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1. Introduction
Several methods have been proposed for high-resolution feedback of CSI for supporting single cell MU-MIMO and CoMP operations [2]
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 \* MERGEFORMAT [6][7]. It has been noticed in multiple proposals that there is a performance benefit when the eNodeB is capable of combining feedback information from multiple time and/or frequency instants. The benefit here is twofold – the overhead of feedback can be spread out in time and a capability of tracking a slowly varying channel. Proposals including MDC [2] and MLC [3] fall in to this category. An essential aspect for such combining, however, is to investigate the performance considering feedback errors in the uplink. 
This strategy of enabling the eNodeB to combine information from multiple successive feedback instances is also common to this proposal. In addition we also observe that there are certain benefits in feeding back covariance matrix information to the eNodeB. Specifically

· A covariance matrix estimate provides multi-rank precoder information to the eNodeB. This provides the flexibility to the eNodeB to decide the rank, MCS and MU/SU transmission for an UE. This also maximizes the benefit of UE-specific RS where the eNodeB has the freedom to choose transmit weights. In contrast a Rel-8 like PMI strategy assigns the responsibility of deciding the rank, MCS to an UE which is a good strategy for CRS-based designs optimized for SU-MIMO transmissions. In simulations we observe that a significant fraction of UEs assigned rank-2 transmission in a SU system simulation is assigned a rank-1 (MU) transmission in a SU+MU system simulation. Therefore the optimal rank from an UE perspective could be rank-2 but from an eNodeB/system perspective it could very well be rank-1.
· A covariance based feedback strategy could work with only TxD CQI feedback from an UE (similar to an agreement in Rel-9). Therefore CSI-RS needs to be designed to enable accurate covariance matrix estimation (and not per-subcarrier channel estimation). This will potentially require a smaller density of CSI-RS particularly in the case of CoMP where the overhead of CSI-RS from multiple cells and multiple antennas could be overwhelming.
· The codebooks designed for PMI feedback are optimized for channel conditions supported by several channel models and in particular for uniform linear array (ULA) performance when the transmit array is DOD calibrated. In reality a random phase component is present in each RF chain at the eNodeB when it is not calibrated (see [8] for details) and could degrade the performance of PMI-based MU-MIMO schemes significantly.
This contribution presents a way of successively refining and tracking a covariance matrix using a 1-bit differential quantization.

The covariance matrix for feedback is computed on the downlink by the UE by adding the contribution of the channel estimated from each receive antenna to each transmit antenna the eNodeB.
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where MT is the number of transmit antennas, K is the number of subcarriers that the matrix is averaged over (which are not necessarily consecutive), H(k) is the MT(MR channel estimate on subcarrier k found on the downlink broadcast pilots, and MR is the number of receive antennas.
2. Differential Quantization Overview
In this method the real and imaginary parts of the covariance matrix are updated at each time by a single bit indicating to move up or down by a delta value.  The basic idea is to update the quantized covariance matrix at time t by
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where ( is a forgetting factor put on the previous quantized matrix (e.g., (=0.98) and Ct is the differential update at time t.  The elements of Ct are updated using the current covariance matrix estimate, R, along with the previous quantized covariance matrix as follows for the main diagonal elements
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and as follows for the off-diagonal elements (m>n)
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Note that feedback of the off-diagonal elements only needs to be done for the upper diagonal (m>n) since R is a Hermitian symmetric matrix (i.e., (R)nm=(R*)mn).  An example of a decent value for ( is 0.005.

It can be shown that this differential method has the following form at time t
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where 
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 is the matrix that initialized the algorithm (e.g., using some fixed bit method).  This form is what gives this differential method its error protection since most of the summation is with correct information (unless the bit error rate approaches 50%) and there is a forgetting factor applied to past errors.  Note that (4) preserves the Hermitian symmetric property of Rtq. 

The values of ( and γ needs to be known at the eNodeB and the UE. This value may be determined by the UE or the eNodeB or can be fixed beforehand and hence would be known at both ends. 
3. System Simulation Results

In this section results are given for the proposed quantization method in a 10 MHz LTE-A downlink.  The eNodeB has MT=4 antennas (ULA with (/2 spacing), the UE has MR=2 antennas, and MU-MIMO is limited to a maximum of two users.  The SCM-E channel model (urban macro with 15 degree angular spread) is used with a mobile speed of 30 kph.  For these results the wideband covariance matrix is fed back along with a C/I estimate to be able to perform link adaptation at the base.  The mobile uses LMMSE combining to suppress crosstalk and no channel estimation is performed on downlink.  The quantization methods are compared in a 131 cellular reuse scenario.  A narrowband allocation of 6 RBs is simulated for the downlink transmission (a RB is 12 subcarriers by 7 OFDM symbols) but the feedback is calculated on a wideband of 600 subcarriers.  10 users feed back a covariance matrix and all users are available to be paired and scheduled for each frame.  The feedback is updated and sent every 5 msec with a delay of 5 msec between where the feedback is calculated and the first beamformed downlink.  The results use a model for beamformed interference where the mean C/I at a given time is drawn from a distribution for a 131 cell layout with a variance of 10 dB (the C/I feedback for MCR selection uses a long-term average so that the mean is fed back).
Table 1 gives the throughput results for an ideal covariance matrix (unquantized but delayed), the a 6-bit optimized codebook (chosen over the LTE codebook because of better performance in MU-MIMO due to larger codebook size), a quantized covariance feedback method [1] which requires 28 bits of feedback, and the differential feedback method of this contribution which requires 16 bits of feedback.  Table 1 shows results for no feedback errors, a 5% bit error rate (BER) on the feedback, a 10% BER on the feedback, and a 20% BER on the feedback.  As can be seen with no feedback error the differential method has system-level results very close to perfect feedback whereas the 6-bit codebook and 28-bit covariance quantization has a sizeable loss over ideal.  With a 5% or higher BER on the feedback, the other methods suffer a very high loss over ideal (especially the codebook method) whereas the difference quantization method of this report only has a 3.73% (4.73% and 6.15%) throughput loss over ideal for a BER of 5% (10% and 20%).  In fact the differential quantization method with a 20% bit error rate on the feedback is still better than the other methods with no feedback errors.
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Figure 1: SE for MU-MIMO transmission comparing different feedback methods with various feedback error rates
Table 1. Throughput loss over ideal feedback for a given feedback BER

	BER
	Ideal
	6-bit CB
	28-b Cov
	Diff. Cov

	0%
	0%
	-9.8%
	-9.48%
	-0.866%

	5%
	0%
	-30.1%
	-12.9%
	-3.59%

	10%
	0%
	-40.6%
	-13.3%
	-4.73%

	20%
	0%
	-55.6%
	-15.4%
	-6.15%


To further demonstrate the error-resistant properties of the differential feedback, plots of the normalized mean squared error (MSE) of the actual covariance matrix to the quantized covariance matrix is now given (the MSE is averaged over all elements of the covariance matrix).  Figure 2 and Figure 3 show the normalized MSE for different levels of BER on the feedback (0%, 5%, 10%, and 20%).  For these results feedback is sent every 5 msec.  When there is no feedback error the differentially-quantized covariance matrix quickly converges to a matrix that is very close to the true covariance matrix and even with up to a 20% BER has performance better than the other methods with no error.  
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Figure 2.
Normalized MSE between true covariance matrix and quantized feedback of differential feedback versus 28-bit cov quantization with a 0% BER (left) and a 5% BER (right).
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Figure 3.
Normalized MSE between true covariance matrix and quantized feedback of differential feedback versus 28-bit cov quantization with a 10% BER (left) and a 20% BER (right).
4. Conclusion

In this contribution we observe that:

· A covariance based feedback strategy can reap the full benefits of a UE-specific RS based design. This enables an eNodeB to determine the rank, MCS, SU/MU transmission for an UE. An UE cannot make the right choice of transmit weights in the case of MU-MIMO or CoMP transmission which makes a PMI/RI/CQI-centric design (similar to Rel-8) less attractive

· There is a significant benefit to introduce a feedback methodology based on refinement or tracking. This contribution presented one such method based on a differential feedback method.  The method is very robust to feedback errors, has performance very close to ideal covariance matrix feedback, and has low feedback overhead.  It is proposed that this differential quantization method for feeding back the covariance matrix be considered for CSI feedback for SU-MIMO, MU-MIMO, and CoMP. 
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