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1. Introduction
In RAN1#95 meeting, Type II CSI feedback overhead reduction schemes were discussed and following agreements were made for CSI feedback overhead reduction for MU-MIMO support [1].
Agreement
For Rel-16 NR, agree on Alt1 (DFT-based compression) in Table 1 of R1-1813002 as the adopted Type II rank 1-2 overhead reduction (compression) scheme as formulated in Alt1.1 of R1-1813002
· Note: The same DFT-based compression scheme is extended for Type II port selection codebook
· Codebook subset restriction (CBSR) is supported when DFT-based compression is utilized for Type II codebooks with overhead reduction (compression) scheme
· FFS: detailed signaling mechanism 
· Note: Additional compression scheme(s) are not precluded 
Agreement 
In RAN1 NR-AH 1901, decide (agree on) at least the following aspects of DFT-based compression:
· Frequency-domain compression unit: same subband size as CQI vs. RB (or multiple of RBs) different from CQI
· Basis subset selection for the 2L beams: common (including the possibility of reporting a subset of 2LM coefficients) vs. independent
Agreement
For RAN1 NR-AH 1901:
· Identify the remaining details required to finalize Type II rank 1-2 compression, e.g. range of values and configuration for each DFT-based compression parameter, CBSR utilization, detailed UCI design (such as reporting of coefficients associated with strongest beam/polarization)
· Companies are encouraged to evaluate the options A, B, C, D, and E (“other schemes”) summarized in Table 3 of R1-1813002 for potential support for Type II rank 1-2 overhead reduction 
Agreement: 
In RAN1 NR-AH 1901, select one of the following alternatives for precoder/PMI FD compression unit, taking into account UPT vs. overhead and complexity 
· Alt1. Subband (SB), wherein the SB size for precoder/PMI compression is the same as the CQI subband size
· Alt2. X resource blocks (RBs), different from CQI subband size. Three sub-alternatives 
· Alt2.1 X = 1
· Alt2.2 X = CQI SB size / R where R>1 is a predetermined integer 
· Only one R value is supported. FFS: the value of R
· Alt2.3 X = {2, 4} where X is higher-layer configured 
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for quantization for evaluation purposes.
Agreement:
The first offline agreement in section 2.2 of R1-1814201 on ‘Basis subset or linear combination (LC) coefficient selection for the 2L beams’ is agreed.
Agreement: 
In RAN1 NR-AH 1901, select one of the following alternatives for DFT basis oversampling factor(s) O3:
· Alt1. O3 = 4
· Alt2. O3 = 1 (critically sampled)
· Alt3. O3 is fixed for and depends on a given length of the DFT vector (N3) and/or bandwidth part, exact dependence is FFS

[bookmark: _Hlk534816163]Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.

Agreement: 
In RAN1 NR-AH 1901, companies are encouraged to evaluate the following alternatives for compression basis 
(Wf) subset selection scheme across different layers when RI=2. Select one of the following alternatives in RAN1#96: 
· Alt1. Basis subset selection (Wf) for the 1st is the same as that for the 2nd layer 
· Alt2. Basis subset selection (Wf) for the 1st can be different from 2nd layer
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.

For next meeting
In RAN1 NR-AH 1901, companies are encouraged to study the following issues for finalizing the remaining details on DFT-based compression in RAN1#96:
· Supported values for the number of FD compression units before compression, or the DFT vector length (N3), by considering, e.g.
· Whether one compression is performed across the entire CSI reporting band or a segment of the CSI reporting band
· Supported values for the number of FD components after compression (M for common selection or {Mi} for independent selection)
Agreement: 
For each layer, the following alternatives for quantizing each of the coefficients in  are to be studied for down selection in RAN1#96: 
· Alt1A. Rel.15 3-bit amplitude; Rel.15 QPSK and 8PSK co-phasing 
· Alt1B. Rel.15 3-bit amplitude; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing 
· Alt2A. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK and 8PSK co-phasing 
· Alt2B. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing
· Alt2C. Rel.15 3-bit wideband amplitude + Rel.15 QPSK and 8PSK wideband co-phasing for each beam, 2/3-bit differential amplitude and co-phasing for FD coefficients;
· Alt3. A-bit amplitude for each of 2L beams, B-bit amplitude for each of M FD components, 1-bit differential amplitude and 8PSK co-phasing for each of the 2LM FD coefficients
· Alt4. For each beam, 
· B0-bit amplitude and C0-bit phase for coefficients for the P0 strongest coefficients, 
· B1-bit amplitude and C1-bit phase for coefficients for the P1 2nd strongest coefficients, …
· …
· BQ-1-bit amplitude and CQ-1-bit phase for coefficients for the PQ-1 Qth strongest coefficients
· Alternatively, amplitude/phase can be replaced with real/imaginary
· Alt5. Special case of Alt4: Q=2, B0=C0=3; B1=C1=2 on amplitude/phase
As per the agreements, it was agreed to adopt DFT-based compression as the Type II rank 1-2 overhead reduction scheme. In addition, it was agreed to support codebook subset restriction (CBSR) and to extend the same DFT-based compression scheme for Type II port selection. Further, following aspects related to DFT based compression are agreed to decide in RAN1 NR-AH 1901.
· Basis subset selection for spatial beams: Common basis for all beams vs independent basis for each beam
· Frequency domain compression unit: subband size as CQI vs. RB different from CQI
· DFT basis oversampling factor: O3 = 4, 1, fixed for and depends on a given length of the DFT vector (N3) and/or bandwidth part
· Determine how to select DFT basis subset(s) for different layers (when Rank = 2)
In this contribution, we focus on identifying some potential solutions to consider for above aspects. 
2. Type II CSI feedback overhead reduction
As discussed in our previous contribution [2], the major overhead of Type II CSI feedback comes from sub-band reporting for phase and amplitude. For instance, for the case of rank=1 and L=2, as per [3], out of 142 total payload bits (assuming 10 sub-bands) in the feedback, 30 bits are allocated for sub-band amplitude reporting while 90 bits are used for sub-band phase reporting. In terms of percentage, for sub-band amplitude reporting, approximately 21% of overhead is assigned whereas this ratio goes up to 85% when both amplitude and phase reporting for sub-bands are considered. Hence it is essential to somehow compress sub-band related information to reduce the feedback overhead. DFT-based compression is one feasible solution in achieving this objective.
To understand how to introduce DFT-based compression techniques for CSI feedback overhead reduction, let us first look at the Type II CSI precoding vector generation (for a specific layer). Following [4], this can be given as,                                                                                                                                       
 (1)

Here,  captures precoding vectors for  frequency units, i.e., sub-bands in Rel.15. Note that  denotes the number of available ports.  consists of  wideband spatial 2D-DFT beams. The matrix capturing the sub-band combination coefficients is represented in (1) by  
Now, with DFT-based compression, considering the channel impulse responses spatial beams,  can be approximated using set of DFT basis vectors as follows
   
where is  the d-th DFT basis vector of u-th spatial beam and  captures complex combination coefficient corresponding to d-th DFT basis vector of u-th spatial beam. Number of DFT basis vectors associated with the u-th spatial beam is captured by . Note that, this is the general representation of  after DFT-based compression. Next, considering (2) we look at potential solutions for previously discussed aspects in Section I.    
2.1 Basis subset selection for spatial beams
As agreed in [5], 2 alternatives (Alt), 1) common, and 2) independent basis selection were identified as possible solutions for basis subset in (2). In particular, Alt1 is again divided in to two branches based on number of reporting coefficients. Agreed alternatives for basis subset selection can be summarized as follows
· Alt1A. Common selection for all the 2L beams, wherein M coefficients are reported for each beam
· Alt1B. Common selection for all the 2L beams, but only a size-  subset of coefficients is reported (not reported coefficients are treated as zero) 
· [bookmark: _GoBack]Alt2. Independent selection for all the 2L beams, wherein  coefficients are reported for the i-th beam (i=0, 1, …, 2L-1)
Alt1 proposes to consider common set of DFT basis vectors for all 2L spatial beams. Accordingly, (2) can be rewritten for Alt1 as,

Here () captures combination coefficients and  () consists of selected M DFT basis vectors. Even though different spatial beams can have different channel delays (leading to different DFT basis subsets) based on the underlying propagation channel, with common basis selection, this fact seems to be overlooked. On the other hand, since DFT basis vectors are common for all the spatial beams, higher overhead reduction can be achieved with common basis selection.
Regarding the number of coefficients to be reported with common basis approach, it is better not to report all the coefficients since some of the coefficients may have negligible impact. However, since UE has the proper idea about underlying propagation channel characteristics, it is important to allow UE to determine number of reporting coefficients, K0.    
Proposal 1
· For common basis approach, allow UE to determine number of coefficients, K0 to be reported.
Alt2 in the agreement proposes to consider independent DFT basis selection for each spatial beam. Not like in the case with common basis approach, independent basis selection allows each spatial beam to pick DFT basis vectors individually. Hence, with this approach, associated delays with different spatial beams can better be approximated with DFT basis vectors. In fact, if the number of DFT basis vectors to be picked for each spatial beam,   is not the same and depends on the spatial beam, the resulting  can be given as in (2). However, if , all the spatial beams will have same number of DFT basis vectors. 
The main drawback of independent basis selection compared to common basis approach is the large feedback overhead. By selecting , associated overhead with independent basis selection can be controlled to some extent. Further, it is better to investigate achievable performance with smaller  for independent basis selection. Since the first stage precoders, i.e. spatial beams, focus the energy there can be very few significant delays involved. On the other hand, with common basis approach, the selected DFT basis needs to cover different delays associated with different spatial beams and hence may need to have more number of DFT basis vectors to cover all these delays.    
Observation 1
· Independent basis selection can provide better performance over common basis selection. However, the associated overhead is large for independent basis selection compared to that of common basis approach specifically if the same number of basis vectors as that of common basis vectors are reported for each beam.
Proposal 2
· Independent basis selection with smaller number of DFT basis vectors should be supported to achieve better balance between performance and overhead.
2.2 DFT basis oversampling factor
DFT basis oversampling is important for properly approximating the propagation channel characteristics associated with a spatial beam. As agreed in [5], 3 alternatives are suggested for selecting an oversampling factor, O3 as follows.
· Alt1. O3 = 4
· Alt2. O3 = 1 (critically sampled)
· Alt3. O3 is fixed for and depends on a given length of the DFT vector (N3) and/or bandwidth part, exact dependence is FFS
As mentioned previously, DFT basis oversampling is important for properly approximating the associated delays with spatial beams. Hence, we believe Alt2 which proposes critical sampling should not be considered and based on further investigation on Alt3, either Alt1 or Alt3 should be selected for the DFT basis oversampling factor.
Observation 2
· For properly approximating the underlying propagation channel characteristics associated with a spatial beam, DFT basis oversampling is important.

Proposal 3
· Further investigate the performance of oversampling factor depending on a given length of the DFT vector, N3 and/or bandwidth part after finalizing frequency domain compression unit. Afterwards, select either O3=4 (Alt1) or O3 depending on the length of N3 (Alt3).
2.3 Frequency domain compression unit
As agreed in [5], 2 alternatives are proposed for frequency domain compression unit. They are,
· Alt1. Subband (SB), wherein the SB size for precoder/PMI compression is the same as the CQI subband size
· Alt2. X resource blocks (RBs), different from CQI subband size. Two sub-alternatives 
· Alt2.1 X = 1
· Alt2.2 X = CQI SB size / R where R>1 is a predetermined integer 
· Only one R value is supported. FFS: the value of R
· Alt2.3 X = {2, 4} where X is higher-layer configured
With Alt2 above, better performance can be expected since RB-level frequency granularity can better approximate the channel frequency response. On the other hand, since we are looking at a highly directional propagation associated with a spatial beam, there can be very few significant delay taps. As a result, even with SB-level frequency granularity, the exact channel frequency response can closely be approximated. Further, it is better to follow Rel. 15 CSI reporting framework whenever possible to have minimum impact to the current spec. and hence we believe, Alt1 is good enough to select as the frequency domain compression unit for DFT-based compression.
Observation 3
· Since there can be few significant delay taps associated with a particular spatial beam, SB-level frequency granularity can closely approximate channel frequency response.
Proposal 4
· Consider sub-band as the frequency compression unit for DFT-based compression.  
2.4 Selecting DFT basis subsets for different layers
As agreed in [5], 2 alternatives are proposed for DFT basis subset selection for different layers. They are,
· Alt1. Basis subset selection for the 1st is the same as that for the 2nd layer
· Alt2. Basis subset selection for the 1st can be different from 2nd layer
For Type II CSI in Rel.15, same spatial beams are considered for different layers with layer dependent combination coefficients. Hence,  is different for different layers. DFT-based compression is done for . With the proposed independent basis selection approach, each spatial beam will have its own set of DFT basis vectors and hence Alt2 above is the only possibility for independent basis selection. On that other hand, with common basis selection, both Alt1 and Alt 2 are possible. However, in our opinion, since  is different for different layers, it is better to consider different basis subsets for different layers to properly represent .
Observation 4
· matrix is layer dependent.
Proposal 5
· For properly representing  corresponding to different layers, select different DFT basis subsets for different layers.
3. Summary
In this contribution, we discuss the potential solution to be considered for basis subset selection, identifying DFT basis oversampling factor, frequency domain compression unit and selecting DFT basis subsets for different layers associated with DFT-based compression. Based on the discussion, we have the following observations and proposals.
Proposal 1
· For common basis approach, allow UE to determine number of coefficients, K0 to be reported.
Observation 1
· Independent basis selection can provide better performance over common basis selection. However, the associated overhead is large for independent basis selection compared to that of common basis approach specifically if the same number of basis vectors as that of common basis vectors are reported for each beam.
Proposal 2
· Independent basis selection with smaller number of DFT basis vectors should be supported to achieve better balance between performance and overhead.
Observation 2
· For properly approximating the underlying propagation channel characteristics associated with a spatial beam, DFT basis oversampling is important.
Proposal 3
· Further investigate the performance of oversampling factor depending on a given length of the DFT vector, N3 and/or bandwidth part after finalizing frequency domain compression unit. Afterwards, select either O3=4 (Alt1) or O3 depending on the length of  N3 (Alt3).
Observation 3
· Since there can be few significant delay taps associated with a particular spatial beam, SB-level frequency granularity can closely approximate channel frequency response.
Proposal 4
· Consider sub-band as the frequency compression unit for DFT-based compression.  
Observation 4
· matrix is layer dependent.
Proposal 5
· For properly representing  corresponding to different layers, select different DFT basis subsets for different layers.
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