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1 Introduction
According to the WID [1], the objective of the RAN1 is to specify enhancements on CSI reporting for non-precoded CSI-RS and beamformed CSI-RS. In order to enhance CSI reporting, design issues such as reporting granularity and periodicity should be discussed with performance evaluation results. This contribution provides evaluation results to discuss design aspects for subband CSI reporting.
2 Performance evaluation
Precoding frequency granularity of vertical dimension, level of quantization for beam direction and co-phasing, periodicity of CSI reporting is essential parameters in designing subband CSI reporting. In order to decide such parameters, various design criteria such as UE complexity, reporting overhead, and system performance must be considered. Among such criteria, system performance is a key issue in determining these design parameters.
For CSI reporting, we considered PUSCH mode 3-2 for evaluation. Since PUCCH mode 2-1 and PUSCH mode 2-2 supports subband PMIs and CQIs for UE selected subbands, the performance impacts of design parameters can be different according to UE’s subband selection strategy. Compared to PUCCH mode 2-1 and PUSCH mode 2-2, in PUSCH mode 3-2, UE reports RI/wideband first PMI/subband second PMIs/CQIs assuming downlink transmission in every subband. Since all the subband CSI are available for PUSCH 3-2, its performance characteristics can help us to understand the performance impacts of design parameters for CSI reporting in both of PUSCH and PUCCH reporting.
For MU scheduling, we considered greedy PF scheduling where the scheduler chooses the highest sum PF user pair first and adds co-scheduled UEs based on the reported rank-1 PMI of individual UEs. In order to report UE’s preferred precoding, 2D codebook based on Kronecker product (DFT precoding vectors with size 2 and 4 for vertical and horizontal direction, respectively) is considered. For DFT precoding, precoding vectors of size 2 and 4 with quantization parameter Q are considered as follows.
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Furthermore, two types of quantization on co-phasing are considered to observe its impact on system performance. Considering co-phasing quantization parameter QC, QPSK symbols {1, j, -1, -j} or BPSK symbols {1, -1} are used for QC=4 or QC=2, respectively. 

2.1 PMI frequency granularity of vertical dimension for subband CSI reporting
In the current specification, CSI reporting assuming PDSCH transmission with different precoding for each subband is supported. To design subband CSI reporting for FD-MIMO, PMI frequency granularity of vertical dimension is a design issue and following alternatives are possible.

· Alternative 1-1: allow flexibility in PMI frequency granularity of vertical dimension.

· Alternative 1-2: both dimensions share the same PMI frequency granularity.

In all of the above alternatives, subband reporting for horizontal precoding (PMIH) is supported. However, in alternative 1-1, UE can select only one vertical precoding (PMIV) for all of subbands even though for the subband CSI reporting. Such assumptions with wideband PMIV can reduce UE’s computational complexity and overhead to report subband PMIV in vertical dimension, but it can also reduce system performance due to the absence of optimized PMIV for each subband.
Table 1. Relative average cell throughput and 5% edge UE throughput with different PMIV frequency granularity
	(8,4,2,16)
	Alt1-1
	Alt1-2

	Vertical
feedback
overheads
	Q=4,
QC=4
	Avg. Tput.
(bps/Hz/cell)
	Ref.
	4%

	
	
	5% Tput.
(bps/Hz/UE)
	Ref.
	1%

	
	Q=8,
QC=4
	Avg. Tput.

(bps/Hz/cell)
	Ref.
	5%

	
	
	5% Tput.
(bps/Hz/UE)
	Ref.
	6%

	
	Q=16,
QC=4
	Avg. Tput.

(bps/Hz/cell)
	Ref.
	5%

	
	
	5% Tput.
(bps/Hz/UE)
	Ref.
	11%


In the above table, it can be observed that alternative 1-1 shows 5% higher performance in cell average throughput and 11% higher performance in 5% UE throughput compared to the system with alternative 1-1. Based on the evaluation results, following observation and proposal can be made:
Observation:
· Support of subband PMI reporting on vertical dimension may be beneficial in the performance perspective.
Proposal:
· For subband CSI reporting, consider subband PMI assumption on vertical dimension as well as horizontal dimension.

Note that the results are evaluated based on MU-MIMO operation and if SU-MIMO operation can be supported using optimized 2D codebook with multi-rank, the performance difference between alternative 1-1 and 1-2 may increase.
2.2 Subsampling for PMI reporting in both dimensions
In order to achieve the benefits from beam steering for vertical dimension, increment of codebook size is a key point related to CSI enhancement for FD-MIMO. Despite of such merits of codebook size increment, payload size for PMI reporting is limited due to UE computational complexity and PUCCH feedback overheads. 
In the current specification, for subband CSI reporting, codebook subsampling is only supported when UE wants to report preferred PMI for selected subband with information about the position of selected subband. However, increased codebook size and limited payload size for PUCCH may require codebook subsampling even if UE reports RI and wideband PMI. For the codebook subsampling, following alternatives can be considered:
· Alternative 2-1: Reduce beam quantization parameter Q in DFT precoding vector.

· Alternative 2-2: Reduce quantized co-phasing from QC=4 {1, j, -1, -j} to QC=2 {1, -1}.

Table 2. Relative average cell throughput and 5% edge UE throughput with different subsampling method
	(8,4,2,16)
	Alt2-1
	Alt2-2
	Without subsampling

	
	Q=4,QC=4
	Q=8,QC=4
	Q=16,QC=4
	Q=32,QC=2
	Q=32, QC=4

	Vertical
beam
quantization
	Q=4
	Avg. Tput.
(bps/Hz/cell)
	-12%
	-7%
	-5%
	-13%
	-4%

	
	
	5% Tput.
(bps/Hz/UE)
	-20%
	-12%
	-11%
	-10%
	-10%

	
	Q=8
	Avg. Tput.
(bps/Hz/cell)
	-10%
	-5%
	-1%
	-10%
	-1%

	
	
	5% Tput.
(bps/Hz/UE)
	-16%
	-8%
	-5%
	-10%
	-1%

	
	Q=16
	Avg. Tput.
(bps/Hz/cell)
	-9%
	-4%
	-1%
	-10%
	Ref.

	
	
	5% Tput.
(bps/Hz/UE)
	-16%
	-10%
	-6%
	-13%
	Ref.


Based on the above evaluation results, following observations and proposals can be made:
Observations:
· Reducing quantization level of co-phasing causes significant performance degradation.

· For reduced quantized co-phasing, 1 bit reduction in horizontal or vertical dimension causes 1% performance degradation in cell average throughput.
· For reduced quantized co-phasing, bitwidth reduction by more than 1 bit can provide performance degradation up to 12% in cell average throughput and 20% in 5% UE throughput.
Proposals:
· For codebook subsampling, prioritize reducing beam quantization factor Q than reducing quantized co-phasing from QC=4 to QC=2.

· To reduce performance degradation, minimize codebook subsampling for PMIs.
2.3 Performance impact of periodicity for CSI reporting in PMIH and PMIV
Another way to reduce PMI reporting overhead may be separation of CSI reporting dimensions for horizontal and vertical. Compared to UE’s mobility in horizontal dimension, mobility in vertical dimension is relatively low. Considering such property, PMIV can be more robust compared to PMIH and may not require frequent reporting as much as PMIH. In this section, we provide evaluation results on performance impact of periodicity for CSI reporting in PMIH or PMIV. For this simulation, we assumed delayed CSI only in one of both dimensions and the periodicity of the other dimension is fixed to 5ms.

Table 2. Relative average cell throughput and 5% edge UE throughput with different reporting periodicity
	(8,4,2,16)
	Periodicity of change for PMIV

	
	5ms
	20ms
	40ms
	60ms
	80ms
	100ms

	Avg. Tput.
(bps/Hz/cell)
	Ref.
	-2%
	-4%
	-6%
	-8%
	-9%

	5% Tput.
(bps/Hz/UE)
	Ref.
	-1%
	-4%
	-6%
	-10%
	-14%


	(8,4,2,16)
	Periodicity of change for PMIH

	
	5ms
	20ms
	40ms
	60ms
	80ms
	100ms

	Avg. Tput.
(bps/Hz/cell)
	Ref.
	-2%
	-7%
	-11%
	-15%
	-16%

	5% Tput.
(bps/Hz/UE)
	Ref.
	-2%
	-11%
	-13%
	-17%
	-26%


Based on the above evaluation results, following observation and proposal can be made:
Observation:
· With separated precoding reports for the horizontal and vertical direction, it can be observed that the vertical direction is more robust to longer feedback periodicities and delays
Proposal:
· Provide specification support to allow separate configuration of CSI reporting for horizontal and vertical dimensions.
2.4 Performance impact of beam group size in first PMI
For subband CSI reporting, beam group is a crucial factor since UE can select multiple beams only in the selected beams by beam group selection during reporting periodicity for first PMI. Furthermore, for periodic CSI reporting, for periodic CSI reporting, UE reports its CSI components (e.g. rank, beam group selection, beam/co-phasing selection and channel quality indication) separately due to the limitation of payload size for PUCCH. Especially for rank and beam group selection, UE reports them with longer reporting periodicity compared to beam/co-phasing selection and channel quality indication. Compared to aperiodic CSI reporting, the performance impact on periodic CSI reporting would be large since UE can consider beams in the selected beam group between the reporting instances for beam group selection. In this section, we provide the evaluation results on performance impact of beam group size for subband CSI reporting. In order to find the upper bound of performance gain with multi-beam support in a beam group, we considered the alternatives as follows:
· Alternative 3-1: Select same beam direction for all subbands. 
· In this case, only different quantized co-phasing is considered for each subband.
· Alternative 3-2: Select different beam for subband CSI reporting.

· In this case, both of different beam direction and different quantized co-phasing is considered for each subband.
Table 3. Relative average cell throughput and 5% edge UE throughput with beam selection in a beam group
	(8,4,2,16)
	Alt3-1
	Alt3-2

	Avg. Tput.
(bps/Hz/cell)
	Ref.
	9%

	5% Tput.
(bps/Hz/UE)
	Ref.
	15%


Based on the above evaluation results, following observation and proposal can be made:
Observation:
· Support of multi-beams in a beam group causes 9% performance enhancement in cell average throughput.
Proposal:
· Provide specification support to allow multi-beam selection in a beam group.

3 Conclusions
This contribution provides evaluation results to discuss design aspects for subband CSI reporting. The observations and proposals in this contribution are summarized as follows: 
Observations:
· Support of subband PMI reporting on vertical dimension may be beneficial in the performance perspective.
· Reducing quantization level of co-phasing causes significant performance degradation.

· For reduced quantized co-phasing, 1 bit reduction in horizontal or vertical dimension causes 1% performance degradation in cell average throughput.
· For reduced quantized co-phasing, bitwidth reduction by more than 1 bit can provide performance degradation up to 12% in cell average throughput and 20% in 5% UE throughput.
· With separated precoding reports for the horizontal and vertical direction, it can be observed that the vertical direction is more robust to longer feedback periodicities and delays.
· Support of multi-beams in a beam group causes 9% performance enhancement in cell average throughput.
Proposals:
· For subband CSI reporting, consider subband PMI assumption on vertical dimension as well as horizontal dimension.

· For codebook subsampling, prioritize reducing beam quantization factor Q than reducing quantized co-phasing from QC=4 to QC=2.

· To reduce performance degradation, minimize codebook subsampling for PMIs.

· Provide specification support to allow separate configuration of CSI reporting for horizontal and vertical dimensions.
· Provide specification support to allow multi-beam selection in a beam group.
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Appendix (System simulation parameters)
	Parameters
	Value

	Scenarios
	3D-UMi ISD 200m

	Polarized antenna modeling
	Model -2 from 36.873

	Traffic model 
	Full buffer model

	Wrapping method
	Geographical distance based

	Handover margin
	3dB

	Metrics
	Mean, 5% UPT

	System bandwidth
	10MHz (50 PRBs)

	UE attachment 
	Based on RSRP (formula) from CRS port 0

	Carrier Frequency 
	2GHz

	Network synchronization 
	Synchronized

	UE Speed 
	3km/h

	UE distribution 
	according to 36.873

	UE array orientation
	ΩUT,a uniformly distributed on [0,360] degree, ΩUT,b = 90 degree, ΩUT,g = 0 degree

	UE antenna pattern
	Isotropic antenna gain pattern A’(θ’,ф’) = 1

	Receiver 
	Non-ideal channel estimation and interference modeling, detailed guidelines according to Rel-12 [71-12] assumptions

	
	LMMSE-IRC receiver, detailed guidelines according to Rel-12 [71-12] assumptions

	UE Rx configuration
	2 Rx x-polar (+90/0)

	Feedback 
	PUSCH 3-2

	
	CQI, PMI and RI reporting triggered per 5ms

	
	Feedback delay is 5 ms

	
	Kronecker product based 2D codebook with DFT precoding in horizontal and vertical dimension

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

	Scheduler 
	Frequency selective scheduling (multiple UEs per TTI allowed)

	CSI-RS, CRS
	CSI-RS, CRS: CSI-RS 1-1 mapping to TXRU, only CRS port 0 is modeled for UE attachment, CRS port 0 is associated with the first column with +45 degree pol, CRS port 0 to TXRU mapping is ideal and given by [1, 0, 0, 0, 0, 0, 0, 0]

	Downtilt
	Antenna downtilting angle θetilt = [100] degree for 3D-UMi

	CSI-RS/SRS periodicity
	5 msec
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