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1. Introduction

DRS will be supported in LTE-A operation, which may provide an opportunity to unify different closed-loop DL-MIMO modes (SU, MU, rank-1 up to 8, etc.) under the principle of transparent non-codebook based beamforming and unified feedback that can enable dynamic mode switching and rank adaptation. If all closed-loop modes can indeed be unified, it represents a change from semi-statically configured CL-MIMO operation in Rel8 to a more dynamic CL-MIMO operation.
Release-8 MU-MIMO is enabled using SU CQI and PMI feedback. However, the UE is still being semi-statically configured to operate in SU or MU transmission mode to allow proper CQI calculation at UE. Different DCI formats are also used to control SU and MU modes (e.g., for MU it is transmit mode 5 with DCI format 1D).  
On the other hand, SCF-based (Spatial Covariance Feedback) MU-MIMO allows the possibility of a unified feedback for both SU and MU operation, with the help of using DRS.  The dynamic mode switching and user selection/pairing operations based on SCF are described in detail in our previous contributions [2]. 

With the use of DRS in LTE-A, the precoding vector used for MU-MIMO may not need to be constrained to the PMI recommended by UE. From that perspective, PMI-based and SCF-based MU-BF can be compared in similar operation where both support dynamic SU/MU mode switching. eNB will treat PMI and SCF as two different means of spatial information feedback. As to the determination of MCS for each MU link, the challenge is similar in both cases since the final precoding vectors are unknown to the UE. eNB can predict the post-BF MCS based on pre-processing SINR related information (e.g., received signal and interference power or CQI).[4]. For the simulation results reported in this contribution, we have assumed ideal post-BF CQI for both PMI and SCF based operation, to focus on the achievable performance if the scheduler is provided with both signal and null subspace information as derived from the covariance feedback, as opposed to the coarsely quantized subspace information conveyed in PMI feedback. 
2. SCF-based SU/MU Precoding 
With DRS, the precoding can already be made transparent to UE. One of the remaining key challenges for transparent SU/MU mode switching is to define a feedback metric that can be used for both SU and MU and the mode switching. Full channel knowledge at the eNB for each UE is the ultimate information needed for either SU or MU operation. Full channel knowledge can be estimated from sounding in TDD systems based on channel reciprocity. However for FDD, the feedback of full channel knowledge can be costly, even if feasible at limited uplink channel conditions. It may not be possible for many UEs, and especially challenging for certain cell-edge UEs. 
An alternative is the feedback of spatial correlation matrix that corresponds to the transmit antenna correlation observed at the UE and computed by UE based on CSI-RS [2]. Denoting the spatial correlation matrix observed by UE-i as 
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, which can be computed from channels estimated from CSI-RS and accumulated over the entire band or a sub-band, over one subframe or a longer period, all according to an eNB’s configuration. The spatial correlation R can be simply estimated 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. It can be used in both SU and MU:
· For SU operation, eNB determines the rank to be supported based on the Eigen values of “R”. The precoding matrix is based on the Eigen vectors.

· For MU operation (say UE 1 and UE2), eNB1 can derive the precoding weights for each UE based on some criterion such as maximizing the ratio of the signal power received by desired user UE1 and the interference eNB leaks to the other user UE2 (see [3][6] for example). As will be discussed later, the max-SLNR (Signal to Leakage plus Noise Ratio) criterion leads to a closed form solution, as opposed to using the maximum sum throughout criterion. In particular, the precoding matrices for UE1 and UE2 are determined according to the following maximal SLNR 
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where 
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denotes the number of receive antennas, 
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account for interference plus noise power per receive antenna at UE1 and UE 2 excluding MU interference. They may be obtained at eNB based on UE’s RSRQ reports or implicitly included in a normalized “R” report, or explicitly by reporting interference measurements [11]. For simulation purpose, we assume they are available. 
The closed-from solutions for beamforming matrices for UE1 and UE2 are
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where 
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is a regularization factor, which can be set to 1 and 
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is the operation that obtains Eigen vectors corresponding to the largest L Eigen values of the input matrix M, where L is the number of streams sent to the UE. 
The sum capacity after such beamforming can be approximated as 
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User pairing could be based on such maximal sum capacity, i.e., selecting the user pair that delivers the best sum capacity after including fairness constraints. Note that sum capacity/throughput can also be used as the criterion for SU/MU mode selection by comparing sum capacity in MU with the SU capacity. 
Actually the optimal approach to determine precoding matrices F1 and F2 is to maximize the sum capacity give above, which results in a different optimization problem that typically requires an iterative procedure to find the solution. But maximizing SLNR gives a simple closed-form solution. In fact, SLNR solution follows from the idea of zero cross-interference constraint [8] . The solution can be shown to be co-linear with both the regularized ZFBF solution and MMSE-BF solution under a flat-fading channel [10]. We have found near-optimal performance with the above suboptimal approach based on SLNR.
In the result above, an SLNR based approach is used. Covariance feedback could also be used in Block-Diagonalization (BD) based beamforming algortihms, which force the interference to zero. In other words, the beamforming matrix for a user is forced to be strictly in the null-space of another user’s channel. We have found in our study that this approach could degrade performance significantly compared to the SLNR based approach outlined above.
3. PMI-based SU/MU Precoding
The SU-based feedback in PMI could be the bottleneck for achieving higher throughout predicted by advanced MU operation that becomes more feasible and important as the number of transmit antennas at eNB increases (e.g., to 8-Tx). One approach to improve MU operation is to amend PMI-based feedback to include information about the null space of the channel in the forms of “black list of PMI” [1]. This amended PMI feedback is only needed in MU mode, not SU mode. Hence, eNB still needs to configure the feedback differently for SU and MU mode. Further analysis and understanding of trade-off of performance and overhead due to additional PMIs may be required to optimize such a scheme.

Another approach is an extension of Release-8 schemes where only SU PMI and SU CQI is fed back. MU PMIs can be derived using a zero forcing beamforming (ZF-BF) approach and MU-CQI can be estimated/predicted based on the SU-CQI, as described below 

Note that ZF-BF is based on CSI, but can be extended if only an approximation of the CSI such as PMI is available. In this case, PMI-based ZFBF is:
i) Set  
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is the PMI feedback

ii) Obtain precoding vectors using ZFBF with regularization 
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iii) Normalize precoding vectors to unit transmit power 
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for two users, and the transmit power is captured by the channel matrix.

The post-MU SINR may be computed based on SU-CQI report (assuming we can extend CQI parameter from Rel-8 4-bit MCS representation to a finer representation to capture an actual SINR value) as in following steps (other prediction methods may also be possible). First the channel model at the receiver is approximated as follows,
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Using the above model, the post-MU SINR can be predicted at the eNB based on SU-SINR, reported PMI and the zero-forced PMI as follows (for user 1)
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where 
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is a 2x2 matrix with each entry denoted as  
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The post-MU SINR is used only for scheduling decisions, even though the predicted post-MU SINR can be used for actual MCS determination at the scheduler. Similar to SCF-based operation, the actual MCS for transmission is assumed known in the simulation study.
4. Performance Results

The system simulations are performed over a 19 site/57 cells with wrap around. Simulation parameters and modeling assumptions are provided in the table below. 

	Parameter
	Value

	Channel Model
	ITU Urban Micro

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda (Configuration C)
2-Rx UE: ULA, 0.5 lambda

	Duplex method 
	FDD

	Scheduler
	Proportional fair and frequency selective scheduling;

Scheduling granularity of one subframe (dynamic on a subframe basis)

	Link adaptation
	Ideal CQI (i.e., MCS determined assuming ideal knowledge of post-BF CQI)

	Channel estimation
	Ideal channel estimation 



	Feedback Impairments
	Subband (6 RB) Feedback

Reporting period: 5 ms ;

Delay: 3 ms

	Rate Metric
	Constrained capacity based on the QPSK,16QAM,64QAM constellations (based on MMIB[7])

	Overhead
	Control channel of 3 symbols; 

RS for 4 CRS as in Release 8 for Control symbols; 12 DRS in Data Symbols 

	Mode Switching 
	For SCF-based SU/MU: Based on approximate capacity metrics for each mode;

For PMI based SU/MU: UE pairing is determined based on per-UE MU-CQI obtained based on SU-CQI feedback;

All metrics adjusted for proportional fairness;

SU/MU mode switching is allowed for each subframe, i.e., fully dynamic even though in the simulation it was observed that mode does not change every subframe typically.

	Traffic Model
	Full Buffer


Table 1. Simulation Assumptions
	Mode
	MU Receiver
	Mean SE (bps/Hz/cell)
	5 % Cell Edge user SE 

	Release -8 
SU/MU (PMI)
	MRC
	2.57
	0.070

	SU/MU 

(ZF-BF with PMI)
	MRC
	2.61
	0.070

	SU/MU (SLNR)

(Short Term Covariance)
	MRC
	3.12
	0.116

	SU/MU 

(ZF-BF with PMI)
	MMSE
	2.90
	0.079

	SU/MU (SLNR)

(Short Term Covariance)
	MMSE
	3.17
	0.12


Table 2. SU/MU-MIMO spectral efficiency comparison for 4x2 configurations, Tx Spacing = 
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We can derive the following observation:
· MMSE receivers that can suppress MU interference assuming known interference channel have up to 10% gain over Rel-8 MU

· SCF-based SU/MU outperforms PMI-based SU/MU by almost 20% in case of MRC receivers, and 10% in case of MMSE
· Further, cell edge user SE is improved by 50-60% with SCF based SU/MU operation compared to PMI-based SU/MU operation

5. Conclusions
In this contribution, we compared PMI-based and SCF-based SU/MU where both assume DRS and ideal post-BF CQI. PMI-based MU used ZF-BF algorithm to compute MU precoding weights and SCF-based MU used SLNR algorithm to compute MU precoding weights. Both assumed some post-MU SINR prediction based on some pre-MU SINR information for making scheduling decisions. 

From the results, we saw:

· MMSE receivers that can suppress MU interference assuming known interference channel have up to 10% gain over Rel-8 MU

· SCF-based SU/MU outperforms PMI-based SU/MU by almost 20% in case of MRC receivers, and 10% in case of MMSE

· Cell edge user SE is improved by 50-60% with SCF based SU/MU operation compared to PMI-based SU/MU operation

The performance gap shows that the subspace as quantized through PMI is not adequate for dealing with multi-link beamforming where both signal and null subspace, as well as their relative significance (i.e., associated eigenvalues), become very important, and in fact we saw the trend in augmenting PMI with black and white list to approach the information contained in covariance feedback, we suggest the standardization effort to focus on explicit spatial covariance related feedback, in particular on feedback metric/content definition, compression method, and feedback channel/vehicle design.
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