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1. Introduction
In RAN1#89, Type I and Type II codebooks are agreed in the following [1].
Agreement:
· Slides 4 to 24 in R1-1709232 are agreed
· [bookmark: _GoBack]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
Further, in RAN1 AdHoc #2, the following agreements on CSI feedback for type I and type II are reached[2]:
Agreements:
· Periodic CSI reporting is carried at least on 
· Short PUCCH
· Long PUCCH
· FFS whether in single-slot only or in multiple slots

Although Type I and Type II codebook design has been finalized, there is still some open issues to be discussed, such as further overhead reduction technique for Type II. In this contribution, we give our views on overhead reduction techniques for Type II CSI.
2. Discussion on overhead reduction for Type II CSI 
In NR Type II CSI feedback, L WB beams are combined linearly with WB and/or SB amplitude and SB phase. Hence compared with Type I CSI, Type II has much larger overhead.  In Table I, we summarize PMI overhead for Type II. We assume L=4, 10 SBs and 32 port with (4,4,4,4). Moreover, WB+SB amplitude and SB phase are assumed. It can be observed that for rank 2, PMI overhead can be larger than 500 bits. Such a large CSI overhead would consume extremely large uplink resource overhead. Thus overhead reduction is still needed for Type II CSI.
Table I PMI overhead for Type II
	RI
	WB(bit)
	Per SB(bit)
	Total(bit)

	1
	39
	24
	279

	2
	63
	48
	543


2.1 Partial-SB phase reporting
Among all the Type II PMI parameters, the most resource-consumed parameter is phase information. In current Type II codebook, as phase information is frequency-selective, it needs to be fed back in every SB. Moreover, each phase can be quantized up to 3 bits. One potential approach to reduce Type II CSI overhead is to use frequency-dependent parameterization. It is well known that phase shift of beam in frequency domain is caused by multipath delay in time domain, so we can design feedback schemes considering the correlation of phase coefficients in frequency domain. Several codebook design schemes have been proposed based on this channel property. 
However, to support this mechanism, it is not necessary to introduce a new codebook. A simple way is to let UE report phase of partial subbands only. Then gNB can perform interpolation to recover phases of all SBs. This approach achieves almost the same performance as the proposed codebook, and gNB can have the flexibility to use high-order interpolation algorithm to boost the performance further. If only partial SB phase information is supported, considerable overhead reduction can be achieved. For example, in Table I, if only 5 SBs among 10 SBs are selected to report phase, 190 bits can be saved totally for rank 2. 
Observation: Frequency-dependent parameterization can be supported via partial SB phase feedback.
The next question is how to select partial SBs in CSI report band to report phase. Assume CSI report band comprises K SBs. Among them, M<K SBs are selected to report phase information. The following options can be identified.
Option 1: M SBs are selected based on defined pattern
The pattern can be a comb pattern as shown in Fig. 1. This is the simplest approach to achieve partial SB feedback. No extra feedback overhead is required. However, as how phase changes in frequency domain can be quite variable, comb pattern selection may cause performance reduction. 


Fig.1 Comb pattern for partial SB phase reporting
We conduct extensive simulations for 8-32Tx systems with FTP service and MU model in UMi scenario. As NR may support different sub-band size, i.e., number of RB per sub-band, we evaluate the performance for different sub-band size to show the influence of sub-band size. Several comb values are also simulated to study the impact of decreasing phase coefficients granularity. Spline interpolation algorithm is used in the simulation. As for type II codebook configuration, 4-beam combination and WB-only amplitude mode are applied, both amplitude coefficients and phase coefficients are quantized by 3-bit. Simulation results are collected in Table II. Baseline in Table II means UE feedback all SB phase coefficients to gNB.
Table II. Simulation result for comb pattern interpolation with different parameters
	8Tx

	# of RB per SB
	Comb (SB)
	RU
	Mean
	5%
	50%

	2
	baseline
	0.53
	23.96
	0%
	5.03
	0%
	22.41
	0%

	
	2
	0.54
	23.68
	-1.2%
	4.91
	-2.4%
	21.74
	-3.0%

	
	4
	0.55
	23.23
	-3.0%
	4.82
	-4.2%
	21.54
	-3.9%

	4
	baseline
	0.54
	23.31
	0%
	4.80
	0%
	21.57
	0%

	
	2
	0.55
	22.85
	-2.0%
	4.61
	-4.0%
	20.97
	-2.8%

	
	4
	0.57
	22.38
	-4.0%
	4.38
	-8.8%
	20.26
	-6.1%

	6
	baseline
	0.56
	22.69
	0%
	4.46
	0%
	20.43
	0%

	
	2
	0.56
	22.19
	-2.2%
	4.38
	-1.8%
	19.82
	-3.0%

	
	4
	0.58
	21.67
	-4.5%
	4.33
	-2.9%
	19.50
	-4.6%

	8
	baseline
	0.56
	22.09
	0%
	4.43
	0%
	20.11
	0%

	
	2
	0.57
	21.68
	-1.9%
	4.21
	-5.0%
	19.37
	-3.7%

	16Tx

	# of RB per SB
	Comb
	RU
	Mean
	5%
	50%

	2
	baseline
	0.45
	29.22
	0%
	10.76
	0%
	29.50
	0%

	
	2
	0.46
	28.89
	-1.1%
	10.51
	-2.3%
	29.41
	-0.3%

	
	4
	0.46
	28.51
	-2.4%
	10.37
	-3.6%
	28.71
	-2.7%

	4
	baseline
	0.46
	28.42
	0%
	10.23
	0%
	28.75
	0%

	
	2
	0.47
	27.99
	-1.4%
	10.15
	-0.8%
	28.08
	-2.3%

	
	4
	0.48
	27.55
	-3.1%
	9.52
	-6.9%
	27.60
	4.0%

	6
	baseline
	0.47
	27.69
	0%
	10.16
	0%
	27.73
	0%

	
	2
	0.47
	27.36
	-1.2%
	9.93
	-2.3%
	27.26
	-1.8%

	
	4
	0.48
	26.89
	-2.9%
	9.39
	-7.6%
	26.15
	-5.7%

	8
	baseline
	0.47
	27.13
	0%
	9.85
	0%
	27.21
	0%

	
	2
	0.48
	26.68
	-1.7%
	9.22
	-6.4%
	26.23
	-3.6%

	24Tx

	# of RB per SB
	Comb
	RU
	Mean
	5%
	50%

	2
	baseline
	0.53
	27.30
	0%
	7.11
	0%
	27.63
	0%

	
	2
	0.53
	27.02
	-1.0%
	7.04
	-1.0%
	27.03
	-2.2%

	
	4
	0.54
	26.67
	-2.3%
	6.84
	-3.8%
	26.95
	-2.5%

	4
	baseline
	0.54
	26.59
	0%
	6.75
	0%
	26.38
	0%

	
	2
	0.55
	26.09
	-1.9%
	6.55
	-2.9%
	26.05
	-1.3%

	
	4
	0.56
	25.65
	-3.5%
	6.15
	-8.9%
	24.99
	-5.3%

	6
	baseline
	0.55
	25.84
	0%
	6.30
	0%
	25.18
	0%

	
	2
	0.56
	25.50
	-1.3%
	6.02
	-4.4%
	24.89
	-1.2%

	
	4
	0.57
	24.94
	-3.5%
	5.78
	-8.3%
	24.78
	-1.6%

	8
	baseline
	0.56
	25.22
	0%
	5.87
	0%
	24.55
	0%

	
	2
	0.57
	24.86
	-1.4%
	5.54
	-5.6%
	24.01
	-2.1%

	32Tx

	# of RB per SB
	Comb
	RU
	Mean
	5%
	50%

	2
	baseline
	0.53
	27.49
	0%
	10.04
	0%
	27.95
	0%

	
	2
	0.54
	27.23
	-0.9%
	9.52
	-5.2%
	27.83
	-0.4%

	
	4
	0.55
	26.86
	-1.4%
	8.82
	-12.2%
	27.00
	-3.4%

	4
	baseline
	0.54
	26.71
	0%
	9.46
	0%
	26.95
	0%

	
	2
	0.55
	26.27
	-1.6%
	8.58
	-9.3%
	26.48
	-1.7%

	
	4
	0.57
	25.88
	-3.1%
	8.44
	-10.8%
	25.72
	-4.6%

	6
	baseline
	0.55
	26.01
	0%
	9.00
	0%
	25.91
	0%

	
	2
	0.56
	25.52
	-1.9%
	8.41
	-6.6%
	25.22
	-2.7%

	
	4
	0.58
	24.93
	-4.1%
	7.93
	-11.9%
	24.81
	-4.2%

	8
	baseline
	0.56
	25.31
	0%
	8.28
	0%
	25.32
	0%

	
	2
	0.57
	24.90
	-1.6%
	8.18
	-1.2%
	24.58
	-2.9%


The following can be observed from Table II.
1. As comb size or SB size increases, performance degrades and CSI overhead decreases. The performance of larger antenna system is more sensitive to comb size or SB size. 
2. Performance is more sensitive to SB size than comb size. For same or similar overhead, smaller SB size and larger comb size performs better than larger SB size and smaller comb size. For example, if we denote RB as unit of SB size and SB as unit of comb size, (SB size, Comb size) = (8,1) and (SB size, Comb size) = (4,2) consume same CSI overhead, whereas (4,2) performs better.
3. Using comb pattern barely reduces average performance, and the benefit of large overhead reduction can be observed. Moreover, although cell-edge performance is reduced when comb size increases, especially for 32Tx, network can configure all-SB phase feedback for these UEs.
Based on the above evaluation and analysis, it can be observed that both comb size and SB size impact performance and overhead. In LTE, SB size depends on DL bandwidth. In order to optimize both performance and overhead, both SB size and comb size need to be considered. As we mentioned above, for same or similar CSI overhead, smaller SB size and larger comb size performs better than larger SB size and smaller comb size. To reduce number of combinations and UE design complexity, NR should select only a limited number of (SB size, Comb size) combinations to support.
Option 2: UE selects best M SBs
In this option, UE decides the SBs used for phase reporting based on its channel measurement. UE calculates CQI based on RI and Type II PMI for each SB, and selects M SBs with the best CQI to report phase. Then UE needs to report M SB indices along with phase information. This is quite similar to LTE PUCCH 2-2. As phase information of these best M SBs is derived from better channel condition, good performance can be expected. However, the drawback is that extra CSI feedback overhead is needed for M SB indices.
Proposal 1: Partial SB phase feedback is supported for NR Type II CSI.
Proposal 2: For M-SB selection among K>M CSI reporting SBs, support at least one of the following options
· Option 1: M SBs are selected based on defined pattern
· E.g., comb pattern
· Option 2: UE selects best M SBs
2.2 Overhead adapted to CSR
For LTE legacy codebook, codebook subset restriction (CSR) is an important feature to reduce inter-cell interference and avoid network’s undesirable beam direction. In Rel-13, a beam-based bitmap is introduced for CSR configuration to replace the codeword-based bitmap as the number of codewords in Rel-13 codebook increases a lot. For linear combination codebook, CSR issue hasn’t been addressed even in LTE Rel-14 advanced CSI. 
As PMI overhead of NR Type II CSI can be hundreds of bits, using codeword based CSR bitmap is not realistic. Then using beam based bitmap configuration should be supported. 
The next question is how to define proper UE behavior if different CSI components in Type II are restricted. Two different types of beams are reported in Type II. Leading beam indicates the strongest beam to be combined, and the remaining beams in the combined beam group are denoted as weaker beams. 
During PMI calculation, if the searched leading beam is restricted by CSR, UE does not report this beam. UE can use the strongest beam which is not constrained as the leading beam. If the weaker beam is constrained by gNB, two options can be identified.
Option 1: UE does not report the restricted weaker beam
Option 2: UE reports the restricted weaker beam and set the associated relative power as 0
Take Fig. 2 as an example for the above two options. In Fig.2, a 3-beam combination is assumed. If no CSR is configured, beams {1, 2, 3} are selected as lead beam and weaker beams. 


Fig. 2 CSR for Type II CSI
If Option 1 is adopted, beam 3 is not reported. Then two sub-options can be identified. The first one is UE just report beams {1,2} and associated power and phase for combination. An alternative approach is that UE selects an unconstrained orthogonal beam, saying beam 4, for reporting. Then the reported combination is beam {1, 2, 4} and associated coefficients. 
If Option 2 is adopted, beams {1, 2, 3} are reported. Coefficients of beams {1, 2} are reported as normal, whereas the reported power of beam 3 is 0.
For Option 1, if beams {1,2,4} are reported, the performance cannot be ensured since the power of beam 4 can be much lower than beam {1,2}, which is harmful for the performance of linear combination. If the reported beams are {1,2}, same performance can be achieved as Option 2. However, Option 2 provides more information to gNB including beam 3 and associated phase. As impact of inter-cell interference can change quite dynamically and CSR is configured semi-statically, Option 2 gives gNB more flexibility to decide whether to use beam 3 or not. Therefore, Option 2 is more preferred.
Another potential way to reduce Type II CSI overhead is to adjust CSI overhead according to CSR. CSR is typically used to reduce inter-cell interference by restricting certain beam directions. Type II combines a set of orthogonal beams linear with relative power and phase. Hence CSR should also be supported in Type II at least to reduce inter-cell interference. Then we can adjust CSI overhead according to CSR. By doing this, it is obvious that WB beam feedback overhead is reduced. Further, when the leading beam is restricted, overhead used for the entire beam group can be reduced. When the weaker beams are restricted, we can simply set the WB power to 0. Then the CSI overhead of SB power and phase associated with these beams can be saved. Therefore, significant overhead reduction can be expected.
Proposal 3: For NR Type II CSR, support beam based bitmap configuration.
· If leading beam is restricted by CSR, UE does not report this beam as leading beam.
· If weaker beam is restricted by CSR, UE reports the restricted weaker beam and set the associated relative power as 0.
Proposal 4: NR supports adjusting CSI overhead according to CSR for Type II.
3. Conclusions
In this contribution, we discuss design details of aspects to reduce Type II CSI overhead. Based on the above discussion, we have the following observation and proposals.
Observation: Frequency-dependent parameterization can be supported via partial SB phase feedback.
Proposal 1: Partial SB phase feedback is supported for NR Type II CSI.
Proposal 2: For M-SB selection among K>M CSI reporting SBs, support at least one of the following options
· Option 1: M SBs are selected based on defined pattern
· E.g., comb pattern
· Option 2: UE selects best M SBs
Proposal 3: For NR Type II CSR, support beam based bitmap configuration.
· If leading beam is restricted by CSR, UE does not report this beam as leading beam.
· If weaker beam is restricted by CSR, UE reports the restricted weaker beam and set the associated relative power as 0.
Proposal 4: NR supports adjusting CSI overhead according to CSR for Type II.
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Appendix
	System level simulation parameters

	Scenarios
	3D-Umi

	Antenna Spacing
	(dV,dH)=( 0.8λ, 0.5λ)

	Number of UE antenna
	2Rx cross-polarized antenna

	Traffic model
	FTP 1 with packet size 0.5M byte

	OLLA
	Target at 10% BLER

	CSI-RS
	Period is 5 ms and overhead is accounted.  

	Transmission rank
	Adaptation between rank 1~2

	SU/MU pre-coding
	BD

	Scheduling
	MU, Proportional fair, 2 UEs, at most 4layers

	CQI/PMI reporting interval and frequency granularity
	5ms for CSI, 6RB

	Feedback scheme
	Rel-12 enhanced CSI feedback, PUSCH mode 3-2, Ideal channel covariance /PMI feedback

	Delay for scheduling and AMC
	6ms

	Receiver
	MMSE-IRC. With non-ideal interference covariance matrix estimation by using complex Wishart distribution with 12 degrees of freedom (Model in TR36.829 with DMRS based sample covariance matrix)

	HARQ Scheme
	Chase Combining

	Maximum number of retransmissions
	4

	Feedback Assumption
	
Non-ideal modeling of channel estimation error modeling is used, based on DMRS for data demodulation, based on IMR for interference measurement

	Handover margin 
	3dB 
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