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1. Introduction

In RAN1#87, agreements on CSI feedback were captured in Chairman’s note [1] as follows:
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.
Agreements:
· For CSI reporting for a component carrier, at least three different frequency granularities should be considered in the study

· Wideband CSI
· Wideband size is determined by UE RF capability of receiving DL signal. 
· Location of wideband could be configurable by network.
· For example, used for analog beam management at least.
· Partial band CSI
· Alt1. UE-specifically configurable bandwidth 
· Alt2. The size is determined by the composition of numerologies or scheduling time units within the UE-specific wideband.
· Applicable only when different numerology or scheduling time unit are multiplexed within wideband. 
· For example, used for analogue beam management
· For example, used for managing CSI per service at least
· Subband CSI
· The band size is determined by dividing wideband or partial band to multiple bands.
· For example, used for frequency selective scheduling and subband precoding at least
· Possible down selection and/or merge of above granularities can be studied

· Combination of above frequency band CSI also needs to be studied

Also, in RAN#74, following prioritization for NR MIMO was agreed as
· List of items for scope reduction:
· Analog CSI feedback, precoder / precoding matrix, and downloadable codebook among the candidates for type II (enhanced) CSI feedback
· i.e., only the linear combination based CSI feedback is continued to study including the contents (e.g., channel covariance matrix) to be represented by the linear combination codebook
In this contribution, we discuss CSI feedback for NR MIMO and provide our initial simulation results.
2. Discussion on CSI feedback for NR
2.1. Feedback contents
In NR, enhancement of CSI accuracy has become a key component for design of downlink multi-antenna schemes, and both implicit and explicit feedback can be considered as a solution. Implicit feedback can include channel related information such as preferred PMI, RI, CQI, and CRI whereas explicit feedback indicates reporting MIMO channel directly without any assumption of transmission schemes. Comparing these two types, the main merits of implicit feedback are (1) lower CSI feedback overhead and (2) transparency of UE receiver capability. 

Regarding (1), the size of precoding information is associated with the number of transmit antenna ports and the maximum number of layers rather than the number of receive antennas. Following experiences of LTE, low rank transmission will be more common even though UE has a large number of antennas due to the channel conditions. With regards to (2), the implicit feedback information reflects UE receiver capability transparently to TRP. Various MIMO receiver algorithms can be applied to UE and their corresponding performance may be diverged even at the same channel condition. By using implicit feedback, the difference is already reflected in the feedback and thereby TRP do not need to take the UE receiver capability into account. 
In NR MIMO, the availability of accurate CSI to guarantee enhanced MU performance becomes a main driver for discussion of Type II feedback. Compared to Type I feedback, main merit of Type II feedback is the point that inter-user interference can be reflected in case of MU-MIMO. In LTE, a set of implicit CSI is basically determined based on one interference hypothesis, and thus UE calculates CSI with no MU interference hypothesis, i.e., SU-MIMO assumption. When TRP wants to conduct MU-MIMO, a transformation of CSI from the CSI computed by SU-MIMO assumption to MU-MIMO case is needed. It may lead to inaccuracy of CSI, especially when the number of paired UEs increases. On the other hand, TRP can estimate channel quality according to different MU interference hypothesis by utilizing pure MIMO channel information such as channel covariance matrix in case of Type II feedback.  

In the study of Rel-14 eFD-MIMO, it has been verified the potential benefit of Type II CSI feedback in the context of MU-MIMO enhancement. Especially, the linear combining (LC) codebook with the orthogonal basis in W1 is considered to provide high resolution channel information. Therefore LC based codebook may be one candidate for NR Type II CSI feedback. However, in our view, it needs to be further studied on the trade-off between system performance enhancement and feedback overhead thoroughly, since LC based codebook normally requires much larger feedback overhead to support massive number of TRP antennas. For this reason, in NR Phase I, Type I CSI feedback should be prioritized compared to LC based Type 2 feedback. 
Proposal 1: In NR Phase I, Type I CSI feedback should be prioritized compared to LC based Type 2 feedback. 
2.2. Codebook structure
It was agreed that 1-, 2-, 4-, 8-, 12-, 16-, [24]- and 32-port CSI-RS are supported in NR. To efficiently support those CSI-RS ports, the codebook design for Type I CSI should be based on the unified dual stage codebook structures as

W=W1*W2.
Among the several codebook designs, DFT based constant-modulus codebook is preferable for Type I due to its simplicity and effectiveness for uniform planar antenna array under the assumption of the SU-MIMO. 
The LTE 2-port codebook is a single stage codebook with QPSK co-phasing. In this case, dual-stage codebook can be constructed by replacing W​1 as an identity matrix or panel and/or analog beam selection matrix. One example comprising with panel selection is shown below. 
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Here, we assume that there are two panels and each panel has two antenna ports, 
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is codeword obtained from digital 2-port codebook for i-th panel. In NR, due to analog beamforming, the beams may be very narrow, and thereby high granularity codebook may be desirable. One enhancement point for 2-port codebook is considering higher order co-phase such as 8-PSK for NR 2-port codebook. The 2-port codebook designs and their evaluation results will be shown in Table A-3 and Section 3, respectively.  
Following the scalability property of Class A codebook supported in LTE-A, the 1D/2D-DFT based codebook with x-port (x>=4) can be easily constructed by configuring parameters N1, N2, O1 and O2 where Ni and Oi are the number of antenna ports and oversampling factor in i-th (i=1,2) domain, respectively. Then, the total number of 2D-DFT codewords becomes 2*N1*N2*O1*O2 for x-pol antenna case. In the case of multi panel antenna array, if panel selection is supported, it would be beneficial to configure panel parameter such as Mg and Ng for proper codebook construction where Mg and Ng stand for the number of panel in 1st and 2nd domain (or 2nd and 1st domain), respectively. 
Another feature of Class A codebook is configurability of beam group in W1. In FD-MIMO/eFD-MIMO, four codebook Configs are supported in order for adaptive CSI feedback according to various channel environments. To having such benefit, Type I codebook should be maintain the configurable codebook structure. For simplification of codebook design, port selection codebook or decoupling of PMI for eFD-MIMO into vertical PMI and horizontal PMI can be another option.

Observation 1: For codebook construction, panel parameter such as Mg and Ng needs to be configured.
Proposal 2: At least for SU-MIMO, dual stage codebooks in LTE should be a starting point for Type I CSI feedback in NR.
2.3. Frequency granularity

In RAN1#87, three different frequency granularities for CSI reporting were agreed to be considered. In our view, beam reporting should be included as a wideband CSI reporting. A beam can be interpreted as an analog beam in general which is typically generated by controlling phase shifters of each antenna elements. These phase shifters are not typically separately installed per different part of bands so that a beam should be commonly applicable for any part of wideband. CSI reporting granularity can be understood either from measurement perspective or from feedback information usage perspective. For the former case, wideband RS should be transmitted for beam management. For the latter case, RS for beam management does not necessarily to be wideband RS but the usage of the feedback information such as best beam index(es) and beam RSRP can be applicable to any part of band. Regardless of adopting any of the two interpretations, it is quite obvious that beam reporting belongs to a wideband CSI reporting. 
When the band with different numerologies is semi-statically multiplexed in different parts of bands within the wideband, channel and interference condition can be different per numerology/service. Another example is when multiple scheduling time units are applied to different parts of band, e.g. shorter symbol frame structure being applied to certain part of band for URLLC with the same numerology. In these cases, CSI measured in different parts of band should belong to partial band CSI reporting. Especially when we consider partial band CSI-RS, where the size and location of CSI-RS band is configurable, PMI/RI/CQI can be reported for link adaptation when the configured band is used for the UE. 
With respect to subband CSI reporting, subband CQI and subband PMI can be considered for frequency selective scheduling and subband precoding, respectively, as in LTE. RI could be common for wideband or partial band. 
Proposal 3: Consider following feedback information for the three frequency granularities at least.
- Wideband CSI: beam reporting, CSI reporting for single numerology/scheduling time unit
- Partial band CSI: numerology/scheduling time unit dependent CSI reporting, CSI reporting associated with partial band CSI-RS
- Subband CSI: subband PMI and subband CQI 
3. Evaluation Results

In this section, we provide our initial evaluation results for Indoor Hotspot 30GHz scenario. In the evaluation, we assume that the option 1 of 12 sites with antenna placement in email discussion [86-27] where 12 sites are equipped with (M, N, P, Mg, Mg) = (4,8,2,1,1) and UE is equipped with (M, N, P, Mg, Mg)= (2,4,2,1,2). For the analog beamforming, we consider oversampling factor of 1, and thus total 32 Tx / 8Rx beamforming is considered. After analog beamforming, 2-port digital precoding can be conducted according to the codebook listed in Table A-3. In this table, codebook indices 0~3 correspond to QPSK co-phasing which is LTE 2-port codebook, and codebook indices 0~7 correspond to 8PSK co-phasing.  
Figure 1 depicts the performance comparison between digital 2-port codebooks. With SU-MIMO and full buffer model, 2-port codebook based on 8PSK co-phasing provides 5% performance gain over QPSK co-phasing case. This means that the high granularity of codebook may be important when the sharp analog beamforming is applied. 
Observation 2: Higher order co-phasing is one consideration points for 2-port codebook design.
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Figure 1. SU-MIMO performance comparison between digital 2-port codebooks with Full buffer
4. Conclusion

This contribution discussed CSI feedback for NR MIMO. Following observations and proposals are given, based on the discussion:
Observation 1: For codebook construction, panel parameter such as Mg and Ng needs to be configured.
Observation 2: Higher order co-phasing is one consideration points for 2-port codebook design.
Proposal 1: In NR Phase I, Type I CSI feedback should be prioritized compared to LC based Type 2 feedback. 
Proposal 2: At least for SU-MIMO, dual stage codebooks in LTE should be a starting point for Type I CSI feedback in NR.
Proposal 3: Consider following feedback information for the three frequency granularities at least.
- Wideband CSI: beam reporting, CSI reporting for single numerology/scheduling time unit

- Partial band CSI: numerology/scheduling time unit dependent CSI reporting, CSI reporting associated with partial band CSI-RS
- Subband CSI: subband PMI and subband CQI 
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Annex: Simulation Parameters and Assumptions
Table A-1. Simulation assumptions 

	Parameter 
	Values 

	BS Tx power 
	Refer to [3] 

	Noise figure for BS 
	7 dB

	Noise figure for UE 
	10dB

	BS antenna configurations 
	Refer to the baselines in [3] and Option 1 of Indoor Hotspot agreed in [86-27].

	BS antenna pattern 
	Refer to [3] 

	UE antenna configurations 
	30GHz:  (M, N, P, Mg, Ng) = (2, 4, 2, 1, 2); (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (0, 0)λ. Θmg,ng=90; Ω0,1=Ω0,0+180; 
Notes: the polarization angles are 0 and 90 
The panel with the best receive SNR is chosen for output metric. i.e. no combining is done between panels.

	UE array orientation 
	ΩUT, uniformly distributed on [0,360] degree, ΩUT,= 0 degree, ΩUT, = 0 degree 

	UE antenna pattern 
	Refer to [3] 

	Inter-panel calibration 
	Ideal 

	UE receiver type 
	MMSE-IRC 

	Number of UEs
	10 UEs per TRP

	UE distribution 
	Uniform distribution

	Scheduler 
	PF scheduler

	Feedback
	PUSCH 3-2

	
	CQI, PMI and RI reporting triggered per 5ms

	
	Feedback delay is 5 ms 

	Overhead
	3 symbols for DL CCHs, 2 CRS ports and DM-RS with 12 REs per PRB

	Hybrid ARQ 
	Maximum 4 transmissions 

	Traffic model 
	Full buffer

	Transmission scheme
	TM10, single CSI process, dynamic SU-MIMO with rank adaptation (no CoMP) 

	Wrapping method
	Geographical distance based

	Handover margin
	3 dB 


Table A-2: Performance comparison for 2-port codebooks with full buffer
	
	Mean UE Throughput (bps/Hz)
	Mean UE Throughput Gain
	5% UE Throughput (bps/Hz)
	5% UE Throughput Gain
	50% UE Throughput (bps/Hz)

	QPSK
	0.5038 
	
	0.2225 
	
	0.4782 

	8PSK
	0.5042 
	0.08%
	0.2328 
	4.65%
	0.4822 


Table A-3: 2-port Codebook
	Codebook index
	Number of layers [image: image5.wmf]u
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