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1 Introduction

At the previous meeting (RAN1#89) it was agreed that NR supports Type II Cat 1 CSI for rank 1 and 2. The details for Cat 1 codebook design are also declared.
· L=2, 3, 4. 
· Two modes for amplitude: WB-only and SB (implemented as differential WB+SB and unequal bit allocation for K strongest coefficients out of 2L to reduce overhead)
· Independent quantization across layers 
In this contribution, we will discuss the remaining issues for Type II Category 1 codebook design and the other Categories will be discussed in our companion contribution [2, 3].
2 Open issues for Category 1 codebook
The open issues for the category 1 codebook design are discussed below:
2.1 Beam selection way:
Unconstrained beam selection from orthogonal basis is agreed in the RAN1#89 meeting, but it is still open that how to report the PMIs of multiple beams and two options from our side can be considered:

Alt 1: L PMIs are reported to indicate the L beams selected respectively.

Alt 2: only 1 PMI is reported to indicate one group of L beams from all the possible group of L beams.
Compared with Alt 1, overhead can be reduced by Alt 2. One potential benefits of Alt 1 is that beam ordering can be indicated by the ordering of L PMIs, which can be further studied to improve the performance in some cases.
Proposal 1: L Beams are jointly signalled in Category 1 codebook.

2.2 PMI payload
Actually, if an wideband amplitude on certain polarization for certain beam is zero, the overhead for reporting of the corresponding wideband amplitude, subband amplitude and subband phase on the given polarization for the given beam can be saved. However, it would lead to a signalling to indicate the index of the coefficients within the whole 2L-1 coefficients. Furthermore, the number of wideband amplitude being zero is variable, which would lead to various PMI payload and variable length of the signalings of the coefficients whose wideband amplitude being zero, which make the system more complicated.

Actually, there it another way to save the overhead when the wideband amplitudes on both polarizations for certain beam are zero. With configured number of beam L by gNB, UE can report the CSI with fewer beams than being configured. In LTE Rel-14 advanced CSI, W1 includes two beams and the wideband amplitude for two beams are common for different polarizations and layers. In our evaluation, the possibility of appearing zero-power beam is low, i.e. close to 9%. Hence the gain of optimizing zero-power coefficients reporting is trivial. However in NR, the situation is different. The wideband amplitude can be quantized per beam, per polarization and per layer. And the number of configured beams L can be up to 4. Thus the possibility of zero-amplitude coefficients could be significantly increased. On the other hand, the payload of subband-level reports (SB amplitude and 8PSK co-phasing) is much larger than LTE. Hence carefully considering the reporting issue of zero-amplitude coefficients may be quite meaningful.
Some proposals were raised in last several meetings. These schemes assume the associated subband amplitude and phase are not reported when wideband amplitude is zero. So these schemes strive to make gNB aware of the payload size of subband amplitude and phase.

Alt.1: extract wideband amplitude and separately encoding. 

In this scheme, three parts of CSI, including RI, wideband amplitude and other contents of PMI/CQI, are encoded separately. After successfully decoding RI and wideband amplitude, gNB can be aware of the payload size of subband coefficients and CQI. However although this scheme can save the payload size of subband PMI, the error propagation issue becomes more severe, since gNB need to decode both RI and wideband amplitude correctly in order to detect PMI/CQI correctly. To guarantee the correct detection probability, both RI and wideband amplitude should be over protected. The RI payload is relative small. Low-rate encoding is not an issue from resource consuming perspective. However, the payload for wideband amplitude is large, i.e. up to 48 bits. Over protection of this large number of bits certainly consumes more resources. It should be further studied that how much resource for SB coefficients can be saved taking into account the more consumed resource for wideband amplitude reporting.

Alt 2: RI and wideband amplitude are jointly encoded, and other contents of PMI/CQI are jointly encoded.

According to the number of zeroes in wideband amplitudes, gNB can calculate the payload of the following PMI/CQI. This scheme is actually similar to Alt-1 instead of joint encoding of RI and wideband amplitude. Our concern on this alternative is also over protections of wideband amplitudes, which is unnecessary and consume too much resource.

Therefore, it is necessary to study the CSI parameter reporting method to solve the PMI payload, considering resource consumption, gNB detection efficiency, and propagation error issue.

Proposal 2: CSI parameter reporting method should be studied to save PMI payload in NR, considering resource consumption, gNB detection efficiency, and propagation error issue.
2.3 Frequency-dependent parameterization
It is observed in [4] that the frequency correlation exists in the phases for each beam combination coefficient across multiple resource blocks. For the different inter-beam delay spread, different models can be established to approach the variation of phases across the resource blocks, such as linear phase shifting or higher order frequency parameterization model. Different overhead reduction can be achieved by different maximum order of frequency parameterization used equivalently. However, the correction between the phases across resource blocks would highly relative to the CSI of each user and multiple configurations should be supported with varying beam number, number of taps and strongest tap. What’s more, specific transform should be defined in specification, which make the CSI feedback seems more complicated.
2.4 Rank > 2 codebook design 
As discussed above, linear combination codebook for rank 1&2 has been supported in NR, which will bring performance enhancement compared with legacy codebook in LTE. However the support for high rank codebook was less touched, such as rank 3~4. 
Actually, it is highly necessary to support of high rank codebooks for NR system, in which 32 antenna ports at gNB side has been agreed to support and sufficient space isolation is provide to support MU users with more transmission layers. Meanwhile 4Rx UEs are becoming more and more popular. Fig. 6 shows the percentage of UE reporting different ranks, with the assumption of 16 ports at gNB and 4 ports at UE. It can be shown that it is of high possibility that UE report rank 3/4. 
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Figure 1. Rank distribution
In Rel-14, linear combination codebook is only declared for rank1/2, while low resolution codebook is used for higher rank. This method is not preferred in NR because low resolution codebook is insufficient to support interference rejection based precoding operation in MU. Furthermore, the low resolution codebook structure cannot fall back to linear combination codebook for rank 1/2. Therefore, when gNB decides to schedule UE with rank 1/2 transmission when UE report RI = 3/4 with low resolution codebook based PMI, the performance will be severely impacted.

Proposal 3: NR at least supports up to rank 4 linear combination codebook.
One straightforward method to design high rank codebook is to separately quantize and feedback combining coefficients in W2 for each layer. However, the CSI reporting overhead for high rank will be very large. Therefore, in our view, the overhead for high rank reporting should be comparable, or at least without significant increase over that for low ranks. On the other hand, the performance should also be guaranteed if the scheduled transmission falls back to rank 1/2. 

Based on the discussion above, we propose a compressed linear combination codebook for rank 3 and 4, in which the liner combination coefficients in layer 1 and 2 can be permuted and reused to layer 3 and 4.
For rank3 codebook, the liner combination coefficients in the first two layers can be obtained by the codebook agreed at last meeting. For the third layer, the liner combination coefficients in the layer 1 can be permuted and reused to layer 3 and eventually the combined beam in layer 3 would be orthogonal with the combined beam in layer 1. 

The multiplexing rule is described as follows:

· The amplitude coefficients (wideband and subband amplitude) in the 0-th polarization of the source layer (such as layer 1) will be permuted and reused as the amplitude coefficients in the 1-th polarization of the target layer (such as layer 3); The amplitude coefficients in the 1-th polarization of the source layer will be permuted and reused as the amplitude coefficients in the 0-th polarization of the target layer;
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 is a mapping function that reuse the amplitude of the 
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-th beam in source layer (such as layer 1) as the amplitude of the i-th beam in target layer (such as layer 3). 
· One example is
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, i.e., the amplitude (wideband and subband) coefficients in source layer is assigned for the same beam in target layer, then no additional signaling is needed for the precoder information of target layers.
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· The mapping function
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 is can be designed to guarantee the property that the larger amplitudes coefficients are assigned to the stronger beams in the target layer (such as layer 3). The property can help to guarantee the direction of the combined beam approach the intended beam direction of the target layer. The optional mapping function can be:
· Alt 1: With beam ordering of the target layer reported on wideband to gNB, the mapping rule can be: 

· The amplitude (wideband and subband) coefficients with larger wideband amplitudes in source layer are assigned for the stronger beam in target layer.
· Alt 2: With the index of the strongest beam in the target layer (referred as 
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) reported on wideband to gNB, the mapping rule can be: 

· The amplitude (wideband and subband) coefficient with the largest wideband amplitude (whose beam index can be referred as 
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) is assigned for the strongest beam in the target layer, i.e. 
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· The amplitude coefficient with the beam index 
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· For the other amplitude coefficients except for the two with beam index 
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, the amplitude coefficients are reused directly, i.e. 
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· The phase coefficients in the source layer (such as layer 1) are rotated and reused as the phase coefficients in the target layer (such as layer 3) to suppress layer interference. To guarantee the orthogonality between the source layer and the target layer, one method of phase rotation is to reuse the phases of the 1st polarization and rotate the phases of the 2nd polarization:
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that is, for L=2 and RI=3, the phase coefficients in W2 has the structure as:
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Further considering the orthogonality between the second layer and the third layer, more phase rotation method can also be considered and selected by UE. For example, the phase coefficients in W2 can also have the following strucrture. 
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For rank4 codebook, the liner combination coefficients in the first two layers can be obtained by the codebook agreed at last meeting. For the third layer, the liner combination coefficients in the layer 1 can be permuted and reused to layer 3 and eventually the combined beam in layer 3 would be orthogonal with the combined beam in layer 1. For the fourth layer, the liner combination coefficients in the layer 2 can be permuted and reused to layer 4 and eventually the combined beam in layer 4 would be orthogonal with the combined beam in layer 2. The mapping rule is the same with the rule described above and eventually the combined beam in layer 4 would be orthogonal with the combined beam in layer 2. 
To demonstrate the performance of the proposed codebook, the simulation is performed and the results are shown in Fig. 2 and 3. The baseline is Rel-13 rank3/4 configuration 1 codebook. For the proposed codebook, L=4 and the linear combination coefficients for the layer 1 and 2 are obtained by the agreed codebook in RAN1#89 meeting. The term in Fig. 2 and 3 “LC” means the linear combination coefficients of 3 or 4 layers are calculated and fed back independently. 
As shown in Fig. 2 and 3, the performance of the proposed codebook degrades about 10%~20% compared with conventional linear combination codebook. However, the proposed codebook can save about ~33% overhead for rank 3 codebook and ~50% overhead for rank 4 codebook.
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Figure 2. Performance of the proposed rank 3 codebook
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Figure 3. Performance of the proposed rank 4 codebook

2.5 CSI reporting in multiple time instances
According to the agreed codebook in the last meeting, the overhead for type II Category 1 feedback would achieve hundreds of bits. Take the case of L=4 and rank 2 as an example, the overhead would up to more than 500 bits. Therefore it is highly necessary to reduce the overhead reported within each time instance to fulfil the potential capacity limitation of PMI payload.

To reduce the overhead within one time instance, the CSI reporting of Type II Category I CSI can be chosen from the following options:

· Opt. 1: Reporting of the CSI of each layer can be multiplexed in time domain and CSI of each layer is reported within one time instances.

· Opt. 2: Reporting of the CSI of each layer can be multiplexed in time domain and CSI of each layer is reported in multiple time instances.

· Opt. 3: CSI of multiple layers can be reported in multiple time instances and the reported CSI in each time instances is from all the layers.
For type II Category 1 codebook, the overhead for one layer is still more than 100 bits. We have the following proposal:

Proposal 4: Reporting of the CSI of each layer should be multiplexed in time domain.
Actually, CSI of each layer can still be reported in multiple time instances. In [5], the CSI reporting of multiple beams is divided into multiple reporting instances and the feedback overhead for each instance would be considerable small. A little concern about the differential CSI reporting is the time-varying CSI of the UE. With the differential CSI reporting, the multiple beams required to be reported on N instances are preconfigured at the beginning of the N instances. An exception case is that if the CSI of the UE changes within the N instances, and the most significant beams to represent CSI would change accordingly, then it is unnecessary to report the remaining beams. 

Actually, the beams to represent the CSI of the UE can be divided into multiple levels, in which some beams can be reported to feedback the coarse CSI and the other beams can be reported to be the complementarity to the coarse CSI. Take an example, for the case of L=4, coarse CSI feedback is to report the beams with larger wideband amplitude while the complementary CSI is to report the remaining beams. However, in this case, an indicator should be reported to tell gNB that UE is reporting the initial coarse CSI or complementary CSI. Therefore, dependency would exist in the multiple time instances for the CSI reporting of each layer. Besides, considering the case of potential extension of rank 1/2 codebook to rank 3/4 codebook, dependency may also be exist in the CSI reporting of multiple layers.
Proposal 5: Dependence between multiple CSI reporting time instances should be supported.
3 Conclusions
In this contribution, we have the following proposals:
Proposal 1: L Beams are jointly signalled in Category 1 codebook.

Proposal 2: CSI parameter reporting method should be studied to save PMI payload in NR, considering resource consumption, gNB detection efficiency, and propagation error issue.

Proposal 3: NR at least supports up to rank 4 linear combination codebook.
Proposal 4: Reporting of the CSI of each layer should be multiplexed in time domain.
Proposal 5: Dependence between multiple CSI reporting time instances should be supported.
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Appendix A. 
Table II. Simulation assumptions and parameters
	Parameters
	Values

	Scenarios
	3D UMa 

Single Layer: Macro layer: Hex. Grid

	Duplex mode 
	FDD

	Inter-BS distance 
	500m

	Carrier frequency 
	4GHz

	Simulation bandwidth
	10MHz

	Channel model
	SCM-3D-UMA

	BS Tx power 
	46dBm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1); (dH,dV) = (0.5, 0.8)λ

	BS TXRU mapping
	(MTXRU, NTXRU, P, Mg, Ng) = (2, 8, 2, 1, 1)

	BS antenna height 
	25m

	UE antenna configurations 
	(M, N, P, Mg, Ng) = (1, 2, 2, 1, 1); dH = 0.5λ

	UE antenna height
	Follow TR36.873

	UE antenna gain
	Follow TR36.873

	UE receiver noise figure
	9 dB

	Traffic model
	Non-Full buffer, FTP model 1, 500KB packet size

	UE distribution
	80% Indoor, 3km/h, 

20% Outdoor, 30km/h

	Scheduler
	PF

	HARQ scheme
	CC with up to 3 retransmissions

	UE receiver type
	MMSE-IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	MIMO mode
	MU-MIMO with rank adaptation, max rank =4
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