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Introduction
In RAN1#87 [1], the following agreement about CSI acquisition was made.
Agreements:
· For Type I CSI, PMI codebook has at least two stages W = W1W2
· W1 codebook comprises of beam groups/vectors 
· FFS structure and configuration of W1 codebook, e.g. number of ports, grid of beams, orthogonal, non-orthogonal, beam broadening, etc
· FFS frequency granularity of W1 and W2 reporting
· FFS on additional support of W3 (location of W3 matrix is FFS), e.g. multi-panel support, analog beam selection
· Note multi-panel support may be captured in W1, W2 and/or W3
· For Type II CSI, 
· Study the following CSI feedback schemes
· Analog CSI feedback
· Linear combination based CSI feedback
· For example
· Projection of channel and/or covariance matrix and/or eigenvectors onto a basis
· Linear combination of a basis
· Schemes may have orthogonal and/or non-orthogonal basis
· Quantization examples
· Magnitude and phase
· Real and imaginary
· Vector quantization
· Precoder / Precoding Matrix
· Downloadable codebook
· Contents for Quantized or Unquantized CSI feedback
· Channel covariance matrix feedback
· e.g. Hermitian-form codebook, analog CSI feedback, linear combination codebook
· Channel Approximation and/or Measurement 
· e.g. analog CSI feedback, linear combination codebook
· Channel Eigen vectors
· e.g. analog CSI feedback, linear combination codebook
· Other forms of channel representation are not excluded.
A unified codebook design framework for both Type I and Type II CSI is presented in the companion contribution [2]. Based on the framework, this contribution proposes a linear combination based codebook for the Type II CSI reporting. The codebook for Type I CSI reporting is discussed in another contribution [3]. 
Codebook for Type II CSI Reporting
1 
2 
In legacy (up to LTE Rel. 13) FDD systems, the CSI feedback framework is ‘implicit’ in the form of CQI/PMI/RI (and CRI in Rel. 13) derived from a codebook assuming SU transmission from eNB. Because of the inherent SU assumption while deriving CSI, this implicit CSI reporting is inadequate for MU transmission. Since future (e.g. NR) systems are likely to be more MU-centric, this SU-MU CSI mismatch will be a bottleneck in achieving high MU performance gains. Another issue with implicit feedback is the scalability with larger number of antenna ports at eNB. For large number of antenna ports, the codebook design for implicit feedback is quite complicated (for example, in Rel. 13, the total number of Class A codebooks = 44), and the designed codebook is not guaranteed to bring justifiable performance benefits in practical deployment scenarios (for example, only a small percentage gain can be shown at the most). Realizing aforementioned issues, RAN1 has agreed to provide specification support to advanced CSI reporting in LTE Rel. 14 eFD-MIMO [4] and an advanced CSI codebook based on linear combination of two orthogonal beams has been agreed in RAN1#87 [1]. It is therefore natural to consider Type II CSI reporting in NR based on the design principle of LTE Rel. 14 advanced CSI codebook. In particular, Type II CSI reporting is based on a high-resolution linear combination codebook which can provide very accurate spatial information about the channel to the gNB/TRP.   
As proposed in the companion contribution [2], the PMI codebook for Type II CSI reporting is a dual-stage codebook: W = W1W2, where the first stage W1 codebook is used to report a beam group using the first PMI (PMI1), and the second stage W2 codebook is used to report beam combination using the second PMI (PMI2). In this contribution, the detailed design of the W1 and W2 codebook for Type II CSI reporting is provided.
The two components of the W1 codebook are as follows. 
Basis set: the basis set is orthogonal and comprises of up to 8 beams, similar to LTE Rel. 14 advanced CSI codebook.
· 1D port layouts: (L1, L2) = (min(8, N1), 1) if N2 = 1.
· 2D port layouts: (L1, L2) = (min(4, N1), 2) if N1 ≥ N2 > 1, and (2, min(4, N2)) if N2 > N1 > 1.
An illustration of orthogonal basis set is shown in Table 1.
[bookmark: _Ref468890361]Table 1: Orthogonal basis set
	Port layouts, Number of ports
	

	

	Number of 
beams (L1L2)

	1D, 4 ports
	

	-
	2

	1D, 8 ports
	

	-
	4

	1D, 12 ports
	

	-
	6

	1D, {16, 20, 24, 28, 32} ports
	

	-
	8

	2D, 8 ports
	

	-
	4

	2D, 12 ports 
	

	

	6

	2D, {16, 20, 24, 28, 32} ports
	

	

	8


Beam group selection: The Type II CSI resolution increases with increasing number of beams (L) that are linearly combined. The higher resolution, however, comes at the cost of higher UE complexity, which may not be supported by all UEs. It is therefore desired to support multiple CSI resolutions, i.e., multiple L values for W1 beam group selection. A few examples of L values belong to {2, 3, 4, 8}. A UE is configured with an L value, for example, via higher-layer RRC signalling. 
For a given L value, the beam group selection is based on free selection, i.e., any L out of L1L2 beams can be selected. When rank > 1, the pre-coder for each layer is chosen based on the same W1.
The strongest beam/coefficient can also be indicated jointly using PMI1.
Proposal 1: The W1 codebook for Type II CSI reporting has following components:
· Basis set: it is orthogonal, and comprises of up to 8 beams
· (L1, L2) = (min(8, N1), 1) beams for 1D port layouts, and 
· (L1, L2) = (min(4, N1), 2) if N1 ≥ N2 > 1, and (2, min(4, N2)) if N2 > N1 > 1 for 1D port layouts. 
· Beam group selection: it is based on free beam selection with L = 2, 3, 4, 8 beams, i.e., any L out of L1L2 beams can be selected.
· The strongest beam/coefficient can also be reported using W1. 

The W2 codebook for Type II CSI is based on beam combination and is used to report at least one of the following two CSI sub-types.
· Type II-A: the W2 codebook is used to quantize pre-coders, e.g. estimates of channel eigenvectors.
· The linear combination based quantization of pre-coder is given by  where  and  is a complex coefficient for i-th beam in basis  
· To report rank r CSI, r dominant pre-coders are reported independently using linear combination of L beams. For r layers, either r separate PMIs or a single PMI is reported. 
· Type II-B: the W2 codebook is used to quantize a matrixa 2N1N2 × 2N1N2 matrix, as Type II CSI, where the linear combination based quantization is given by  where  is a 2L × 2L Hermitian matrix. The matrix is therefore Hermitian and non-negative definite. 
The W2 codebook quantize K coefficients, where K depends on sub-types Type II-A and Type II-B. After normalization, the strongest coefficient becomes one, hence need not be reported. The normalized remaining coefficients are quantized using scalar quantization of amplitude and phase separately. The quantized amplitude and phase reported SB.
· Amplitude quantization:  bits are used, where  2 or 3. The amplitudes of the two coefficients (associated with two polarizations) for each one of L beams are quantized separately.  
· Phase quantization:  bits are used, where  2 or 3. 
· If multiple values of resolution are supported for either amplitude or phase quantization, the value is made configurable.
For rank > 1, amplitude and phase quantization are performed independently.
Proposal 2: The W2 codebook for Type II CSI reporting is based on beam combination from the reported W1 beam group. At least one of the following two CSI sub-types is reported as Type II CSI:
· Type II-A: precoder quantization;
· Type II-B: matrix quantization.
The W2 codebook quantizes the amplitude and phase of beam combination coefficients as follows:
· Amplitude quantization:  bits where  2 or 3. The amplitudes of the two coefficients (associated with two polarizations) for each one of L beams are quantized separately.  
· Phase quantization:  bits where  2 or 3.
· Both amplitude and phase quantization are SB.
· If multiple values of resolution are supported for either amplitude or phase quantization, the value is made configurable.

CSI Reporting Overhead Reduction
3 
[bookmark: _Ref446598642]Type II CSI reporting amounts to significantly large CSI reporting payload. A summary of W2 phase quantization payload bits for 8PSK phase quantization codebook and varying number of beams (L values) and rank r is shown in Table 2. It can be observed the phase reporting payload increases significantly for higher layer (e.g. rank 2) Type II CSI reporting as the number of beams increases (e.g. L = 4 and 8). Such significant increase in phase reporting payload may not be supported even in NR. It is therefore desired to reduce the W2 payload for Type II CSI reporting, but keep the CSI resolution still high (which is the main motivation of Type II CSI).
[bookmark: _Ref468893754]Table 2: W2 phase quantization payload for Type II-A CSI (8PSK phase quantization) 
	Number of beams (L)
	Rank 1 (number of bits)
	Rank 2 (number of bits)
	Rank r (number of bits)

	2
	9
	9 × 2 = 18
	9 × r

	3
	15
	15 × 2 = 30
	15 × r

	4
	21
	21 × 2 = 42
	21 × r

	8
	45
	45 × 2 = 90
	45 × r





[bookmark: _Ref443897133]Figure 1: Differential CSI in number of beams

However, the W2 payload can be reduced by breaking it into T > 1 CSI reporting instances using differential CSI reporting in which a coarse or low-resolution Type II CSI is reported in the 1st CSI reporting instance (t = 0), and refinements are reported in later CSI reporting instances (t = 1, 2, …, T – 1), where refinements correspond to the differential Type II CSI An example is shown in Figure 1 in which the differential CSI is considered in the number of beams for CSI reporting. In particular, the CSI corresponding to a subset of L beams, (Lt < L beams), are reported in the t-th CSI reporting instances, where , according to the following steps:
· Step 0: L beams are selected using the W1 codebook.
· For t-th CSI reporting instance,
· Step 1: Lt beams are selected from the selected L beams; and
· Step 2: The Type II CSI is reported for the selected Lt beams.
Two examples (L = 4 and 8) are shown in Figure 1 where Lt = 2. Note that the CSI reporting overhead is approximately the same in each CSI reporting instance. Note also that the CSI reported in each reporting instance in itself is ‘coarse’ or ‘low-resolution’ Type II CSI (corresponding to Lt = 2 beams) and the aggregate of CSIs reported in T reporting instances is ‘refined’ or ‘high-resolution’ Type II CSI (corresponding to L = 4 or 8 beams). Each CSI reporting instance is self-decodable and comprises a valid (lower-resolution) precoder which can be used by the gNB without other CSI reporting instances. 
Such a differential approach can also be used for phase quantization.

Proposal 3: To reduce overhead, the differential CSI in which a coarse yet self-decodable CSI is reported in the first CSI reporting instance and refinements are reported in later CSI reporting instances can be considered. The CSI reported in each reporting instance is derived based on linear combination of two beams which are different for each reporting instance (cf. Figure 1).  

Conclusions
In this contribution, the linear combination based codebook for Type II CSI reporting is presented. The proposals made are summarized as follows. 
Proposal 1: The W1 codebook for Type II CSI reporting has following components:
· Basis set: it is orthogonal, and comprises of up to 8 beams
· (L1, L2) = (min(8, N1), 1) beams for 1D port layouts, and 
· (L1, L2) = (min(4, N1), 2) if N1 ≥ N2 > 1, and (2, min(4, N2)) if N2 > N1 > 1 for 1D port layouts. 
· Beam group selection: it is based on free beam selection with L = 2, 3, 4, 8 beams, i.e., any L out of L1L2 beams can be selected.
· The strongest beam/coefficient can also be reported using W1. 

Proposal 2: The W2 codebook for Type II CSI reporting is based on beam combination from the reported W1 beam group. At least one of the following two CSI sub-types is reported as Type II CSI:
· Type II-A: precoder quantization;
· Type II-B: matrix quantization.
The W2 codebook quantizes the amplitude and phase of beam combination coefficients as follows:
· Amplitude quantization:  bits where  2 or 3. The amplitudes of the two coefficients (associated with two polarizations) for each one of L beams are quantized separately.
· Phase quantization:  bits where  2 or 3.
· Both amplitude and phase quantization are SB.
· If multiple values of resolution are supported for either amplitude or phase quantization, the value is made configurable.

Proposal 3: To reduce overhead, the differential CSI in which a coarse yet self-decodable CSI is reported in the first CSI reporting instance and refinements are reported in later CSI reporting instances can be considered. The CSI reported in each reporting instance is derived based on linear combination of two beams which are different for each reporting instance (cf. Figure 1).  
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