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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 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. In this contribution, we explore such possibility a little further.  
2. SU/MU Mode Switching and Rank Adaptation
Currently in Rel-8, eNB semi-statically configures the UE into open loop or closed loop operation. Decision on OL or CL may depend on long term behaviors like SNR and UE mobility.  In CL operation, eNB also semi-statically configures a SU or MU mode. Any mode switching may depend on the total traffic need and possibility/quality of user pairing. Rel-8 only allows rank-1 for each UE in MU mode, but in SU precoding, it is possible to dynamically switch between rank 1 and 2 in transmission mode 4 with the use of DCI format 2.  Transmission mode 6 only supports rank-1 CL-MIMO with a compact control signaling (DCI format 1A).

In order to support dynamic SU/MU and rank adaptation, we need to consider the following questions/aspects: 
· What is the performance gain and advantage of dynamic SU/MU mode switching, as opposed to semi-static mode switching?

Conceptually dynamic mode switching makes it easier for eNB to adapt to the change of traffic need and channel condition. When there is sufficient bandwidth, eNB may prefer to operate in SU mode. As a eNB sees the dynamic traffic load starts to require MU or MU becomes favorable in terms of spectral efficiency, it may be desirable to not having to go through RRC reconfiguration (link tear-down and re-establish). Some preliminary results comparing SU and an adaptive SU+MU showed >20% gain in terms of average spectral efficiency, as will be reported later.
· Seamless integration with CoMP techniques

CoMP techniques using interference avoidance are expected to be performed in a transparent manner based on DRS, and can be performed together with SU/MU schemes within a cell [5]. In that case, additional feedback is defined to support such techniques. However CoMP techniques in a network may require additional flexibility depending on, as a few examples, the data exchange delays between eNBs, scheduling restrictions of neighbor nodes, and co-scheduling decisions between a cluster of nodes. Hence the practical constraint may result in a dynamic SU/MU switching at eNB whenever it is seen as appropriate. 
· What is needed to enable dynamic SU/MU switching?

· Demodulation: DRS-based demodulation in LTE-A can support dynamic SU/MU switching as long as a proper control format is defined.
· UE feedback to support SU/MU precoding

· CQI feedback for MCS adaptation

We will focus the discussion on the last two aspects: UE feedback and CQI. 

2.1. UE Feedback For Supporting SU/MU Precoding

UE feedback for MU operation is based on SU rank-1 assumption. The SU-based feedback 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.
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 
[image: image1.wmf]i

R

, 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][4] 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 [9]. For simulation purpose, we assume they are available. 
The closed-from solutions 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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eigM

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 zero cross-interference constraint [6] . The solution can be shown to be co-linear with both the regularized ZFBF solution and MMSE-BF solution under a flat-fading channel [8]. We indeed have found near-optimal performance with the above suboptimal approach based on SLNR.
2.2. CQI Feedback For Supporting SU/MU Precoding

In Rel8, an UE can compute the CQI based on the recommended PMI under a known transmission mode hypothesis (i.e., SU). In DRS-based transmission or when UE does not know the precoding matrices to be used by eNB, UE typically have to assume a certain transmission mode to predict the aftermath of SU/MU precoding. For example, in transmission mode 7 in Rel8 SU operation, a wideband rank-1 CQI is derived based on CRS and the hypothesis of transmission diversity. 
A similar approach can be envisioned based on CSI-RS in LTE-A. In this case, since eNB knows its precoding, it may be in a better position to predict the post-beamforming SINR, given the feedback of channel information from UEs. For example the first term in the sum-capacity expression can be used to determine the MCS based on predicted SINR once user pairing and precoding matrices are determined.  
Accurate CQI prediction can become difficult to get because the post-precoding interference depends on the precoding performed at the interfering eNBs as well, in addition to precoding conducted at the serving cell. UE may get a better measurement from DRS, but it may not be accurate if eNB changes the sub-band in the next transmission or even the interfering eNBs changes their precoding matrices. 
The impairment due to CQI prediction mismatch as well as required improvement need further study.
3. 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
	3GPP Case 3 according to TR36.814 (SCM channel model @ 3kmph)

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda

2-Rx UE: ULA, 0.5 lambda

	Duplex method 
	FDD

	Scheduler
	Proportional fair and non-frequency selective scheduling;

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

	Link adaptation
	Ideal CQI

	Channel estimation
	Ideal channel estimation 



	Feedback Impairments
	Wideband Feedback

Reporting period: 4 ms ;

Delay: 3 ms

	Rate Metric
	Constrained capacity based on the QPSK,16QAM,64QAM constellations (based on MMIB[5])

	Overhead
	Control channel of 3 symbols; 

RS for 4 CRS as in Release 8; 

Same overhead for all transmission modes.

Reduction in RS overhead for LTE-A/MBSFN subframes due to DRS on a maximum of two ports not included in performance gain.

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

For Rel8 PMI based SU/MU: Pairing UE with orthogonal PMI; UE pairing is determined based on per-UE CQI feedback (as defined in Rel8 CQI feedback) and sum CQI metrics;

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
	Mean SE (bps/Hz/cell)
	10% Cell Edge user SE 

	SU Rank 1 (PMI)
	2.19
	0.07

	SU Rank 1 (SCF)
	2.28
	0.07

	SU Rank 1/2 (PMI)
	2.31
	0.07

	SU Rank 1/2 (SCF)
	2.58
	0.07

	SU/MU PMI (Adaptive  SU/MU)
	2.80
	0.07

	SU/MU (SCF)
	3.30
	0.10


Table 2. SU/MU-MIMO spectral efficiency comparison for 4x2 configurations, Tx Spacing = 
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We can observe that:

· Comparing row-1 and 3 for PMI-based SU or row 2 and 4 for SCF-based SU, adaptive rank adaptation achieves a gain of 5% (PMI) or 13% (SCF) over fixed rank-1 operation.

· Allowing adaptive SU/MU mode switching further provides a gain of 21% (PMI) and 28% (SCF) over SU mode only operation
· Unlike PMI feedback, SCF is not only mode-agnostic feedback (i.e., universal), SCF-based SU/MU outperform PMI-based SU/MU by almost 18%, thanks to the improved feedback that allows eNB to do a better precoding to mitigate inter-UE interference.  It can be seen from the increased probability for MU mode as plotted in Figure 1.
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Figure 1 – Mode Selection Probability for different modes

Further analysis of the performance gains could include impairments in feedback, channel estimation, CQI mismatch, and performance loss due to semi-static vs dynamic configurations, which will be investigated in future study. However, the initial results clearly indicate performance enhancements with SCF.  

4. Conclusion

In this contribution, we explored the possibility of unifying closed-loop SU and MU operation in LTE-A so that SU and MU mode can be dynamically supported without the need of semi-static reconfiguration. If dynamic SU/MU switching and rank adaptation is possible in Rel8 PMI-based SU/MU operation, a mean throughput gain of 21% is observed compared to SU mode only. Since Rel-8 PMI reporting is dependent on the preferred rank and always under SU hypothesis, the key challenge for dynamic SU/MU mode switching is the definition of feedback metric and an efficient transport channel. It was shown that MU user paring and SU/MU precoding can be determined based on a universal spatial correlation feedback (SCF). Unlike PMI feedback, SCF-based SU/MU is based on mode- and rank-agnostic feedback and the gain over PMI-based SU/MU is almost 18%, thanks to the improved feedback that allows eNB to do a better precoding to mitigate inter-UE interference.  
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