), we first obtain the precoding matrices as, 
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1.1)

eig(.) selects the dominant Eigen vectors equal to rank hypothesis for each user (i.e., rank-1 or 2). Further, power is normalized such that 
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. The normalization can be chosen to normalization each layer to equal power, or equal power to each user.
Since the above beamforming strategy does not take into receiver processing (i.e., receiver’s possible help to cancel residual interference after beamforming), a slightly modified iterative version of the above SLNR approach can be used to further improve performance.  It is based on updating SLNR criterion based on post MU interference and requires no additional feedback information (i.e., pure eNB implementation choice). Further the algorithm is found to be robust to receiver implementation at the UE. Additional detail is also provided in [3]. We provide the modification below for higher order MU-MIMO.
Initialization: 
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1.2)

At iteration k (=1, 2..) :
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Couple of iterations are found to be sufficient.
3. Performance Results
The simulations are based on a single isolated cell with two users, but SINR is capped at 20dB to reflect inter-cell interference effect that is not explicitly modeled in this study. Simulation parameters and modeling assumptions are provided in the table below. We use sum good-put of the two users (i.e., throughput achieved with 10% FER and assuming Release-8 MCS levels) based on post-processing receive SNRs. . We plot the good-put in bps/Hz against user SNR geometry in dB for the following two cases

i) Wideband Feedback: Same precoding and pairing across the whole band

ii) Narrowband Feedback: Frequency selective precoding and pairing. Feedback on a set of 6 contiguous RBs

The user geometries are forced to have a fixed and same SNR, so that throughput can be obtained as a function of SNR. However, we have also observed based on our system evaluations, that users with different SNRs get paired often and to capture this we model an additional SNR offset. To be specific, with offset, for user 1 SNR1 = SNR on x-axis and for user 2, SNR2 = SNR1-SNR_offset. Results are also obtained for different SNR offsets.
Multiple random drops are simulated and the result is averaged over the drops.
	Parameter
	Value

	Channel Model
	ITU, Urban Micro 

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda

2-Rx UE: ULA, 0.5 lambda

4-Tx eNB: XPOL, 4 lambda

2-Rx UE: XPOL

8-Tx eNB: XPOL 0.5 lambda

2-Rx UE: XPOL



	Duplex method 
	FDD

	Link adaptation
	Ideal CQI (post-MU CQI known at eNB for MCS determination)

	Channel estimation
	Ideal channel estimation 



	Feedback Impairments
	Wideband/Narrowband Feedback

Reporting period: 4 ms ;

Delay: 3 ms

	Rate Metric
	Goodput based on MCS in Release 8

	Overhead
	Same overhead for all transmission modes.

116 data REs per RB assumed.

	Number of users per cell
	Two. Forced to same geometry

	Receiver Assumption at the UE
	MMSE. Ideal Knowledge of interferer channel.

	Mode Selection 
	Ideal


Figure 1 - Simulation Assumptions
We show below the total good-put with SU-only, MU/SU mode-switching (no high-order MU), and mode-switching with SU/MU/HO-MU. Also shown is the probability of selection of each mode if mode switching with all modes is performed. . 
In general, we can see that higher order MU-MIMO can obtain significant improvements for narrowband (6 RBs here) precoding and cross-polarized arrays. In particular, 
1. With 4x2 ULA, the additional throughout gains can be 5-15% (wideband and narrowband) when both user can get 20 dB SNR. HO-MU mode could be selected for about 40 % of the time. Similar gains are observed with a 5 dB SNR offset.
2. For an 8x2 XPOL, the gains are much larger for most SNRs and significant at high SNRs. When both users use 20 dB SNR, gain of 25-50% is obtained. Even at SNRs as low as 5-10 dB for both users, gains of 10-20% are obtained. Similar gains are also observed with SNR offset of 5 dB. HO-MU mode could be selected for almost 100% of the time when each UE can get 15dB or higher, and 40-60% for SNRs of 5-15 dB. 

3. For 4x2 XPOL with 4 lambda spacing, we observe 5-20% gains in the over a larger SNR range of 10-20 dB.  Further HO-MU is selected more than 50% of the time at high SNRs.
4. When two users have a different SNR, for example, 5 dB which is typical in a system simulation, the narrowband performance (over 6 RBs) is significantly improved for all antenna configurations, with gains of 20-45%. Further 8 Tx cross-pole also obtains significant gains for wideband scenario of up to 25%.
5. We also note that the (rank1, rank2) HO-MU mode is selected 100% of the time for 4Tx ULA, whenever higher order MU is selected. However, for 8 Tx cross-pole configuration, we have noted that for SNRs of 10-20 dB, two rank 2 users could be scheduled 20-50% of the time. The individual modes in HO-MU mode are not shown in the results.
6. Spatial covariance that contains full subspace information can be the key for enabling higher order MIMO. 
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Figure 2 - Performance and Mode Selection, 4x2 ULA, 0.5 Lambda, SNR offset = 0 dB
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Figure 3 - Performance and Mode Selection, 8x2 XPOL, 0.5 Lambda, SNR offset = 0 dB
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Figure 4 - Performance and Mode Selection, 4x2 ULA, 0.5 Lambda, SNR offset = -5 dB
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Figure 5 - Performance and Mode Selection, 4x2 XPOL, 4 Lambda, SNR offset = -5 dB
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Figure 6 - Performance and Mode Selection, 8x2 XPOL, 0.5 Lambda, SNR offset = -5 dB

4. Conclusions
In this contribution, we investigate potential performance improvements with higher order MU-MIMO under different antenna configurations and user geometries when eNB is provided with spatial covariance feedback. Higher order MU-MIMO can be selected very often and provides significant gains to system throughput, especially for cross-polarized arrays (10-50%), and further gains with narrowband (6 RBs here) precoding. 
On the other hand, higher order MU may be a more practical way to increase the number of streams supported in a system, as opposed to higher rank SU-MIMO considering typical antenna configurations, receiver implementations and achievable SNRs.

We propose that, for feedback design, control signaling, and RS design, high-order MU should be supported in LTE-A, where at least one user or more users can support rank-2 even for the typical 2-Rx UEs.
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