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1. Introduction
Single-Cell Multi-user MIMO (MU-MIMO) has undergone extensive study in recent meetings. It is an important enabling technique for LTE-A to satisfy the IMT-Advanced requirements. Moreover, single-cell MU-MIMO is attractive due to considerable system performance gain. 
One of the key issues here is the feedback support for MU-MIMO. For single cell operation, it was observed during RAN1 meetings that:

· Rel-8 CQI/PMI/RI could provide a good baseline for simple extensions
· Also consider possible addition of simple explicit feedback scheme
· Overhead is a key consideration

 In this contribution we focus on implicit feedback extension. It was noted in RAN1#58bis that the current Release 8 CQI/PMI/RI implicit feedback scheme  could provide a good baseline for simple extensions, e.g. to improve support for single-cell MU-MIMO. We show that using variable granularity feedback, we can provide achieve high capacity dynamic SU/MU-MIMO switching ,as the same time maintain relatively low overhead.   Beamforming antenna configuration is considered and the rank per UE is limited to be one in MU-MIMO case. In the simulation, constrained ergodic capacities over various fast fading realizations are obtained to capture the fundamental performance in each configuration. 
2.   System Model and Proposed feedback scheme
MU-MIMO systems can provide tremendously capacity gain. The key issue is accurate feedback.  It is found the accuracy of the feedback must increase linearly with SNR (in dB) in order to utilize full multiplexing gain the channel provide.
2.1   Throughput Analysis and Channel Quantization Error
Let consider a MIMO broadcast channel where there is K receiver and the transmitter has M > 1 antennas. This broad channel can be described as :
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When linear precoding is used , the transmitter multiple the signal intended for each user with a beamforming vector, and transmits the sum of these vector signals. 
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where 
[image: image5.wmf]v

denote the beamforming vector.
One of the choice for these beamforming vectors are based on the zero-forcing principle, where beamforming vector for UE i is chosen to be orthogonal to the channel vector of all other users. The performance of linear precoding clearly depends on the choice of beamforming vectors, which is derived from the channel feedback from each UE. When there is an imperfection of this channel knowledge, inevitable some degree of multiuser interference is introduced ,which leads to performance degradation. One example of these imperfections is quantization errors.  It is evident that the quantization error is related to the feedback bits used , in fact, it is pointed  that quantization error  
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can be bounded  [8] as 
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where M is the total number of transmit antennas and B is the total bits used to quantize the feedback. To further analyze and quantify the performance degradation caused by imperfect feedback, we  define the system rate loss 
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It can be shown that 
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Equation 1.5 shows that rate loss is an increasing function of the system SNR .  In other words, in order to maintain a bounded rate loss, we need to scale the number of feedback bits per mobile. This can be expressed in another format as in [8]. If we fix the feedback bits per UE, then the rate that each UE can be achieved by quantized feedback is bounded by
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as SNR is approaching infinity.

2.2 Variable granularity Feedback 
As can be seen from the above analysis, fixed feedback rate systems only achieve a bounded throughput. To realize full multiplexing gain, feedback granularity must be adaptively increased to the logarithm of SNR. This intuition motivate the following feedback scheme, in which  cell can be divided  into several feedback rate regions  and each region employs codebook with different granularity based on their average SNR. In the following simulation we   divide the cell into cell center (high feedback rate ) region and cell edge (low feedback rate )region. In low feedback rate region, Release 8 based  4-bit codebook is used.  While in high feedback rate region, a 6-bit codebook is used. For simplicity we use geometry as threshold to evaluate system performance. In actual system design other practical threshold can be implemented. Also, further classification of feedback region, for example using 8-bit or 10-bit codebook in very high geometry region , can achieve further capacity improvement.
3. Performance Evaluation
3.1 Codebook of 6-bit 
A 6-bit codebook is considered to provide finer granularity of spatial CSI. The codebook design considers both uniform linear array (ULA) and dual-polarization antenna configurations, as well as maintaining certain minimum chordal distance between codewords. The codebook construction is based on Kroneck product. The design for the first 32 codewords fully takes into account of physical beam formations and is particularly suitable for beamforming scenarios. 
3.2 Precoder for MU-MIMO 
In this simulation study, signal-to-leakage-and-noise ratio (SLNR) [3,4] criterion is used to determine the precoders in MU-MIMO. In the case of two-user MIMO, the precoders for User 1 and User 2 can be calculated as
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In beamforming antenna configuration with rank = 1 per user, only one vector (normally corresponding to the strongest eigen-mode) is used as the column vectors to construct precoding vectors. 
3.3 Simulation Settings
The simulation is carried out in semi-analytical fashion. Particularly for MU-MIMO, the steps are as follows.
1. Set up the geometry points, e.g., from -5 dB to 25 dB with step size of 1 dB
2. Each time, generate spatial channels of two independent users, based on certain channel model

3. Quantize the covariance matrix R by either element-wise quantization, or through vector quantization of the eigen-mode
4. Determine the precoders based on Eq. (3)

5. Calculate the sum-rate over the two users, the instantaneous channel rate of each user is based on 64-QAM constrained capacity [5], meaning that CQI feedback, link adaptation and channel decoding are perfect

Procedure from Step 2 to Step 5 is looped multiple times, each with an independent spatial channel realization. So the calculated capacities are of ergodic nature. Spatial channel model (SCM) [6] Suburban Macro (SMa) scenario is assumed. For each channel realization, the spatial CSI feedback is at subcarrier level. In MU-MIMO, the two users are forced to do MU-MIMO, even occasionally the channel realizations lead to poor separation of eigenmodes between users and thus may degrade the sum rate. In another word, MU-MIMO mode never falls back to SU-MIMO mode.

ULA four vertical-polarization antennas are assumed at the transmitter. The antenna spacing is 0.5 . The receiver is equipped with two antennas. In the case of element-wise quantization of matrix “Ri” [7], 3 bits and 5 bits are used for the amplitude and the phase of each element. Less number of bits is allocated for the amplitude than for the phase information is because that the entire matrix is first normalized by the amplitude of the largest element, a procedure that reduces the dynamic range of the elements in different channel realizations. Ignoring the number of bits for this normalization, the element-wise quantization requires 
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bits. Quantization levels for amplitude and phase are listed in Table 1. Those levels are by no means the optimum choices. Rather, the quantization levels are intuitively selected to capture the general statistics anticipated for the matrix elements.
	Parameters
	Values

	Channel model
	SCM, Suburban Macro (SMa) [6]

	Antenna configuration
	MIMO 4x2

Transmitter: ULA 4V, spacing = 0.5 
Receiver: two antennas

	Rank prediction
	Implemented only in SU-MIMO, ideal

	Max. rank per UE 
	1 for MU-MIMO 

	Link level performance
	SINR to capacity mapping , 64-QAM constrained capacity

	Receiver type
	MMSE

	Link adaptation
	Ideal, SINR of UE is known at Tx

	Cross-user interference modeling (MU-MIMO)
	Explicitly modeled

	Time/freq resolution of spatial CSI feedback
	Snap-shot in time, per-subcarrier in frequency

	Number of users simulated/multiplexed
	2 

	Amplitude quantization levels
	[0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.925]

	Phase quantization levels
	Uniform over [-, ], step size of /16

	Codebook for SU/MU-MIMO
	Rel.8 codebook (4-bit)

6-bit codebook (for rank = 1)

	Geometry Threshold  for feedback rate region
	5dB


Table 1. Simulation parameters
3.5 Performance Comparison
Ergodic constrained capacities of SU-MIMO and MU-MIMO are compared in Figure 1. The general trend is that MU-MIMO shows more gain compared to SU-MIMO as SNR increases. The performance of SU-MIMO is the lowest, particularly with Rel-8 codebook. Even at SNR = 25 dB, the SU-MIMO capacity is still significantly lower than 12 bits/s/Hz which is the highest achievable throughput of 2 stream multiplexing. Such fall-short indicates that in beamforming antenna configuration under SCM Suburban Macro environment, the rank of the spatial channel is often less than 2. MU-MIMO can approach 12 bits/s/Hz closer, by taking advantage of rather independent channels between users. As expected, the highest capacity is MU-MIMO with floating-point R feedback, followed by 6-bit codebook, Rel-8 4-bit codebook and element-wise quantization of R. Considering much more bits for element-wise quantization, codebook based feedback seems more efficient.  We can see from the result that the variable size adaptive codebook feedback scheme  performance is than Rel 8 4-bit codebook feedback.
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Figure 1. Ergodic constrained capacities   beamforming antennas.
4. Conclusions
 To realize full multiplexing gain, feedback granularity must be adaptively increased to the logarithm of SNR. In this contribution we have shown that
· Codebooks with finer granularities than Rel8 should be considered
· Using variable granularity feedback achieve better system capacity while maintaining low feedback overhead
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