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Introduction
In RAN1#89, the following agreement about Type I and Type II CSI codebooks proposed in [2] was made.
	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


The slide 24 of the agreed way forward [2] is copied below.
	· NR supports the following extension of Type II Cat 1 CSI for rank 1 and 2
·  where  is the number of CSI-RS ports 
· The value of  is configurable: 
· The possible values of X follow Type II SP codebook
·  , 
·   is a length- vector with i-th element equal to 1 and 0 elsewhere
· Port selection:  - calculation and reporting of is wideband ( bits)
· The value of  is configurable:  under the condition that  and 
· Amplitude scaling and phase combining coefficients, along with their configurations, follow Type II SP codebook
· Note: SB phase combining coefficients, WB or WB+SB amplitude scaling
· FFS: Whether/how to make parameters of Type II SP codebook more scalable to support lower feedback overhead 


In this contribution, the lower feedback overhead codebook for beamformed CSI-RS (highlighted text) is discussed. This contribution is a resubmission of R1-1717613.       
Codebook for Beamformed CSI-RS
1 
2 
One motivation to support a beamformed CSI-RS codebook is to support hybrid CSI reporting mechanisms in NR. The following hybrid CSI reporting mechanisms are supported in LTE:
· Mechanism 1 comprises of the following two CSIs:
· the first CSI is associated with a non-precoded CSI-RS resource and comprises RI(1) and i1, where i1 is derived using the W1 component of the Class A codebook, and 
· the second CSI is associated with beamformed CSI-RS with K = 1 resource and comprises PMI/RI(2)/CQI, where PMI is derived using 2, 4, or 8 ports Class B, K = 1 codebook.
· Mechanism 2 comprises of the following two CSIs:
· the first CSI is associated with beamformed CSI-RS with K > 1 resources and comprises CRI, and 
· the second CSI is associated with beamformed CSI-RS with K = 1 resource and comprises PMI/RI(2)/CQI, where PMI is derived using 2, 4, or 8 ports Class B, K = 1 codebook.
Another motivation is to support the use case of CSI acquisition when WB and long-term channel reciprocity holds (e.g. when UL-DL duplex distance is small), wherein WB and long-term channel characteristics are obtained via UL channel measurement using SRS, which are used to beamform CSI-RS ports. The beamformed CSI-RS codebook is used to report SB and short-term CSI. 
To support above-mentioned use cases, the agreed Type II codebook can be used to report high-resolution (Type II) CSI. But, a codebook is still needed for low-resolution (Type I) CSI reporting. The following codebook alternatives can be considered.
· Alt 0: Extend the agreed beamformed CSI-RS codebook [2] with L = 1
· Alt 1: Type I codebook [2]
· Alt 2: LTE Class B, K = 1 codebook
There are at least three issues with Alt 0. The first issue is that the overhead of rank 2 CSI reporting, which can be 6 bits per SB if 8-PSK phase is configured. The overhead increases if SB amplitude is reported. The second issue is rank > 2 since the current Type II CSI codebook is restricted to up to rank 2. The third issue is that it is unclear whether amplitude reporting is necessary for L = 1. 
According to Alt 1, the pre-coder has a dual-structure W = W1W2 if number of ports is 4 or larger, where W1 component captures WB and long-term channel characteristics and W2 component captures SB and short-term channel characteristics. Since beamformed CSI-RS ports are beamformed using WB and long-term channel information, the need for W1 component of the precoder is unclear. The W2 component on the other hand is essentially a 2-Tx precoder, hence can be used for 2 beamformed ports. For larger than 2 ports, it can be used for example in conjugation with port selection. This is functionally equivalent to Alt 2 discussed next.       
Regarding Alt 2, it has been proposed by some companies that LTE Class B, K = 1 port selection codebook is not supported in NR. The rationale behind such proposals is that port selection can be achieved via CRI reporting associated with beamformed CSI-RS with K > 1 resources each with small number, e.g. 1 or 2, of ports. There are at least the following issues with such proposals.
· Since CRI is typically reported in a WB manner, port selection via CRI restricts port selection to WB. This may result in performance loss when compared with port selection using LTE Class B, K = 1 codebook where port selection is SB.  
· If hybrid mechanism 1 is supported, then the first CSI report will comprise i1 (and RI) and the second CSI report will comprise CRI (and PMI/CQI/RI). Since the first CSI is usually reported with a longer periodicity than the second CSI, CRI has to be reported faster than i1 which is not desired (CRI reporting usually is longer in periodicity than i1).
· Since the number of ports associated with each beamformed CSI-RS resource is small (1 or 2), multiple CRIs are needed to report rank > 2 CSI in the second CSI report. For example, two CSIs (CRI1, CRI2) are needed to report rank 3 CSI. Also, the mapping between (CRI1, CRI2) to layers (1, 2) or (2, 1) needs to be considered including the possibility of additional signalling to report the mapping between CRIs and layers. This is also applicable to rank 5 and rank 7.
In view of above-mentioned issues with Alt 0 and Alt 1, and the fact that LTE Class B, K = 1 codebook has been studied extensively in two LTE releases, we propose to support Alt 2 as lower feedback overhead codebook for Np = 2, 4, and 8 beamformed CSI-RS ports. The use case of lower overhead codebook for more than 8 beamformed CSI-RS ports is unclear, and requires further study.  
Proposal 1: Support LTE Class B, K = 1 codebook for Np = 2, 4, and 8 ports as the lower feedback overhead codebook for beamformed CSI-RS ports in NR; codebook for more than 8 ports requires further study

Hybrid mechanism 1
For Np = 2 beamformed CSI-RS ports associated with the 2nd CSI reporting of hybrid mechanism 1, RI(1) reporting in the 1st CSI may not be necessary and it can be fixed to rank 1 for example. For Np = 4 and 8 beamformed CSI-RS ports, however, RI(1) reporting may be necessary to ensure performance. To verify this, the following RI(1) reporting alternatives are evaluated:
· Unrestricted RI(1): Both RI(1) and RI(2) are reported without any restrictions.
· No RI(1): RI(1) is fixed to rank 1 and RI(2) is reported without any restrictions.
· 1-bit RI(1): 1-bit RI(1) is reported for rank 1 and rank 2 and RI(2) is reported without any restrictions.
Assuming up to rank 4 hybrid CSI reporting, RI(1) and RI(2) reporting overheads can be summarized as in Table 1.
[bookmark: _Ref458611946]Table 1: RI(1) and RI(2) reporting alternatives
	Scheme
	 RI(1)
	RI(2)

	Unrestricted RI(1)
	Rank 1 – 4 (2-bit)
	Unrestricted (2-bit)

	No RI(1)
	Rank 1 (0-bit)
	Unrestricted (2-bit)

	1-bit RI(1)
	Rank 1 – 2 (1-bit)
	Unrestricted (2-bit)


The non-full-buffer system-level evaluation is carried out for UMi-2GHz channel model in low (20% target RU) traffic loading scenarios with up to rank 4 CSI. The results are provided for 32 non-precoded CSI-RS ports with (N1,N2) = (4,4) in the 1st CSI reporting and Np = 8 beamformed CSI-RS ports in the 2nd CSI reporting. The periodicity of 1st CSI reporting is 100 ms and that of the 2nd CSI reporting is 5ms. For comparison, one-shot Type I CSI reported every 5ms is considered as reference in this evaluation. The relevant simulation parameters are enlisted in Table 5. The codebook for the 1st CSI reporting is the NR Type I CSI codebook with L = 4, and that for the 2nd CSI reporting is the LTE Class B, K = 1 codebook. The performance gains with “Type I CSI” as reference is summarized in Figure 1. 

[bookmark: _Ref458615598]Figure 1: Performance gain 
From these results, we can make the following observation and proposal.
Observation 1: 
· Hybrid mechanism 1 achieves significant gain over one-shot Type I CSI reporting: up to 8% and up to 13% additional performance gain in avg. UPT and 5% UPT, respectively
· When compared with unrestricted RI(1) and 1-bit RI(1), ~9-12% performance loss in avg. UPT when no RI(1) is reported.
· 1-bit RI(1) reporting shows small performance loss when compared with unrestricted RI(1) reporting.
Proposal 2: Support LTE hybrid mechanism 1 with the following RI(1) reporting in the 1st CSI 
· Np = 2 beamformed ports: 0-bit RI(1) (indicating rank 1 NR Type I CSI) 
· Np = 4 or 8 beamformed ports: 1-bit RI(1) (indicating rank 1 or rank 2 NR Type I CSI)
3 
[bookmark: _Ref446598642]Conclusions
In this contribution, the lower feedback overhead codebook for beamformed CSI-RS ports is discussed. The proposals and observations made are summarized as follows. 
Proposal 1: Support LTE Class B, K = 1 codebook for Np = 2, 4, and 8 ports as the lower feedback overhead codebook for beamformed CSI-RS ports in NR; codebook for more than 8 ports requires further study
Observation 1: 
· Hybrid mechanism 1 achieves significant gain over one-shot Type I CSI reporting: up to 8% and up to 13% additional performance gain in avg. UPT and 5% UPT, respectively
· When compared with unrestricted RI(1) and 1-bit RI(1), ~9-12% performance loss in avg. UPT when no RI(1) is reported.
· 1-bit RI(1) reporting shows small performance loss when compared with unrestricted RI(1) reporting.
Proposal 2: Support LTE hybrid mechanism 1 with the following RI(1) reporting in the 1st CSI 
· Np = 2 beamformed ports: 0-bit RI(1) (indicating rank 1 NR Type I CSI) 
· Np = 4 or 8 beamformed ports: 1-bit RI(1) (indicating rank 1 or rank 2 NR Type I CSI)
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	Parameters
	Values

	Simulation Type
	Non-full-buffer (Low load 20% Target RU, Lambda = 2)

	Channel model
	UMi-2GHz 

	Number of BS (H,V) antenna elements
	(8,8), x-polarized, subarray partition

	(N1,N2, P) 
	32 ports: (4,4,2)

	BS (H,V) antenna spacing
	(0.5, 0.8)λ

	BS and MS antenna polarizations
	BS: (+45°,-45°); MS: (0°, 90°)

	Number of UE antennas
	4

	SU/MU pre-coding
	CB

	Scheduling
	SU, Proportional fair 

	Channel estimation
	Ideal

	Transmission rank
	1,2,3,4

	Receiver 
	MMSE-IRC

	Codebook
	NR Type I CSI codebook with L = 4 [2], agreed in [1]
LTE Class B, K = 1: Np = 8 ports 



Type I CSI	
Avg. UPT	5% UPT	1	1	Unrestricted RI(1)	
Avg. UPT	5% UPT	1.0760000000000001	1.1060000000000001	No RI(1)	
Avg. UPT	5% UPT	0.96099999999999997	1.0940000000000001	1-bit RI(1)	
Avg. UPT	5% UPT	1.0469999999999999	1.1339999999999999	



