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1. Introduction

To achieve high system throughput with multi-user (MU) MIMO, high accuracy channel state information (CSI) is required by the transmitter. Enhancing CSI feedback has been discussed extensively in recent RAN1 meetings. Many candidate solutions have been proposed. In the San Francisco RAN1 meeting, the following feedback framework was proposed and agreed to be the Way Forward [1].

· Implicit feedback (PMI/RI/CQI) is used also for Rel-10

· UE spatial feedback for a subband represents a precoder (as constructed below) 

· CQI computed based on the assumption that eNodeB uses a specific precoder (or precoders), as given by the feedback, on each subband within the CQI reference resource

· Note that a subband can correspond to the whole system bandwidth

· A precoder for a subband is composed of two matrices 

· The precoder structure is applied to all Tx antenna array configurations

· Each of the two matrices belong to a separate codebook

· The codebooks are for further study

· The codebooks are known (or synchronized) at both the eNodeB and UE

· Codebooks may or may not change/vary over time and/or different subbands 

· That is, two codebook indices together determine the precoder 

· One of the two matrices targets wideband and/or long-term channel properties 

· The other matrix targets frequency-selective and/or short-term channel properties

· Note that a matrix codebook in this context should be interpreted as a finite enumerated set of matrices that for each RB is known to both UE and eNodeB.

· Note that Rel-8 precoder feedback can be deemed as a special case of this structure

In this contribution, we will discuss feedback enhancement solutions for LTE-A MU-MIMO transmission under the framework that a precoder is composed of two matrices.
2. PMI Feedback Enhancement
Using a zero-forcing precoder can reduce inter-user interference in downlink multi-user MIMO. This makes it possible to schedule MU-MIMO transmissions to UEs with either one antenna or multiple antennas with a MRC receiver, while still achieving an increased system throughput gain. This DL precoding technique can improve MU-MIMO performance for the UEs with more advanced receivers like the MMSE receiver as well. However, to achieve better inter-user interference mitigation in DL MU-MIMO, more accurate channel state information (CSI) is needed at the transmitter. It is recognized that the LTE Rel-8 PMI report scheme is not sufficient for this purpose. 

Maintaining backward compatibility to Rel-8 and enhancing the performance are considered as two of the most important aspects in the design of feedback scheme for LTE-A DL MIMO. It is desirable to keep Rel-8 PMI feedback scheme and send extra channel information to the eNB in order to achieve more accurate precoding for MU-MIMO. 

In the following, for simplicity, we will focus our discussion on the single layer per UE MU-MIMO situation. The approach can be extended to MU-MIMO transmission with multiple layers per UE as we can treat the multi-layer precoding matrix as multiple precoding vectors.
2.1  Representing a Precoding Vector with a New Basis
To report an optimal precoding vector to the transmitter, one straightforward way is to directly quantize each complex element of the precoding vector and send the quantized values to the eNB. As any vector can be represented with a new orthogonal basis, one alternative is to report the projections of the precoding vector on a new basis. When both eNB and UE know the new basis, the precoding vector can be reconstructed at the eNB without losing any information. We call the projected precoding vector on the new basis the “basis transformed precoding vector” (BTPV) in this contribution. The following equation shows how to calculate the BTPV.
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In above equation, 
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 is the precoding vector; 
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is the orthogonal basis transformation matrix with each column vector representing one dimension of the new basis in the original natural basis, and the matrix is a unitary matrix; 
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is the basis transformed precoding vector.  The eNB can re-construct the precoding vector after receiving 
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as indicated by following equation.
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Using 3-dimensional real vector space as an example, Figure 1 illustrates the relationships between optimal precoding vector v, the quantized precoding vector vPMI indicated by PMI, and the quantization error vector verr. In the figure, b1, b2 and b3 represent three mutually orthogonal codewords in the codebook. These three vectors form an orthogonal basis. The vector b3 is the vector reported by the PMI in this figure. The projections on b1 and b2 represent the quantization error vector verr between the optimal precoding vector v and the quantized precoding vector vPMI. It should be noted that the projection of the optimal precoding vector v onto the dimension b3 should be normalized to norm one to match the implicit assumption that the vPMI in the codebook has unit norm. 
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Figure 1 Vector represented with a new basis
It is interesting to note that, as shown in Table 1, the Rel-8 rank-1 codebook for 4-tx antennas can be grouped into four subsets (as shown by four rows in the table). Each subset has four mutually orthogonal codewords, and they form an orthogonal basis. The numbers in the table indicates the codeword index in the codebook. 

Table 1 Four set of basis in Rel-8 rank-1 codebook
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Based on this observation, the Rel-8 PMI report can be viewed as the best one-dimensional approximation of the precoding vector among these four sets of basis. To further reduce the quantization error made by the approximation and improve the performance of MIMO transmission, especially for MU-MIMO, it is a natural extension to also report the quantization error, which can be represented by the projections on the remaining three dimensions in the selected basis. It can be seen that the projection values on the remaining three dimensions should have smaller magnitudes compared to the projection on the PMI-related dimension. The reports of the projections on the remaining three dimensions can be viewed as CSI refinement report and can be used to reduce the quantization error. Note that, because the PMI report contains the information of which set of basis and which dimension in the basis has been selected, no more signaling is required from the UE to the eNB to indicate the indices of the additional three dimensions in the refinement reports.

From the above discussion, the following observations can be made regarding this proposal:
· Is less sensitive to quantization error on the remaining 3 dimensions;
· Requires reduced feedback overhead compared to direct element quantization;
· Could be used to support both progressive or non-progressive reporting;
· Is an natural extension of the Rel-8 PMI feedback scheme;
There are two options to report the precoding error vector. Option one is to report the precoding error vector in a progressive way. Another option is to report the quantized error vector in one-shot fashion.

2.2  CSI Refinement Report
As MU-MIMO will likely be applied in low mobility scenarios, the channel correlation in time domain should be exploited. Instead of repeating the same coarse CSI reports represented by PMI, we can report some CSI refinement information to the eNB in consecutive multiple PMI reports.

Such CSI refinement reporting could be transmitted in addition to legacy PMI reporting as defined by Rel-8. This refinement reporting, as called channel error measure indicator (EMI) in this contribution can be used and configured by the eNB in order to maintain backward compatibility. In following, two refinement progressive reporting methods, named as “binary code reporting” and “integral reporting” are described as examples.
In binary code reporting method, each real and imaginary part of the error vector elements is quantized and coded in a binary format leading with a sign bit. The quantized error vector is then reported to eNB. As shown in Figure 2, a UE reports sign bits first followed by the most significant bits (MSBs) for all components of the error vector together. This allows the eNB to be able to reconstruct a rough approximation of the precoding vector as early as possible. In subsequent reports, less significant bits (LSBs) are reported consecutively, which would allow the eNB to further refine the reconstructed precoding vector. 
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Figure 2 Binary code report option
Another method is to use an integral reporting approach. In this approach, each refinement report carries sign bits. Each bit indicates the direction of correction on one real or imaginary part of the last reported error vector. Upon receiving this refinement report, the eNB will add or subtract, depending on the sign bits just received, a certain value e(n) to adjust the real/imaginary parts of the error vector. After a few refinement reports, it can be expected that the reconstructed precoding vector in the eNB will converge to the optimal precoding vector. 
The error adjustment step size e(n), where n is the refinement report instance, can be a fixed value or a variable as a function of n. An example on how the variable step size is used is shown in the left plot of Figure 3 and fixed step size is shown in the right plot of the same figure. Note that only one real/imaginary part of the error vector is shown in the figure.
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Figure 3 An example comparing variable and fixed refinement step size

As shown in the left plot for the variable step size method, in the first step, eNB increments one error vector element by step size of 0.5. In the second step, eNB increments by step size of 0.25. In the third step, eNB decrements by step size of 0.125. The corresponding refinement reported could be [1 1 0] for this vector element. This process will continue as needed. For the fixed step size method showed in right plot, the eNB increments the element by 0.2 at each step of the first three steps. The corresponding report could be [1 1 1]. After certain refinement reports, it is expected that the reconstructed precoding vector will converge within certain level if the channel variation changes slowly. The latest measured channel could be used to determine the adjustment by UE, therefore the refinement reporting is essentially tracking the small changes of the channel. If variable step size is applied, after certain steps, the step size should be fixed to a small value to allow effective channel tracking.
Another option to report the precoding refinement is in a one-shot fashion. The multiple EMIs can be reported to the eNB with a single message and the eNB can construct the more accurate precoding vector upon receiving these refinement reports.
The EMI report can be viewed as codebook-based report. As we quantize each real/imaginary part of a precoding error vector with one bit to represent +/-1, each EMI report belongs to a codebook that is constructed with all combination of QPSK alphabet. Using a 4-transmit antenna case as an example, the size of the one-dimension reduced error vector codebook is 32.  Six bits are needed to identify the entry in the book, which is same as directly reporting the error vector.
The eNB can reconstruct the precoding vector by using the following equation:
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Where 
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 is the error vector reported in the transformed basis in step n.
3 Simulation Results

Link-level simulations are conducted to evaluate the performance of the proposed feedback approaches. Figure 4 and Figure 5 show some link-level simulation results for MRC receiver and MMSE-IRC receiver respectively. 
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Figure 4 Link Level Simulation with MRC receiver
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Figure 5 Link Level Simulation with MMSE-IRC receiver
In these two figures, the red curves show throughput performances using the newly proposed schemes. The curves labelled as “1EMI” represent the one-shot PMI+EMI report scheme with which one Rel-8 4-bit wideband PMI and one 6-bit narrowband EMI are reported at every TTI.  The “2EMI” curves represent one-shot PMI+2EMI report with one wideband PMI plus two narrowband EMIs are reported at a TTI. The curves labelled as “ProgR” represent EMI progressive report scheme. With this reporting scheme, the Rel-8 wideband PMI is reported at the first TTI and each 6-bit EMI is reported in each of the following TTIs. After 10 TTIs, the reporting procedure restarts from reporting the wideband PMI. 

In addition, the performances of two existing schemes are also included in these two figures for comparison. The curves labelled as “PMI” represents Rel-8 PMI report scheme with which the PMI is reported every TTI. The curve labelled as “AdaptCB” represents the adaptive codebook scheme [6], with which, mid-term (20ms) wideband transmitter covariance matrix is feedback every 20ms and the adaptive codebook index is feedback at every TTI.
The feedback delay is 6 TTIs for all simulation cases. The other simulation conditions are summarized in Appendix.
From Figure 4 and Figure 5, we can see that the proposed progressive EMI report scheme and one-shot 2EMI report scheme have similar performance as the adaptive codebook report scheme.  They are all outperforming Rel-8 PMI report scheme, especially for MRC receiver. The advantages of the proposed progressive EMI reporting scheme could be summarized as follows:

1. It requires only a small reporting overhead increase over Rel-8 report (from 4-bit PMI to 6-bit EMI). 
2. It has very good backward compatibility. The first reporting is Rel-8 PMI, and the additional EMI reporting is scalable and can be configured.  Furthermore, periodic CQI reporting on PUCCH can be used to carry PMI and EMI, so new PUCCH reporting modes are not needed.
3. It provides improved MU-MIMO performance, and can provide the same gains as covariance based methods. 
4 Conclusions

Feedback solutions that reduce CSI quantization error are discussed in this contribution. The proposed solutions are in line with the Way Forward proposed at the last RAN1 meeting [1]. They are natural extensions of the Rel-8 PMI reporting scheme. They are scalable and backward compatible to the Rel-8 scheme with low overhead. The simulation results show that the proposed progressive EMI reporting scheme and the one-shot PMI+2EMI reporting scheme improves MU-MIMO performance versus what is achieved with Rel-8 PMI reporting, especially for MRC receivers. The proposed progressive reporting scheme comes with moderate overhead. The proposed solutions are promising candidates for LTE-A MU-MIMO feedback. 

5 References
[1]  R1-101683, “Way Forward for Rel-10 Feedback Framework”, San Francisco, USA, Feb. 22nd – 26th, 2010
[2]  R1-100852, “PMI-based Multi-Granular Feedback for SU/MU-MIMO Operation”, San Francisco, USA, Feb. 22nd – 26th, 2010
[3]  RAN1 Chairman’s notes, 3GPP TSG RAN WG1 Meeting #59bis, Valencia, Spain, 18th – 22nd January 2010
[4]  R1-093961, “Feedback Compression Methods and Their Performance Comparison”, Motorola, 3GPP RAN1 #58bis Miyazaki, Japan, October 12-16, 2009

[5]  R1-093997, “Implicit Feedback in Support of Downlink MU-MIMO”, TI, 3GPP RAN1 #58bis Miyazaki, Japan, October 12-16, 2009
[6]  R1-093844,  “Adaptive feedback for DL MU-MIMO”, Huawei, 3GPP RAN1 #58bis, Miyazaki, Japan, October 12-16, 2009

Appendix

Table 2. Simulation Conditions

	Parameter
	Value

	Channel Model
	SCM Urban-Macro @ 3kmph, 8 degrees angle spread

	System Bandwidth
	10 MHz

	Assigned RBs
	5 (narrow band)

	Antenna Configuration
	4x2, ULA, 0.5 lambda

	UE Pairing
	Simi-static pairing based on channel orthogonality.

	Link adaptation
	Based on reported MU-MIMO CQI from each UE to select MCS. 

	Feedback
	Covariance Matrix: on full system bandwidth, no quantization;

PMI: on assigned bandwidth

CQI: on assigned bandwidth

	PMI codebook
	Rel-8 DL codebook

	Number of UE and layers
	Two UE, each with one layer

	Receiver at the UE
	MMSE-IRC or MRC

	Feedback delay
	        6ms

	Feedback period
	· For adaptive codebook covariance matrix reporting, 20 TTIs per report.

· For non-progressive sub-band reporting, one TTI per report.

· For progressive EMI reporting, every 10 TTIs reports one wide-band PMI, every one TTI  reports a sub-band EMI in between wide-band reports.

	Feedback Quantization
	· 4 bits wide-band PMI and sub-band PMI
· 6 bits per elements for wide-band covariance matrix
· 6 bits per sub-band EMI report.
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