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1 Introduction
In the RAN1 #89 meeting in Hangzhou, Type II channel state information (CSI) codebook was agreed for supporting full-dimension (FD) multiple-input multiple-output (MIMO) as follows [1,2].
	Agreements:
· Slides 4 to 24 in R1-1709232 are agreed
· For slide 20, FFS whether or not support frequency-dependent parameterization and if so, the details
· FFS whether or not to further enhance analog beamforming related operations especially for >1 layers


In this contribution, we discuss Type II CSI feedback in a system with 4 Rx UEs.  Simulation results of such a system are presented both the current rank 1-2 codebook and a rank 1-4 extended version of this codebook. To reduce total feedback overhead, a framework for a high resolution CSI codebook which is suitable for higher rank transmission but which uses beamspace compression is also presented.

2 Type II Codebook for Higher Rank CSI – Review
In the Type II CSI agreement in [1,2], a channel matrix consisting of MIMO channel matrices [image: ] for [image: ] total subcarriers
[image: ]
is compressed in WB such that   
[image: ]
by exploiting a set of [image: ] selected discrete Fourier transform (DFT) beams, i.e., [image: ]. Note that [image: ] is the number of transmit antenna ports and [image: ] is the number of receive antenna ports for each polarization. Realistic MIMO channels are spatially correlated and the channel matrix consists of only a limited number of dominant (meaningful) propagation paths. The channel compression procedure based on [image: ] is effective for quantizing high resolution CSI because the set of selected DFT beams captures the characteristics of the MIMO channels. For the rest of this contribution, we refer to the compressed channel matrix as the beamspace channel matrix. 

After constructing the beamspace channel matrix in WB, the [image: ]dimensional right dominant singular vector of beamspace channel matrix
[image: ]
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Fig. 1: Performance comparison of different CSI feedback schemes [image: ]
[image: ]
Table 1: Extended Type II feedback overhead calculations

is quantized in each SB, , to generate a precoding vector for each transmission layer. Note that [image: ] denotes the number of SBs. Quantizing the [image: ]dimensional vector in a layer and SB specific process increases the total feedback overhead required for SB CSI reporting in  proportion to the number of transmission layers and the number of SBs.

In order to fully exploit the benefits of multiuser (MU) FD-MIMO systems, it is necessary to support rank > 2 MU transmission based on high resolution CSI. One straightforward solution is to extend the Type II codebook based on the codebook design principle agreed in [1,2]. To compute rank 3 and rank 4 precoding vectors in the extended Type II codebook, we could use the same quantization approach as that for rank 1 and rank 2 precoding vectors in the current Type II codebook. To be more specific, 2L-dimensional vectors should be quantized in each SB for computing rank 3 and rank 4 precoding vectors.

It is expected that for extended rank > 2, Type II CSI will increase system performance gain considerably [3,4]. We thus present simulation results to verify data rate performance (bits/s/Hz/user) of the rank 1-4 Type II CSI in the 3D UMi scenario and in a 32 port (4,4,2) configuration. For system level simulations, we consider a FTP scenario with 50% target resource utilization (RU). The rest of the simulation parameters are listed in Table 2. In Fig. 1, average user packet throughputs (UPTs) are plotted for rank 1-2 Type II CSI and rank 1-4 extended Type II CSI. Note that 4 Rx antennas were used in both cases. These results indicate that significant performance gain, 14.8% in average UPT, and 9.5% in cell edge UPT, can be obtained from rank 3-4 multiplexing above that provided by improved receive spatial diversity and array gain provided by 2 additional UE Rx. Therefore if 4 Rx UE operation is to be supported, it is desirable that ranks 3 and 4 Type II codebooks be included in the specification. 
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Fig. 2. Empirical cdf of L dominant singular values of beamspace matrix

We next summarize total feedback overhead required by the extended Type II CSI reporting. While Fig. 1 show gains for extending the Type II CSI codebook to include ranks 3 and 4, the associated feedback overhead of the extended Type II scheme is large as will be described below. As shown in Table 1, if we simply extend the Type II codebook, the total feedback overhead for rank 1-4 Type II SB CSI reporting would be twice that for rank 1-2 Type II SB CSI reporting. A simple extension of the current Type II codebook would cause an excessive burden on feedback links since feedback overhead would increase in proportion to the maximum transmission rank [image: ]. It is desirable to investigate how feedback overhead can be reduced while retaining the increased throughput from ranks 3 and 4 multiplexing. 

Observation 1: Extending Type II CSI to ranks 3 and 4 will increase system performance gains considerably at the cost of excessive total feedback overhead.

3 Empirical Studies
Before discussing a CSI design framework suitable for higher rank transmission, we first investigate distributions of [image: ] dominant singular values of the WB beamspace matrix [image: ], i.e., 
[image: ]
where [image: ] denotes [image: ]th dominant singular value of the matrix [image: ]. It should be noted that the [image: ]th dominant singular value and its corresponding right singular vector of [image: ] denote the channel gain and channel direction information (CDI) of the [image: ]th transmission layer, respectively. As depicted in Fig. 2, it is shown that most of the channel gains are contained in the beam directions of the first and second transmission layers and a small amount of gain is contained in the directions of third and fourth transmission layers.

[bookmark: _GoBack]Observation 2: Most channel gains are contained in beam directions of first and second transmission layers and a small amount of gains is contained in directions of third and fourth transmission layers.     

It is verified that channel gains are constrained in the beam directions of the first and second transmission layers with high probability. It is clear that supporting high-resolution CSI for all transmission layers, e.g., rank 1-4, gives the best performance. However, in order to maximize the system performance using limited feedback resources, we should allocate more feedback resources to the first and second transmission layers. We thus propose the following.
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Fig. 3. Empirical cdf of normalized power in beam direction of selected DFT beams in WB

Proposal 1: Support rank 1-2 transmissions with high-resolution CSI, while supporting rank 3-4 transmissions with medium-resolution CSI compared to the current Type II CSI codebook.

We next investigate distributions of channel gains contained in selected DFT beams. For verifying the channel gain distributions, we compute the normalized channel gains contained in each DFT beam such that
[image: ]
The cumulative distribution function (cdf) of the normalized channel gains present in the dominant four beams are depicted in Figs. 3. In the first and second transmission layers, it is shown that the channel gains contained in the direction of the first dominant beam are more than 62% and 46%, respectively (with probability of 0.7). Most of overall channel gain (the denominator in the equation above) is seen to be contained in the first and, to a lesser extent, second dominant beams and the channel gains contained in the third and fourth dominant beams are small. However, this tendency of having most of the overall channel gain in the first and second dominant beams becomes less pronounced as the transmission layer becomes higher. As depicted in Figs. 3, in the third and fourth transmission layers, the channel gains contained in the direction of the first dominant beam are more than 39.5% and 38%, respectively (with probability of 0.7). 

Observation 3: Most of channel gains are contained in beam directions of first and second dominant DFT beams and only small amount of channel gains are contained in beam directions of third and fourth dominant DFT beams. However, this tendency of having most of channel gain in the first and/or second dominant beams becomes less pronounced as the transmission layer becomes higher.
4 Beamspace Channel Matrix Compressions
The Type II CSI codebook supporting higher rank transmission scenario should be designed carefully by considering limited feedback resources. The maximum number of transmission layers and the number of SBs are fixed in the system and therefore these system parameters cannot be controlled for the purpose of reducing CSI feedback overhead. To reduce feedback overhead, one possible solution is to modify the number of basis vectors. Reducing the number of basis vectors is in line with additionally compressing the beamspace channel matrix in WB such that
[image: ]
where [image: ] denotes the channel compression matrix and [image: ] denotes the channel compression level. 

Proposal 2: Study channel compression matrix [image: ]and channel compression levels [image: ]  for developing the ranks 3 and 4 Type II CSI codebook.
Extending the block diagonal structure implicit in the Type II codebook to the channel compression matrix results in a block diagonal channel compression matrix [image: ] as follows:
Proposal 3: Study the following channel compression patterns for each transmission layer [image: ].
ㆍAlt 0: Compression sub-matrix is polarization-specific such that
[image: ]
where [image: ] denotes the sub-matrix for each polarization  and  [image: ] is the (unit norm) compression vector.
ㆍAlt 1: Compression sub-matrix is polarization common such that
[image: ]
In Alt 0, the beamspace matrix in each polarization is compressed separately and therefore constructs a better compression matrix compared to Alt 1 which compresses the beamspace matrix for both polarizations identically. However Alt 0 requires more feedback overhead than Alt 1.

The compressed matrix, [image: ], should have a  large dominant singular value to maximize the channel gains for rank 3-4 transmissions. To compress the beamspace matrix effectively, we should design a codebook consisting of a few channel compression matrices. For example, we could consider the following codebook for channel compression patterns,
[image: ]
where [image: ], and [image: ].

In addition to feedback of [image: ] selected beams, the leading coefficient out of [image: ] coefficients, and the [image: ] amplitude and phase coefficients for layers 1 and 2 respectively, an indicator of a compression pattern along with indicators relating to the leading coefficient out of [image: ] coefficients and the [image: ] amplitude and phase coefficients required for layers 3 and 4 respectively are fed back. 

5 Conclusions
CSI design framework suitable for higher rank transmission is discussed for new radio (NR). The proposals and observations discussed in this contribution are summarized as follows.
Observation 1: Extending Type II CSI to ranks 3 and 4 will increase system performance gains considerably at the cost of excessive total feedback overhead.
Observation 2: Most channel gains are contained in beam directions of first and second transmission layers and a small amount of gains is contained in directions of third and fourth transmission layers.     
Observation 3: Most of channel gains are contained in beam directions of first and second dominant DFT beams and only small amount of channel gains are contained in beam directions of third and fourth dominant DFT beams. However, this tendency of having most of channel gains in the first and/or second dominant beams becomes less pronounced as the transmission layer becomes higher.
Proposal 1: Support rank 1-2 transmissions with high-resolution CSI, while supporting rank 3-4 transmissions with medium-resolution CSI compared to the current Type II CSI codebook.
Proposal 2: Study channel compression matrix [image: ]and channel compression levels [image: ]  for developing the ranks 3 and 4 Type II CSI codebook.
Proposal 3: Study the following channel compression patterns for each transmission layer [image: ].
ㆍAlt 0: Compression sub-matrix is polarization specific such that
[image: ]
where  denotes the sub-matrix for each polarization  and  is the (unit norm) compression vector.
ㆍAlt 1: Compression sub-matrix is polarization common such that
[image: ]
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Appendix A: Simulation Assumptions
Table 2: Simulation Parameters
	Channel model
	3D UMi 200m ISD

	eNB height
	10 m

	Carrier frequency
	2 GHz

	Bandwidth
	10 MHz

	Oversampling 
	

	eNB antenna configurations x
	32 ports: x with  virtualization, 108 tilt

	UE antenna configurations
	4 UE antennas: , 

	Antenna polarizations
	eNB (+45,-45)
UE (0, 90)

	eNB antenna spacings 
	(0.5,0.8)

	eNB power
	41 dBm (UMi)

	Cell layout
	57 cells

	Traffic model
	FTP Traffic Model 1 Non full buffer
(50% Target RU, 500kB packet size) 

	Scheduling
	MU, Proportional fair, Max 8 MU layers

	HARQ
	Max 4 retransmission

	CSI periodicity and CSI delay
	5 ms

	UE speed
	3 km/h

	Target BLER
	0.1

	Receiver
	MMSE – IRC

	Transmission rank
	1 – 4 
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