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Introduction

As agreed in DL MIMO enhancement WID [1], one of the objectives is CSI feedback enhancement: 
· Evaluate UE CSI feedback enhancements, including:

· Identify and evaluate techniques for CSI feedback accuracy enhancement, especially for MU-MIMO.

· New codebooks or techniques for codebook selection, modification or update may be included, considering different environments and deployment scenarios.

In this contribution, we consider single point transmission Scenarios A and C [2] and optimize feedback mechanism for those scenarios. Although we do not consider other enhancements such as multiple transmission points in this contribution, the proposed scheme can be applied to such systems to further improve the system performance.

It is well known that the full benefits of MU-MIMO can be obtained when accurate channel knowledge is available at the transmitter. In practice, feeding back the full channel incurs a significant overhead. For that reason, many limited feedback schemes have been proposed and studied for MIMO systems. In general, the codebooks can be categorized into two groups: “fixed” codebooks that are optimized offline and are fixed during the system operation and “adaptive” codebooks that try to exploit the correlation in time and (or) frequency to improve system performance compared to fixed codebooks. 
In this contribution, we propose a new CSI feedback enhancement based on a hybrid codebook (HCB) design. It is shown that, for different systems assumptions, 6-10% spectral efficiency gains compared to current LTE feedback design can be achieved by utilizing this new design. 
Proposed Feedback Design
In this contribution, we present a CSI feedback enhancement based on a simple “hybrid codebook” (HCB) construction that consists of a “fixed codebook” and an “adaptive codebook”. The “adaptive” component enables the system to track slowly varying channels and adapt to the changes in the statistical properties of the channel while the “fixed” codewords can be selected when channel variations are significant and adaptive codewords cannot track them. 

The adaptive part of the codebook is obtained by scaling and rotating a set of codewords chosen from a fixed codebook [3, 4, and 5] (the current 4-bit LTE codebook can be used as the fixed codebook). The rotation operation rotates the chosen fixed codeword set to a given direction and the scaling shrinks the codewords toward a given center vector as shown in Figure 1. 
Figure 1 shows the main steps involved in the construction of an adaptive codebook from a fixed 8 codeword Grassmannian codebook. Notice that the original codewords in the “parent” codebook and the size of this codebook are design parameters and can be optimized. 
The original 8 codewords are divided into two sets. Figure 1 (b) contains four codewords which remain fixed. A fixed set of codewords that are “evenly spread” over the whole space helps track any rapid changes to the channel with reasonable accuracy. The number of codewords in the fixed set can be considered as a design parameter. 
Figure 1 (c) contains the four remaining codewords which will form the adaptive set. These codewords will “track" the channel so that they adapt to the previously chosen codeword and cluster around it. In order to do this, the codewords must cluster together and must be able to be rotated towards the previous codeword, the target. 
In Figure 1 (d), the four adaptive codewords are scaled, as described in Appendix B, so that they cluster together. The amount of scaling is also a design parameter. The optimal level of scaling, [image: image2.png]


, can be either calculated “offline" for different channel conditions and stored in a table at both transmitter and receiver to be used during system operation or it can be optimized adaptively “online” at both transmitter and receiver based on the selected codeword at each step. 

Next, in Figure 1 (e), the clustered codewords are rotated to be centered on the target. The rotation can be performed by calculating the 4-D rotation matrix as explained in Appendix B or by applying Householder matrix.
Finally, in Figure 1 (f), the adaptive and fixed codewords are merged to produce the final hybrid. 

From the resulting hybrid codebook as in Figure 1 (f), a particular codeword, [image: image4.png]


, will be selected. Hence, in the next instance, the target will be moved to [image: image6.png]


 and the adaptive codewords follow to be centered on [image: image8.png]


. To initialize the process, the first selected target is from the Grassmannian set in Figure 1 (a). Subsequently the hybrid set is always used where the clustered adaptive codewords simply rotate to be always centered on the previous selected codeword. Note that clustering not only tracks the channel but also, automatically focuses on the dominant directions caused by the presence of correlation as in [3]. 

As mentioned earlier, there are a few design parameters that need to be optimized. Here, we assume that the original parent codebook is fixed to the 4-bit LTE codebook and optimize the other parameters: number of codewords in the fixed codebook and the scaling factor. 
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Figure 1: HCB construction
Performance Evaluation

In this section, we present system level simulation results to compare CSI feedback schemes based on different codebook designs. We first consider Scenario A with co-polarized antennas, 57 cells and 10 UEs per cell and other simulation parameters as given in Table 5 in Appendix A. The receiver is assumed to be MMSE-IRC receiver [6] and adaptive SU/MU with maximum rank 1 per UE and maximum 2 active UEs per cell are considered.

The performance of the proposed feedback design is compared to CSI feedback using the LTE 4-bit codebook and the “adaptive codebook” (ACB) in which the LTE codebook is transformed by the quantized spatial correlation matrix [7] [8]. Simulation results are given in Tables 1 and 2 for PUSCH modes 3-1 and 3-2 respectively. As it can be observed from these tables, 6-10% gains can be achieved by using the proposed scheme. Note that although the gains for ACB and HCB are very close, HCB requires less feedback compared to ACB as spatial covariance matrix is not required for HCB. 
Table 1: System performance, Scenario A, PUSCH mode 3-1
	
	LTE
	ACB
	HCB

	Cell Average 
	2.11 (0.0%)
	2.25 (6.6%)
	2.24 (6.2%)

	Cell Edge
	0.777 (0.0%)
	794 (2.2%)
	790 (1.7%)


Table 2: System performance, Scenario A, PUSCH mode 3-2
	
	LTE
	ACB
	HCB

	Cell Average
	2.13 (0.0%)
	2.32 (8.9%)
	2.33(9.4%)

	Cell Edge
	0.786 (0.0%)
	0.812 (3.1%)
	0.820 (4.2%)


Next we consider Scenario C with 57 cells, 1 Macro node, 4 low power nodes and 30 UEs per cell with clustered (configuration 4b) user dropping [9]. Simulation results are given in Tables 3 and 4 for PUSCH modes 3-1 and 3-2 respectively. 

Table 3: System performance, Scenario C, PUSCH mode 3-1
	
	LTE
	ACB
	HCB

	Cell Average 
	2.88 (0.0%)
	3.15 (9.4%)
	3.09 (7.3%)

	Cell Edge
	0.128 (0.0%)
	0.132 (3.1%)
	0.134 (4.7%)


Table 4: System performance, Scenario C, PUSCH mode 3-2
	
	LTE
	ACB
	HCB

	Cell Average 
	2.95 (0.0%)
	3.22 (9.1%)
	3.24 (9.3%)

	Cell Edge
	0.133 (0.0%)
	0.135 (1.5%)
	0.136 (2.2%)


Conclusions
In this contribution, we presented a new CSI feedback enhancement based on a hybrid codebook design and showed that, under different system assumptions, 6-10% spectral efficiency gains compared to current LTE feedback can be achieved by utilizing the proposed design. 
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Appendix A: System Parameters

Table 5: System parameters
	Parameters
	Assumption

	Channel model
	3GPP Case 1 with 3D antenna pattern

SCM-UMa (
[image: image10.wmf]o

15

spread )

	System BW
	FDD, 10MHz (50 RBs)

	Carrier frequency
	2 GHz

	Number of antennas at UE
	2

	Number of antennas at Tx point
	4

	Antenna configuration at UE
	Co-polarized antennas

	Antenna configuration at eNB
	Co-polarized (0.5
[image: image11.wmf]l

spacing)

	Number of cells
	57

	Number of UEs
	10 per cell for Scenario A

30 per cell for Scenario C 

	Outer loop for target FER control
	10% FER for 1st HARQ transmission

	link adaptation
	MCSs based on LTE transport formats according to TR 36.213

	HARQ scheme
	Chase combining

	DL overhead
	3 for PDCCH

	Scheduler
	Proportional fairness 

	UE speed
	3km/h

	Scheduling granularity
	5 RB sub band

	Traffic load 
	Full buffer

	Rank per UE
	1

	Maximum number of UEs per cell
	2

	Receiver type
	MMSE-IRC 

	Channel estimation 
	Ideal

	Feedback mode
	wideband PMI, subband CQI

	PMI Feedback periodicity
	5 ms

	Spatial Covariance Matrix feedback periodicity
	50 ms

	Beamforming
	ZFBF 


Appendix B: Rotation and Scaling for HCB 
Rotation Matrix

Consider a 4D case where we want to rotate the 4D complex vector, [image: image13.png][xy, x5, x3,%,]7



 , to a target vector, [image: image15.png]y = [vy, 2, 3, vsl”



 where “T” stands for transpose. The following iterative algorithm explains how to obtain the desired rotation matrix:

1. Initialize, [image: image17.png]


 where [image: image19.png]


 is 4x4 identity matrix.

2.  [image: image21.png]


 where * represents complex conjugate, [image: image23.png]x3y, + x,53



 and , [image: image25.png]


.

3. Update [image: image27.png]


  as [image: image29.png]x = R,x



.
4.  [image: image31.png]


 where [image: image33.png]a, =x3y, + x3y3



 and , [image: image35.png]X]V3 — X3V5



.

5. Update [image: image37.png]


  as [image: image39.png]x = R,x



.

6.  [image: image41.png]|
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 where [image: image43.png]X3y, + x.vi



 and , [image: image45.png]


.

7. Update [image: image47.png]


  as [image: image49.png]x = R3x



.

8.  [image: image51.png]Soon



 where [image: image53.png]x5y, +x3v3



 and , [image: image55.png]


.

9. Update [image: image57.png]


  as [image: image59.png]x = Ryx



.

10.  [image: image61.png]Soon



 where [image: image63.png]x5y, +x.Vi



 and , [image: image65.png]


.

11. Update [image: image67.png]


  as [image: image69.png]x = Rgx



.

12.  [image: image71.png]


 where [image: image73.png]x3y; +Hx.vi



 and , [image: image75.png]


.

13. Update [image: image77.png]


  as [image: image79.png]x = Rgx



.

14. Overall rotation is given by [image: image81.png]¢ RsRyR;R,R, R



.

15. Repeat Steps 2-14 until the chordal distance [image: image83.png]


 is less than some threshold. Here “H” stands for conjugate transpose.  

Note that the algorithm given here is only for a 4D rotation. However, this algorithm can be easily modified for any dimension. Also although the algorithm complexity is not very high, when complexity is an implementation issue, some approximations can be utilized to further simplify implementation of the above algorithm.

Scaling

When a set of codewords is chosen from a given codebook for adaptation, the codeword set has to be scaled or shrunk to the appropriate level to get a better performance. Let the selected codeword set be  [image: image85.png]


 , and the center codeword is [image: image87.png]


. Further, let the level of scaling be set to  [image: image89.png]a €(0,1)



. Then, the following steps can be used to scale the codeword set:

1. Find the rotation matrix,  , as explained before, such that by [image: image91.png]u = Rc,



 , where [image: image93.png]


.

2. Rotate the codeword set from [image: image95.png]


 to [image: image97.png]


 as [image: image99.png]


. For the sake of simplicity, this operation can be written as [image: image101.png]c'



.
3. Each codeword  [image: image103.png]


 can be written as  [image: image105.png]


 is polar coordinates where [image: image107.png]


 is the number of transmit antennas. The codeword needs to be scaled as  [image: image109.png][ 1—a?(1— 12 )el® i ary 0%, . ar, o700



. 

4. The final scaled codeword set is given by  [image: image111.png]Cc' =RA(C



.
Note that the optimal level of scaling, [image: image113.png]


, can be either calculated “offline" for different channel conditions and stored in a table at both transmitter and receiver to be used during system operation or it can be optimized adaptively “online”  at both transmitter and receiver based on the selected codeword at each step. 

Rotation 

Unlike scaling, the adaptive codeword set is rotated each time the CSI is updated. Let the selected scaled codeword set be [image: image115.png]


 and the center codeword is [image: image117.png]


. For rotation, the receiver first finds the codeword [image: image119.png]


  such that 

[image: image120.png]



where [image: image122.png]


 is the channel to be quantized, and transmits the index i to the transmitter using the feedback link. Then, both the receiver and the transmitter calculate the rotation matrix such that as [image: image124.png]


 and the codeword set is adapted to the direction of [image: image126.png]


 by [image: image128.png]C' = RC'



. [image: image129.jpg]
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