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1 Introduction

Implicit feedback in support of MU-MIMO in the context of single-cell (non-CoMP) transmission is discussed in this paper. In particular, MU-MIMO based on implicit CQI/PMI report (Rel-8) is investigated. It is shown that with implicit CQI/PMI, Rel-10 MU operation can be fully supported with the same implicit feedback framework as in Rel-8 SU-MIMO, with minimal standard impact.
Consider a two-user system where the received signal is given by 
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(1)
where Wj, Sj, Uj, and nj are the precoding matrix, data vector, receiver equalizer and noise/interference vector of the j-th user. The objective is to obtain precoding matrices (W1, W2) to mitigate/pre-cancel the IUI (
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) at eNB, such that a robust performance with effective single-user channel can be achieved.

2 Comparison of Feedback Schemes
2.1 Explicit short term feedback 

The transmit covariance matrix of the channel H is averaged over both time and frequency as R = (sum{HjHHj})/J, j=0,1,2,…,J-1, where J is the span of frequency sub-bands and subframes over which averaging is performed. Averaging in the frequency domain can be on a wideband or sub-band basis. A wideband covariance matrix reduces the impact of channel estimation errors.  However, it comes at the cost of increased mismatch with the frequency-selective channel and reduced frequency scheduling and MU diversity gain. In the time domain, averaging can be performed on a sliding window of N subframes, where N is the reporting periodicity.  
Various MU-MIMO algorithms are possible with transmit covariance information R = HHH. For explicit feedback we evaluate SLR beamforming where the precoding vector of user 1 expressed as
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Where 
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is the right dominant/principle eigen-vector, and Rj,N is the noise/interference covariance estimate at the j-th UE.  Sufficient accuracy of both the transmit and noise/interference covariance need to be known in order to effectively mitigate inter-user interference. 
Note that explicit reporting does not capture UE processing.  By default, such reporting does not facilitate the UEs with more advanced receivers to see meaningful throughput gain. This is because the gain from more advanced receivers needs to be translated into link adaptation gain, which is not captured in explicit reporting.

2.2 Implicit PMI/CQI 
UE follows the Rel-8 SU-MIMO feedback framework and reports implicit SU-MIMO PMI/CQI. Note the CQI/PMI report has implicitly taken into account the receiver processing (e.g. MRC or MMSE). This is one of the advantages of the implicit report as receiver processing gain from more advanced receivers needs to be translated to link adaptation gain in order to be beneficial.
The MU precoders can be derived with a transformation on the PMI report from multiple UEs. Various solutions including block diagonalization (BD), maximum SLR as well as the zero-forcing beamforming (RZFBF) are possible. An example with regularized zero-forcing beamforming with implicit CQI/PMI is given in [12]. 
· Denote the SU rank-1 PMI report as 
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 for the j-th UE. The precoding vector 
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 reflects the quantization of the precoding vector projected into the precoding subspace defined by the codebook, and 
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denotes the energy of the projection, taking into account of noise/interference

· For each hypothetical pair of UEs, MU beamforming with ZFBF is derived as   
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is a regularization factor (e.g. a heuristic function of the geometry/SNR or a constant [5]). The MU precoding vector for the j-th UE is the normalized k-th column of F.  
2.3 Link Adaptation
Since the MU-MIMO beamforming is typically an eNB implementation issue and transparent to the UE, the post-BF MU CQI is generally unknown at the eNB. Hence, CQI prediction based on UE feedback must be applied at the eNB in order to select the MCS. 
· Alt 1: Link adaptation is based on post-BF CQI (assumed perfectly known at eNB). This is used as a reference and serves as the performance upper bound, since any other CQI metric will result in suboptimal throughput.

· Alt 2: Link adaptation is based on predicted CQI, given UE feedback
· Explicit feedback: With reported transmit covariance, the predicted CQI can be estimated as 
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· Implicit feedback: The reported SU-MIMO CQI is processed by the eNB to derive the predicted CQI for MU link adaptation, factoring in the specific beamforming scheme at eNB and conjectured residual IUI.. One example of MU CQI prediction is given by
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where 
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, CQI1 is the SU CQI report from UE 1, and n is a heuristic CQI backoff variable.  Similar to Rel-8, it is also possible for the eNB to semi-statically configure the nominal PDSCH-to-RS EPRE offset to fine tune the SU CQI report. 
To facilitate more accurate prediction, higher resolution (several more bits) may be considered for the CQI. 

Note that it may be possible to further improve the predictor in equation (4) such that it performs closer to Alt-1. This predictor is simply used to demonstrate that a reasonably good predictor exists. Various other CQI processing algorithms have also been investigated ([8-9]). It should be kept in mind that the choice of predictor is an eNB implementation issue and hence cannot be standardized.  

3 Simulation Results

Link-level performance of a two-user system with (1) short-term explicit covariance, and (2) implicit PMI/CQI report are presented.  Single-layer beamforming per UE is assumed. A reporting periodicity of 5ms is studied. Detailed simulation assumptions are provided in Table 2. 
· Implicit feedback:  
· Rel-8 PUSCH CQI report mode 1-2 (wideband CQI + sub-band PMI) with a sub-band size of 5 RB is assumed.  Note implicit feedback is already quantized information. 
· A 5-bit CQI is used in place of the 4-bit CQI in Rel-8.
· Explicit feedback: 
· 4 diagonal and 6 lower-diagonal components of the 4x4 Hermitian covariance matrix need to be reported.  Independent quantization of the I and O components with N-bits is assumed, where N = 2, 3, 4.
· As a performance upper bound, genie-aided feedback with floating-point accuracy is provided. 
· An idealistic assumption of perfect noise/interference covariance knowledge at eNB is made.   In practice, some additional CQI-like feedback is needed to convey such information to the eNB. 

A comparison of the requirement on the uplink feedback overhead is given in Table 1. Observe that even with 4-bit quantization – not including the required feedback for interference + noise information – explicit feedback requires almost 20 times feedback over the implicit feedback. With sub-band interference + noise feedback, the overhead associated with explicit feedback increases even more. 
	Feedback scheme
	Feedback contents
	Overhead 

	Explicit 
	4x4 covariance matrix, 4-bit quantization for I/Q components

· 4 diagonal: 4 * 4  = 16 bits

· 6 off diagonal: 6 * 2 * 4 = 48 bits
	· 80 bits per subband (5RB) 

· 800 bits for system bandwidth

	Implicit 
	Sub-band PMI (4-bits),  5-bit wideband CQI assumed
	· 5 + 10*4 = 45 for system bandwidth


Table 1: Uplink feedback channel requirement

Figures 1-2 demonstrate the average per-UE throughput when both implicit and explicit feedback has a feedback periodicity of 5ms and frequency granularity of 5RB.
· With genie-aided floating point accuracy, SLR precoding with explicit covariance outperforms CQI/PMI based MU beamforming. 
· However, when practical constraints of quantization is taken into account, CQI/PMI shows comparable and even more robust performance in most case than explicit covariance MU schemes, with significantly lower feedback overhead and minimal standard impact.  
· Explicit feedback is sensitive to CSI quantization, which results in channel mismatch and precoding mismatch. Even with 4-bit quantization per I/Q component (640 bits for system bandwidth), substantial throughput degradation from floating-point R can still be seen. This follows the intuitive understanding that the eigen-components are typically very sensitive to the CSI error. Similar observations are made in [10].
· The quantization impact is more significant as geometry increases, since quantization errors becomes the more dominant limiting factor. However, as geometry becomes very large, the performance degradation due to quantization error diminishes gradually. This is because the high geometry assumption offsets the quantization error. Hence a throughput upper bound is reached although the beamforming is suboptimal.
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Fig. 1: implicit granularity = 5RB, explicit granularity 5RB           Fig. 2: implicit granularity = 5RB, explicit granularity 5RB
Considering the practical UL control channel constraint, explicit information must be reported at a lower rate and frequency granularity than implicit feedback. As a result, implicit feedback could be performed more frequently to achieve a reduced feedback delay and CSI outage. Similarly, implicit feedback can have a finer granularity in the frequency domain to exploit flexible MU paring and frequency-scheduling gain. Figures 3-4 demonstrate the throughput when feedback frequency granularity is 5RB for implicit and 50RB for explicit report, respectively. In this case, the robustness of implicit feedback becomes even more prominent.
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Fig. 3: implicit granularity = 5RB, explicit granularity 50RB        Fig 4: implicit granularity = 5RB, explicit granularity 50RB
4 Conclusions

In this contribution we compare the performance of multiuser beamforming with different feedback schemes. It is possible to support Rel-10 MU-MIMO operation with the same framework as Rel-8 implicit CQI/PMI feedback, with minimum specification impact.  Under practical scenario with quantization, it is found that implicit CQI/PMI-based feedback shows comparable or superior performance than the short-term explicit feedback, with much lower overhead.
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Table 2: Simulation Assumptions 
	Parameters
	Setting

	Bandwidth 
	10MHz

	Channel model
	SCM 

	eNB antenna configuration
	4 vertically polarized antennas with 1/2 ( spacing

	UE antenna configuration
	2 vertically polarized antennas with 1/2 ( spacing

	Downlink scheduler
	Scheduling granularity of one sub-frame, wideband scheduling

	Feedback codebook
	4-bit Rel-8 Householder 

	Rank-adaptation
	1-layer beamforming per UE, 2 UEs in MU-MIMO

	Scheduling delay
	6ms

	Receiver algorithm
	MMSE

	UE distribution
	Two users randomly dropped in a cell with the same geometry
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