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Introduction
[bookmark: _Ref178064866]In RAN1#88b, the following agreements were made regarding Type II CSI feedback:
Agreements:
· For Type II CSI feedback (Cat 1, if supported), at least rank 1 and rank 2 are supported
· FFS other ranks
· For beam selection:
· Support at least unconstrained beam selection from orthogonal basis
Agreements:
· FFS to support a common design of W2 for Cat. 1, Cat. 2 and Cat. 3 
· FFS for Cat. 3, W2 only feedback is allowed
· FFS amplitude feedback for W2 (e.g., wideband, subband, etc.)
· Note: this does not mean NR supports all three categories
· FFS whether or not to merge Category 1 and Category 3 using a unified codebook formulation
Agreements:
· For Type I and II Cat1 (if Cat1 is supported) single panel codebooks ( structure):
· The exact design of  is to be decided in RAN1#89 for both Type I and Type II Cat1 (if Cat1 supported)
· For W1 codebook, companies are encouraged to perform more evaluations comparing the different alternatives
Agreements:
· Study mechanisms targeting efficient use of peak and/or average CSI overhead for CSI feedback Type II.
· For Category I, e.g.
· Mechanism 1: Frequency selective precoding feedback with delay-related parameter(s) (e.g. R1-1704884, R1-1705927)
· Mechanism 2: Differential CSI reporting in time domain h(e.g. R1-1705349, R1-1705588)
· Mechanism 3: Uneven quantization bit allocation for the beam amplitudes or/and phases (e.g. R1-1705076)
· Mechanism 4: Matrix quantization considering inter-layer orthogonality for W2(e.g., R1-1704408)
· Note: performance should be also considered for overhead reduction 
· Other examples are not precluded. 

In this contribution, we present a codebook design for Type II CSI feedback as well as evaluation results motivating the design.

Overview of Type II CSI feedback
In our view, Type II CSI feedback for NR can follow in the tracks set out by the LTE Rel-14 advanced CSI codebook design but be allowed to further increase the feedback payload compared to LTE, so that better performance can be attained. Thus, RAN1 should focus the Type II CSI feedback design on the “Category 1” precoder feedback schemes and we present a detailed such proposal and corresponding evaluation results in this contribution.
If feedback overhead for the Type II schemes is deemed too costly, one can consider more advanced mechanism of compressing the CSI, such as utilizing frequency-selective precoding feedback with delay-related parameters (Mechanism 1 in the above agreement). This is outlined in our contribution on frequency parametrization of Type II CSI [1] where we show a promising potential for reducing the CSI feedback payload by parametrizing the channel of each beam in the precoder across the frequency band instead of quantizing the coefficients independently per subband. While this mechanism is promising, it requires further study. Therefore, RAN1 should focus on first specifying Type II codebooks based on extension of the Rel-14 advanced CSI codebooks (which has been thoroughly investigated). If Mechanism 1 is found to be beneficial after further study, it can be added later in the release or in NR Phase 2.
Type II CSI feedback should be considered for beamformed CSI-RS operation as well as a part of a hybrid non-precoded / beamformed CSI-RS operation. In that context, methods of acquiring long-term Type II CSI should be considered as well. In our contribution regarding this [3] , we propose that a high-rank version of the Category 1 Type II codebook can be used to represent the eigenvectors of the wideband/long-term correlation matrix and that a special mode for covariance matrix feedback is not required. Further, the codebook for Type II operation with beamformed CSI-RS (Category 3) can be the same as the one used for non-precoded CSI-RS, but where the beam selection component is omitted. Thus, Category 1 and Category 3 can be merged using a unified codebook formulation.
As has been agreed in RAN1#88b, Type II CSI feedback should be supported for ranks 1-2. In our opinion, higher ranks do not need to be supported, at least for NR Phase I, as Type II CSI is mainly targeting MU-MIMO operation transmitting relatively few layers to each UE. In addition to substantially increasing the feedback overhead, higher rank Type II codebooks may warrant a different codebook design than rank 1-2 codebooks, which needs to be extensively studied. Therefore, we propose that
[bookmark: _Toc481683184][bookmark: _Toc481683296][bookmark: _Toc481766710]Type II CSI codebook are only defined for ranks 1-2 in NR Phase 1
Type II CSI Codebook Design Details
The Type II Codebook design for Category I consists of two components, basis selection and basis combination. As per the LTE Rel-14 design, the basis should be constructed from columns of a dual-polarized 2D-DFT matrix (assuming UPA structure of antenna ports) in order to correspond to different beam 2D directions. The precoder matrix should then be formed by linearly combining the basis vectors, weighting them together using different amplitude and phase weights. As already agreed by RAN1, The Type II codebook can reuse the familiar dual-stage  structure where  is selected wideband while  is selected per subband. Basis/beam selection should be comprised in  while selection of beam phase weights should be done frequency-selectively in . In our view, beam amplitude weights could be configured to be in either of  or  or both of them, depending on what trade-off between performance and overhead is desired.
Basis selection
To effectively express the W1 codebook, we first define a dual-polarized rotated 2D-DFT beam space transformation matrix  as 

where  is a size  DFT matrix, i.e. the elements of   are defined as  . The orthogonal 2D beams may thus be indexed by the orthogonal beam indices . Further,   is a size  rotation matrix, defined for . Multiplying  with  from the left creates a rotated DFT matrix with entries . Rotating the beam space basis has an effect similarly to oversampling a codebook, for example, if the channel is a pure LOS channel and the angle of the LOS ray if perfectly aligned with a constituent beam in the beam space, the channel matrix can be described by only one beam coefficient. However, if the angle of the LOS ray lies in between two beams in the beam space, two beam coefficients are required to express the channel, doubling the amount of overhead needed.
We assume that the rotation factors  are uniformly quantized, i.e. . . Then, a rotated beam is equivalent to an oversampled DFT beam with oversampling factors  and . An example is shown in Figure 1. 
Orthogonal DFT beams
Rotated DFT beams with rotation factors :   
 Beams
Oversampled DFT beams



 
 Beams
) =(0,0)







[bookmark: _Ref457138830]Figure 1: An example of rotated orthogonal beams expressed as oversampled DFT beams
The rationale for expressing the 2D beams by means of rotation indices  and orthogonal beam indices  instead of flat beam indices ,  is that feedback overhead can be saved since the rotation indices are the same for all selected beams. 
A selected beam matrix consists of columns from , where  beams are selected, as


where  denotes the selected beam indices 

 Thus, feedback of basis selection comprises signalling the following quantities:
· Beam space rotation indices 
· Selection of  beams: ,,…
· Note that the beam selection could possibly be signalled as a group
Thus, our proposed basis design follows the Rel-14 advanced CSI codebook, but using unconstrained selection of beams rather than constrained selection, for all supported number of antenna ports, as was agreed in RAN1#88b. 
There have been some proposals on utilizing different basis design, for instance containing wideband co-phasing of beams in W1 or utilizing antenna grouping similar to multi-panel codebooks, i.e. Schemes 1-2, 1-3 and 1-4. There have also been proposals on constraining the beam selection to conserve W1 overhead.  In our contribution to RAN1#88 [2], we discussed these topics and found that neither of these proposals shoed any benefit.
Basis combination design
The selected beams in the basis should be linearly combined with phase and amplitude weighing to form the resulting precoder. The total precoder for rank 2 (as an example) can then be expressed as

where  

is the precoder weights for layer   for the antennas on polarization . The phase combining coefficients can take values from an -PSK constellation, where  according to previous RAN1 agreement, i.e.

but where  since only the relative phases between the beams for each layer matters. 
The amplitude coefficients can be factorized into a wideband part  and a subband part  in order to reduce overhead. Here, the WB amplitude coefficients  may for instance be linearly quantized with 3 bits in the dB domain but where a zero state is included, so that . Including a zero state is useful to “turn off” weaker beams. That is, if a UE is configured with L=4 beams but only finds that L=3 beams needs to be included in the precoder for optimal performance, the weakest beam can be turned off and the coefficients for said beam does not need to be reported, reducing the PMI overhead.
[bookmark: _Toc481766704]Including a zero amplitude state can reduce PMI overhead as coefficients for turned off beams does not need to be reported.

In our view and as stated previously, two modes for amplitude quantization should be supported in order to have different trade-offs between performance and overhead:
· WB only amplitude:fixed
· WB + SB amplitude: , i.e. 1 bit differential subband amplitude
Both the amplitude and phase coefficients should be reported independently for each polarization and layer in order to optimize performance. In case L=2, one feedback bit per layer can be saved if the strongest WB amplitude coefficient (which should be set equal to 1) is indicated and only the remaining 2L-1 coefficients are reported, compared to if all 2L coefficients are reported.

[bookmark: _Toc481680878][bookmark: _Toc481681670][bookmark: _Toc481683185][bookmark: _Toc481683297][bookmark: _Toc481766711]Adopt the herein described codebook as the Type II CSI codebook

Overhead of codebook proposal
An example calculation of payload is presented below, assuming the worst case of 32TX with , 8-PSK phase constellation and assuming  as in the LTE advanced CSI codebook. 

Table 1: Example overhead calculation for SB amplitude
	
	W1 overhead 
	

	L
	Beam selection:  bits
	Rotation:
 bits
	Strongest beam indication 
 bits per layer
	WB Amplitude:
 bits per layer
	Total W1  payload Rank 1
	Total W1  payload Rank 2

	2
	7
	4
	2
	9
	22
	33

	3
	10
	4
	3
	15
	32
	50

	4
	11
	4
	3
	21
	39
	63

	
	W2 overhead

	L
	SB Amplitude (if applied):
 bits per layer
	SB Phase:
 bits per layer
	Total W2 payload Rank 1 
	Total W2 payload Rank 2
	Total Rank 1 payload for 10 SB
	Total Rank 2 payload for 10 SB

	2
	(3)
	9 
	9   (12)
	18  (24)
	112 (142)
	213 (273)

	3
	(5)
	15
	15  (20)
	30  (40)
	182 (232)
	350 (450)

	4
	(7)
	21
	 21  (28)
	42  (56)
	249 (319)
	483 (623)




In the following sections, we motivate the proposed design with evaluation results.
Performance evaluation of proposed codebooks
The purpose of using a linear combination codebook instead of quantizing the eigenvectors directly is to achieve dimensionality reduction to lower the feedback overhead by utilizing that the channel is sparse in the DFT transform domain. A natural question is how many beams needs to be included in the precoder to achieve good performance. The more beams are included, the more dimensions of the channel are included, which increases performance, but also feedback overhead. It has already been agreed to support , but an open issue is if  should be supported.
Another question is the frequency-granularity of beam amplitude reporting, similarly as the question to how many beams should be supported, WB only or WB+SB is a trade-off between performance and overhead. 
To answer these question, we present evaluations results for the proposed Type II CSI codebook (as disclosed in the previous section) with  beams and either WB only or WB+SB amplitude reporting. The simulations are performed in the 3GPP 3D UMi scenario using the FTP1 traffic model with 100kB packet size. The base stations are equipped with an 8x4 antenna, using either 32 or 16 antenna ports, and uses MU-MIMO with dynamic rank adaptation while the UE has 2RX antenna. Additional SLNR processing is applied on top of the reported precoders, but the rank selection follows the reported RI. Other assumptions are presented in the Appendix. The performance is measured using relative gains in mean and cell edge user throughput over Rel-14 advanced CSI codebook at 70% resource utilization. 
The evaluation results for 32TX are presented in Table 2 while 16TX results are presented in Table 3. We make the following observations on the results:
[bookmark: _Toc481766705]Substantial gain over Rel-14 advanced CSI codebook already with L=2 and WB only amplitude, for both 32 and 16 TX
[bookmark: _Toc481766706]Substantial performance increase for both 32TX and 16TX when increasing the number of beams from L=2 to L=4
[bookmark: _Toc481766707]Only a relatively small increase in performance when increasing the number of beams from L=4 to L=6, while the overhead is increased by 50%
[bookmark: _Toc481766708]Approximately 10% cell edge gain with WB+SB amplitude over WB only amplitude for 16TX and 5-8% gain for 32TX
Based on these observations, we can conclude that configuring L=2,3 or 4 and either WB only or WB+SB amplitude results in widely different performance and overheads while all options being efficient and valid designs. Thus, depending on what overhead can be tolerated and what CSI accuracy is required, an appropriate Type II codebook could be configured and thus all presented options should be supported. However, L=6 does not seem to bring enough additional performance gain over L=4. We therefore make the following proposals:
[bookmark: _Toc481680879][bookmark: _Toc481681671][bookmark: _Toc481683186][bookmark: _Toc481683298][bookmark: _Toc481766712]The Type II codebook can be configured with L=2,3 or 4 dual-polarized beams in W1 and either WB only or WB+SB amplitude

[bookmark: _Ref481679705]Table 2: Performance of proposed Type II codebooks for 32TX in UMi
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[bookmark: _Ref481679708]Table 3: Performance of proposed Type II codebooks for 16TX in UMi
[image: ]



Uneven quantization bit allocation 
In this section, we discuss one of the mechanisms for Type II codebook overhead reduction captured as alternatives for further study in RAN1#88b, Mechanism 3, that applies uneven bit allocation for quantizing the SB coefficients of the different beams according to their WB reported amplitude coefficient. The motivation is that beams that are reported with a lower WB amplitude do not impact the total resulting precoder as much as the stronger beams and so the quantization granularity can be reduced in order to save feedback overhead without impacting the precoding performance that much.
The following scheme has been investigated:
· For each layer, the K strongest coefficients (where each coefficient corresponds to a beam on a polarization) is identified based on the calculated WB amplitude coefficients . If two coefficients share the same value and there is an ambiguity which coefficient should be considered as one of the K strongest ones, selection is made according to a fixed ruled without any additional indication.
· The SB phase and amplitude coefficients corresponding to the K strongest WB coefficients are calculated according to the proposed codebook with WB+SB amplitude with 1 bit SB amplitude and 8-PSK beam cophasing
· The remaining 2L-K coefficients are quantized using 0 bits for SB amplitude and Q-PSK beam cophasing
· Thus reducing the number of required bits with 2 bits per beam, polarization, and layer.
The performance of the uneven bit allocation scheme for 32TX is presented in Table 4 below, where simulation have been performed for L=2,3 and 4 beams for the following values of K:
· L=2: 
· L=3: 
· L=4: 
Note that K=2L implies that even bit allocation is used. As may be seen, different performance is achieved for different values of K as expected. For L=2 beams, K=2 seems to substantially reduce performance compared to K=4 (i.e. even bit allocation) and cannot be motivated. However, for L=3 and L=4 the performance loss is smaller and it could be motivated to use a lower quantization granularity on the two weakest coefficients per layer (i.e. setting K=2L-2) in order to reduce overhead.
[bookmark: _Toc481766709]Uneven bit allocation with K=2L-2 can be motivated for L=3,4

[bookmark: _Ref481682282]Table 4: Performance of uneven bit allocation for 32TX in UMi
[bookmark: _GoBack][image: ]


Conclusions
In this contribution we have presented a Type II codebook design as well as evaluation results motivating the design. The following observations have been made: 
Observation 1	Including a zero amplitude state can reduce PMI overhead as coefficients for turned off beams does not need to be reported.
Observation 2	Substantial gain over Rel-14 advanced CSI codebook already with L=2 and WB only amplitude, for both 32 and 16 TX
Observation 3	Substantial performance increase for both 32TX and 16TX when increasing the number of beams from L=2 to L=4
Observation 4	Only a relatively small increase in performance when increasing the number of beams from L=4 to L=6, while the overhead is increased by 50%
Observation 5	Approximately 10% cell edge gain with WB+SB amplitude over WB only amplitude for 16TX and 5-8% gain for 32TX
Observation 6	Uneven bit allocation with K=2L-2 can be motivated for L=3,4

Based on the discussion in this contribution we proposed the following:
Proposal 1	Type II CSI codebook are only defined for ranks 1-2 in NR Phase 1
Proposal 2	Adopt the herein described codebook as the Type II CSI codebook
Proposal 3	The Type II codebook can be configured with L=2,3 or 4 dual-polarized beams in W1 and either WB only or WB+SB amplitude
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Appendix
[bookmark: _Toc462402224]Simulation parameters
	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	32 TX: 8x4 with 2x1 virt., UMi (130° tilt)
16 TX: 8x4 with 4x1 virt., UMi (108° tilt)

	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Type II CSI codebook (when used)
	Number of beams: 2,3,4,6
Beam space rotation hypotheses per dimension: 4
Beam power: 8 states, wideband or subband or differential WB/SB
Co-phasing: 8-PSK 

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 100 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency
Max 8 MU layers

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB
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