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1. Introduction
The work item on NR MIMO enhancement has been approved in RAN#80 [1]. The enhancement on MU-MIMO has the following objectives:
· Specify overhead reduction, based on Type II CSI feedback, taking into account the tradeoff between performance and overhead 
· Perform study and, if needed, specify extension of Type II CSI feedback to rank >2  
In this contribution we discuss our views on overhead reduction and rank 3-4 codebook design for Type II CSI. 
2. Overhead reduction for Type II CSI
In Rel-15, the major overhead of Type II CSI comes from the subband amplitude and phase. In the last meeting, both frequency domain and time domain approaches were proposed to reduce Type II CSI overhead. Assuming the relative short channel delay spread of each beam, the time domain approach permits sparse representation of the precoding coefficients in time domain. However, the delay spread may be different for different combining beam. Then the delay tap indices in the time domain need to be reported for each beam individually, which results in innegligible CSI overhead. On the other hand, the frequency domain approach exploits correlation among subband precoding coefficients across adjacent subbands. The basic principle is to remove redundancy among these coefficients with a set of basis vectors. Since a common set of basis vectors could be used to compress the coefficients of each beam, relative small overhead may be achieved. Therefore, frequency domain compression method is preferred from our side.
Proposal:
· Frequency domain compression method is preferred. 
In [1-3], the L selected orthogonal beams are regarded as a set of basis vectors for spatial domain compression. From the physical property point of view, these 2D-DFT vectors are the most suitable basis vectors considering the antenna array layout. Differently, without obvious physical meaning, the basis vectors used for frequency domain compression targets for decorrelation. The candidate basis vectors ought to own good compression properties. In the following, we discuss three kinds of candidate basis vectors. To be clear, assuming the number of CSI subband to be N, subband coefficients of the rank-1 Type II codebook could be represented as:

· Amplitude coefficients:
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· Phase coefficients:
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where each row corresponds to one coefficient and each column corresponds to one subband. 
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 is the number of the combining beams. The subband phase coefficients are further denoted as 
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Based on the frequency compression principle, with the predefined basis vectors, for each subband amplitude coefficient or phase coefficient, only M compressed coefficients, instead of N, need to be reported. In this way, the number of subband coefficients is decreased from 
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, the subband payload could be reduced. 
· Scheme-1: DFT-based compression
As discussed in [1-3], similar to the spatial domain compression using 2-D DFT beams, the 1-D DFT beams are employed for the frequency domain compression. By defining a set of candidate DFT vectors with length N, M≤N selected DFT vectors compose the basis vectors as follows. 
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where 
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1-D DFT vector selected from the candidate DFT vectors. The candidate DFT vectors include 
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 DFT vectors, where O denotes the potential oversampling factor employed for higher resolution. The complex subband coefficients should be approximately calculated as
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where 
[image: image13.wmf]T

Q

denotes the complex compressed coefficients, which is a 
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 matrix. The complex compressed coefficients could be obtained directly by projecting the subband coefficients on the basis vectors. The element of 
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. In addition to the compressed coefficients, the indices of these basic vectors also need to be reported.
· Scheme-2: DCT-based compression
Discrete cosine transform (DCT) could also be used to compress the CSI payload considering its energy concentration feature. In [4], it has been approved that when the correlation factor 
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 of the signal approaches to 1, DCT becomes equivalent to the ideal signal decorrelation scheme, i.e. K-L (Karhunen-Loeve) transform.
 Define the 
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Similarly as above, the complex subband coefficients are given by
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where the complex compressed coefficients 
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could be calculated using the DCT transform as 
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Compared with DFT, DCT is a kind of real transform. Besides the complex compression, frequency domain compression could also be applied in the amplitude and phase subband coefficients, respectively. Further, different basis vectors may be used considering different amplitude and phase characteristics. Correspondingly, the complex subband coefficients are expressed by
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where 
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denote the amplitude and phase basis vectors. 
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 represents the compressed amplitude coefficients. The compressed phase coefficients 
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 is acquired based on the following angle of each subband coefficient:
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From another aspect, real and imaginary part of the subband coefficients may be compressed independently. In this way, the complex subband coefficients are calculated as
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where 
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denote the real part and imaginary part basis vectors, respectively. 
[image: image35.wmf]r

Q

 and 
[image: image36.wmf]i

Q

represent the corresponding compressed coefficients.
· Scheme-3: Polynomial-based

Instead of the above orthogonal transform based schemes, polynomials could also be used to model the frequency selective characteristics of the subband coefficients. One possible solution is that the basis vector is an exponential function of the subband index, as represented by 
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Similar to scheme-2, in addition to the complex compression, the amplitude/phase compression or the real part/ imaginary part compression scheme are also applicable to this polynomial-based scheme.

Comparing the above three schemes, scheme-2 and scheme-3 are feasible to use two different sets of basis vectors for frequency domain compression, which makes it more flexible to capture the characteristics of different components of the channel.  

Proposal:
· For frequency domain compression, DFT-based scheme, DCT-based scheme or polynomial-based scheme should be taking into consideration. 

In NR Rel-15, partial subband CSI reporting is supported, where half of the subbands may be omitted. It could also be regarded as a kind of frequency domain compression scheme using a linear interpolation function. From our point of view, such mechanism could be further extended in Rel-16 due to its flexibility. One possible solution is to employ larger comb values besides 2. Thus with larger comb values, more reporting subband patterns would be achieved. For example, if comb=4, there are four reporting subband patterns, i.e. {0,4,8…}, {1,5,9,…}, {2,6,10,…}, {3,7,11,…}. The selected subband pattern could be indicated to gNB for better performance.
Proposal:
· Partial subband CSI reporting could be further extended in Rel-16 with larger comb values. 

3. Rank 3-4 codebook design
According to the current Type II codebook structure, the beam combining coefficients of each layer and each polarization are independently calculated. If such structure is directly extended to rank 3-4, the CSI payload will be significantly increased. On the other hand, for higher rank transmission, inter-layer interference becomes more sever. From our point of view, orthogonality among layers is beneficial to mitigate the interference. In the following, we propose a rank 3-4 codebook design, which takes into account both CSI overhead and layer orthogonality. The principle of the design is to generate layer 0-1 and layer 2-3 from two different orthogonal beam groups, where any beam of one group is orthogonal to all the beams of the other group. For illustration, figure 1 shows the two possible beam groups for the antenna layout 
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Figure 1. Beam groups of rank 3-4 codebook
According to the above principle, the proposed rank 3-4 codebooks are defined, respectively, as:

· Rank 3:             
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· Rank 4:             
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where 
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 beams) and Group 1 (including 
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 beams), respectively. Similar to Type I codebook, the potential co-phasing factors could be 
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 From the above codebook structure, the subband PMI per layer consists of phase coefficients, co-phasing indication and possible amplitude coefficients. Compared with rank 2, 
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) phase coefficients are required for rank 3-4. Namely, the overhead of the subband phase coefficients is almost reduced by half. This reduction is also applied to the subband amplitude coefficients. Although an additional co-phasing indication is needed, it may be 1 or 2 bits according to the Type I codebook. Therefore, the PMI payload of the proposed rank 3-4 codebook is comparable to that of rank 2 Type II codebook.  
Proposal:
· For rank 3-4 codebook design, orthogonality among layers should be guaranteed, where different layers could be constructed by different orthogonal beam groups.
4. Simulation results

In this section, we provide the simulation results of the frequency domain compression based Type II codebook. DFT is used for the compression basis vectors. According to the agreement of last meeting, the performance of NR Rel-15 Type II codebook is provided as a baseline. The higher layer parameter SubbandAmplitude is set to ‘ON’, and subband amplitude and phase coefficients are reported. Assume the CSI reporting bandwidth is 52 PRBs, and the subband size is 4 PRBs. Then, the total number of subband is 13. In our simulation, the basis vector length N=13 is used and the oversampling factor O=1 is assumed. Different M values are evaluated, corresponding to different CSI payloads. Both un-quantized and quantized simulation results are summarized in Table I, where 4bits are used for quantization. Table II shows the corresponding overhead. The detailed simulation assumptions are given in Appendix Table A1.
Table I: Performance of DFT based frequency domain compression schemes
	Schemes
	Compression coefficients
	5% UPT  (Mbps)
	5% UPT Gain
	Mean UPT (Mbps)
	Mean UPT Gain
	RU

	DFT-based compression

(without quantization)
	M=1
	8239.44
	-19%
	18416.37
	-11%
	56%

	
	M=2
	8763.06
	-14%
	18842.13
	-9%
	54%

	
	M=4
	9326.80
	-8%
	19684.5
	-5%
	51%

	Rel-15Type II
 (without quantization)
	-
	10160.92
	0%
	20713.57
	0%
	45%

	DFT-based compression

(with quantization)
	M=1
	8354.61
	
	18192.45
	
	57%

	
	M=2
	8790.62
	
	18801.72
	
	55%

	
	M=4
	9200.26
	
	19287.45
	
	51%

	Rel-15Type II
 (with quantization)
	
	
	
	
	
	


Table II Overhead of DFT based frequency domain compression scheme
	Schemes
	Compression coefficients
	Rank-1

	DFT-based compression
	M=1
	107

	
	M=2
	174

	
	M=4
	305

	Rel-15Type II
baseline
	-
	351


From the simulation results, it can be observed that performance loss increases with M decreasing. When M=4, there are 8% cell edge performance loss and 5% cell average performance loss. However, only 13% overhead are saved. For the case M=2, more than 50% overhead reduction is achieved at the cost of more than 10% performance loss. From our point of view, further performance enhancement is needed with similar overhead reduction level  maintained (about 50% overhead saved).
Observation:

· Compared to Rel-15 Type II codebook, when M=2, DFT-based compression scheme achieves about 50% overhead reduction at the cost of more than 10% performance loss.
5. Conclusions

In this contribution we discussed codebook design for Type II CSI feedback in NR. Both overhead reduction for NR Type II CSI and higher rank codebook design are discussed, and two kinds of codebooks are proposed correspondingly. Based on the discussion our views are summarized below.

Observation:
· Compared to Rel-15 Type II codebook, when M=2, DFT-based compression scheme achieves about 50% overhead reduction at the cost of more than 10% performance loss.

Proposals: 

· Frequency domain compression method is preferred.

· For frequency domain compression, DFT-based scheme, DCT-based scheme or polynomial-based scheme should be taking into consideration. 

· Partial subband CSI reporting could be further extended in Rel-16 with larger comb values. 

· For rank 3-4 codebook design, orthogonality among layers should be guaranteed, where different layers could be constructed by different orthogonal beam groups.
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7. Appendix

Table A1: Evaluation assumptions

	Parameters
	Values

	Duplex mode 
	FDD

	Scenario
	Dense Urban (Macro)

	Carrier frequency 
	4GHz

	Channel model
	According to the TR 38.901

	BS Tx power 
	41dBm

	BS antenna configuration
	32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ

	BS antenna height 
	25m

	UE antenna configurations 
	2RX: (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ

	UE receiver noise figure
	9 dB

	Modulation 
	Up to 256QAM 

	Coding on PDSCH 
	LDPC
Max code-block size=8448bit 

	Number of RBs
	52 for 15 kHz SCS

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	UE distribution
	80% Indoor, 3km/h, 20% Outdoor, 30km/h

	UE receiver type
	MMSE and IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	MIMO mode
	MU-MIMO with rank adaptation, max rank =2

	CSI feedback period 
	5ms

	Feedback delay
	4ms
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