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Introduction
Following the itemization in the WID [1], Rel.16 NR MIMO WI includes the following two items for MU-MIMO CSI enhancement:
1. Type II overhead reduction for rank 1-2 
2. Type II rank>2 extension 
In RAN1#95 [2][3], DFT-based compression has been agreed along with some design components along with alternatives for the remaining design components. For the remaining design components, it was agreed that the following components need to be finalized as follows:
· No later than RAN1 NRAH 1901:
1. Frequency domain compression unit
2. Basis/coefficient subset selection for the 2L beams (for the 1st layer)
3. Oversampling factor (O3)
· No later than RAN1#96: 
4. Supported values of M and N3
5. [bookmark: _Ref535361779]Quantization for  (LC) coefficients
6. Basis/coefficient subset selection for RI=2
7. Other details such as UCI design and CBSR
8. Support for “Other schemes”
In an offline email discussion before RAN1 NRAH 1901, it was also agreed that item #4 (supported values of M and N3) can be finalized in RAN1 NRAH 1901.  
This contribution serves as a summary of the submitted contributions on CSI enhancement for MU-MIMO support ([5]-[34]), also taking into account the offline email discussion between RAN1#95 and RAN1 NRAH 1901. The summary is structured as follows:
· Just as in RAN1#95, only Type II rank 1-2 overhead reduction is discussed in this summary. 
· Sections 2.1 to 2.8 are structured according to items #1 to #8, respectively. Section 2.9 summarizes the submitted simulation results. 
· Section 3 updates the timeline/work plan with more details for Type II rank 1-2 overhead reduction.

[bookmark: _Ref529369566]Summary 
1 
2 
Frequency-domain compression unit
The following alternatives were agreed in RAN1#95 [2][4]:
· 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 
The views from different companies can be summarized in Table 1.   

[bookmark: _Ref526296353][bookmark: _Ref526296347][bookmark: _Ref529369183]Table 1 Frequency-domain compression unit, summary of companies’ views
	Category
	No. companies
	Companies

	Alt1. CQI SB size
	14
	AT&T, Huawei/HiSi (default), Intel, NEC, NTT Docomo, OPPO, Qualcomm, Samsung (default), Spreadtrum, vivo, Nokia/NSB (default), CATT

	Alt2.1. X=1 RB
	1
	LG

	Alt2.2. X=CQI SB / R
	8
	Ericsson, Huawei/HiSi (UE capability), Nokia/NSB (R=2), Samsung (secondary, for larger BW, e.g. R=2), vivo (additional, R=2), LG (secondary, R=2)

	Alt2.3. X={2,4} configurable
	5
	Fraunhofer IIS/HHI(X=4), MotM/Lenovo, ZTE (also add X={8.16})



As evident, Alt1 represents the majority view (14), followed by Alt2.2 (8). It should be noted that out of the 14 companies supporting Alt1, four companies (Huawei/HiSi, Samsung, and vivo) propose to support Alt2.2 as a secondary scheme. The main argument for supporting this additional scheme is the potential loss of performance for larger BW (e.g. >40MHz). The Rel.15 paradigm limits the overhead by increasing the CSI subband size (the same for both CQI and PMI) proportionally with the bandwidth – while the channel frequency selectivity (hence the coherence bandwidth) remains the same. This loss was deemed inevitable to avoid excessive overhead (which increases linearly with the bandwidth). However, when DFT-based compression is utilized for the PMI, the overhead increase is primarily determined by M (rather than the subband size). Therefore, it is argued that better performance-overhead tradeoff can be attained for higher bandwidth if the PMI “subband size” (FD compression unit) can be made smaller than the CQI subband size. Qualcomm proposes that UE complexity in deriving precoders shall not be ignored when determining the size of FD unit.

Observation 1: On FD compression unit, Alt1 (PMI subband size = CQI subband size) represents the majority view followed by Alt2.2 (PMI subband size = CQI subband size / R)
· Out of the 14 companies supporting Alt1, four companies propose to support Alt2.2 in addition to Alt1 as a secondary scheme or a separate (sub) UE capability 
· For Alt2.2, four companies explicitly mentioned R=2 as the choice of R  

Proposal 1: On FD compression unit, agree on Alt1 (PMI subband size = CQI subband size) as the default, along with Alt2.2 (PMI subband size = CQI subband size / R) as secondary
· The value of R is fixed to 2
· FFS: Whether secondary implies a separate UE capability or restricted use cases
· FFS: Whether FD compression unit is higher-layer configured or reported by the UE

Basis/coefficient subset selection for the 1st layer
The following alternatives were agreed in RAN1#95 (abbreviated) [2][4]:
· 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 are reported (not reported coefficients are treated as zero) 
· Alt2. Independent selection for all the 2L beams, wherein  coefficients are reported for the i-th beam (i=0, 1, …, 2L-1)
The views from different companies can be summarized in Table 2.     

[bookmark: _Ref535337903]Table 2 Basis/coefficient subset selection, summary of companies’ views
	Category
	No. companies
	Companies

	Alt1A. Common, M reported
	4
	Huawei/HiSi (only for L≤4), NEC, Intel

	Alt1B. Common, size-
	18
	Huawei/HiSi (with L=6), Ericsson, Fraunhofer IIS/HHI, LG, Mediatek, MotM/Lenovo, NEC, Nokia/NSB, OPPO, Samsung, ZTE, vivo, Intel, CATT

	Alt2. Independent
	5
	Fraunhofer IIS/HHI, NTT Docomo, Qualcomm, vivo



In addition, vivo proposes to support more than one of the above schemes. For Alt2, to reduce overhead used for reporting beam-specific basis selection, Qualcomm proposes to allow UE to determine an intermediate set and report the intermediate set and its size. For Alt2, Qualcomm also proposes to support UE-reported value of  and the size- subset for beam .
As evident, Alt1B represents the super-majority view (18). The main argument for Alt1B (over the other two) is the amount of flexibility (comparable to Alt2) while maintaining the structural simplicity of Alt1A.   
Among the companies proposing Alt1B, the following components are identified and summarized in Table 3.   

[bookmark: _Ref535355302]Table 3 Components of Alt1B, summary of companies’ views
	Issue
	Views

	2.1) Size- subset
	· Unrestricted subset (size=2LM): Fraunhofer IIS/HHI, Samsung 
· Polarization-common subset (size=LM): Huawei/HiSi (when L=6), Mediatek, ZTE
· Two-part subset (distribution according to beam strength): MotM/Lenovo
· Restricted subset (within certain beams and FD-basis): CATT

	2.2) The value of 
	· Fixed: LG, Fraunhofer IIS/HHI
· Configurable (e.g. RRC): Ericsson, Nokia/NSB, Samsung (a configurable fraction of 2LM), ZTE, Huawei/HiSi (L=6), MotM/Lenovo
· Reported: LG, NTT Docomo, OPPO, CATT

	2.3) (For fixed or configurable ) Reporting of non-zero coefficient indices
	· Report the number of non-zero coefficient indices (NNZCI) in Part 1 UCI: Ericsson, Samsung, OPPO, vivo (number of non-zero coefficients can be <= configured value K0), Nokia/NSB, LGE  

	2.4) Reporting format of subset selection (or non-zero coefficient) indices
	· Bitmap: Fraunhofer IIS/HHI, Huawei/HiSi, Mediatek, Nokia/NSB, Samsung, vivo, LGE, CATT
· Combinatorial indexing: Ericsson
· MSBs of zero-coefficient amplitudes:MotM/Lenovo



Regarding issue 2.3, when the value of  is either fixed or higher-layer configurable (see issue 2.2), some of the LC (linear combination, ) coefficients can be zero. This is analogous to the amplitude coefficients in Rel.15 Type II CSI reporting. It is therefore proposed to include the number of non-zero coefficient indices (NNZCI) in Part 1 UCI so that only the non-zero LC coefficients are reported in Part 2. It is argued that compared to the alternative of reporting the value of , fixing or configuring  while reporting only the non-zero LC coefficients can result in lower Part 1 UCI overhead. In addition, while some question the need for configuring  (e.g. Fraunhofer IIS/HHI, in lieu of fixing it), it is argued that configurable  (via higher layer signaling) is still beneficial for accommodating different channel and deployment scenarios.         

Observation 2: On basis/coefficient subset selection for the first layer, 
· Alt1B (common selection for all beams with size- subset of 2LM reported) represents the super-majority view 
· [bookmark: _GoBack]The majority of companies supporting Alt1B proposes to make  configurable (via higher-layer signaling) (9 vs. 3 vs. 4)
· For Alt1B, the following components are identified and need to be finalized:
· Size- subset design: whether polarization-independent or polarization-common
· The value of  and, if applicable, reporting mechanism for the number of non-zero coefficient indices
· Reporting format for subset selection indices

Proposal 2: On basis/coefficient subset selection for the first layer, 
· Agree on Alt1B (common selection for all beams with size- subset of 2LM reported). 
· The value of  is configured via higher-layer signaling
· In RAN1 NRAH 1901, further discuss and finalize the components of Alt1B such as 
· Size- subset design: whether unrestricted (e.g. polarization-independent) or restricted (e.g. polarization-common)
· The value of  and, if applicable, reporting mechanism for the number of non-zero coefficient indices (at least for the first layer) in UCI part 1
· The reported number of non-zero coefficients (in UCI part 1) can be smaller than or equal to K0
· Reporting format for subset selection indices

Oversampling factor (O3)
The following alternatives were agreed in RAN1#95 [2][4]:
· 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
The views from different companies can be summarized in Table 4.     

[bookmark: _Ref535337958]Table 4 Basis/coefficient subset selection, summary of companies’ views
	Category
	No. companies
	Companies

	Alt1. O3 = 4
	14
	Ericsson, Huawei/HiSi, MotM/Lenovo, Nokia/NSB, NTT Docomo, OPPO, Samsung, vivo, ZTE, Fraunhofer IIS/HHI

	Alt2. O3 = 1
	7
	CATT, Intel, LG, NEC, Qualcomm, Spreadtrum, vivo

	Alt3. O3 is fixed for and depends on BW/N3
	3
	NTT Docomo, Fraunhofer IIS/HHI



As evident, Alt1 represents the majority view (14), followed by Alt2 (7). 
Based on the evaluation, the performance difference between Alt1 and Alt2 is not large. It is also argued that intuitively Alt1 can facilitate better time-domain resolution due to the oversampling. But Qualcomm provides mathematical derivation and argues that Alt1 yields no performance difference compared to Alt2 if orthogonal bases are selected. The reason is that any orthogonal basis is essentially a phase rotation of the corresponding basis from the critically-sampled group. More specifically, if group  is selected and denote the reported PMI as , then it is equivalent to , where . It means that if we report  rather than , the obtained PMI  is simply a phase rotation of . Such phase rotation yields no difference in CQI. Huawei, on the other hand, argues that this argument is flawed since the phase rotation would give rise to different choices of  and . Although the UE can apply phase rotation on the quantized coefficients (i.e. phase rotation after after quantization) without impacting the CQI value, this is not the case before quantization (where the UE should only use oversampled  to quantize ). Qualcomm in turn states that a UE can calculate  using corresponding to larger O3 while the gNB only needs O3=1 to reconstruct the PMI. 

Observation 3: On the choice of oversampling factor O3, Alt1 (O3 = 4) represents the majority view, followed by Alt2 (O3 = 1). 

Proposal 3: In RAN1 NRAH 1901, further discuss to agree on the value of O3 
· Use O3 = 4 as a starting point (majority) and compare with O3 = 1  

Supported values of M and N3
The parameters are defined as follows [2][4]:
· The number of FD compression units before compression, or the DFT vector length (), by considering, e.g.
· Whether one compression is performed across the entire CSI reporting band or a segment of the CSI reporting band
· The number of FD components after compression ( for common selection or for independent selection)
The views from different companies can be summarized in Table 5.     

[bookmark: _Ref535337965]Table 5 Compression parameters, summary of companies’ views
	Issue
	Companies

	4.1) Range of values for 
	·  (is # CQI subbands): Ericsson, Samsung, Nokia/NSB, Huawei/HiSi
· Multiple of 2 or 3 with a table to determine : Qualcomm
· Multiple of 2, 3 and 5 for : MediaTek

	4.2) Range of values for 
	· Max  = 6: ZTE, Intel
· Single  dependent on : Ericsson, Nokia/NSB, Samsung (, p<1 is fixed), Huawei/HiSi
· Depends on (N1,N2), #SBs, etc. and  is reported by UE: Apple
· {M_i} is configured such that M_i < M_i, for i < j: Fraunhofer IIS/HHI
· M is configured, e.g., : Fraunhofer IIS/HHI, CATT
· One or multiple M values, UE reports selected value <= configured M value: vivo
· M or Mi is reported by UE (for no matter Alt1B or Alt2 in basis selection): Qualcomm



Observe that some slight majority (6) can be observed on the combination of  (where  is configurable via higher-layer signaling) and a single M dependent on . It was argued that although M depends on the channel delay spread (which can change – pointed out by, e.g. Fraunhofer), this channel-dependent statistics variation is already captured in the configurability of . Therefore, making configurable can be redundant. Qualcomm argues that the interference measurement may impact the precoder/PMI calculation (i.e., perform interference-whitening further enhance the delay spread), a configured M may result in a broken PMI because the network may not know the interference overheard by UE. Hence, Qualcomm proposes M or Mi shall be determined and reported by UE to accommodate different channel and deployment scenarios.
In addition to the above two issues, 
· Huawei/HiSi argues that the supported values for  and/or  should be decided in conjunction to other parameters such as L (the number of beams) and phase quantization. It is argued that these parameters jointly control performance-overhead tradeoff (while the overhead is mainly controlled by , additional performance gain by using wider range of spatial quantization coefficient can be obtained). In particular, Huawei/HiSi has demonstrated some performance benefit from introducing L=6 in addition to L={2,3,4} (from Rel.15) and 4-bit phase quantization (also proposed by Samsung). While phase quantization is discussed in section 2.5, the proposal to introduce L=6 can be discussed as a part of compression parameters.  
· MediaTek and ZTE (as well as LG for, e.g. >20MHz bandwidth) propose to specify a rule to segment a CSI reporting band into size  sub-bands, for which ZTE observes gain on performance-overhead trade-off after doing segmentation in simulations. To facilitate discussion, this scheme is termed the “FD compression segmentation.”

Observation 4: On the values for  and : a slight light majority on the combination of  (where  is configurable via higher-layer signaling) and a single M dependent on .

Proposal 4: In RAN1 NRAH 1901
· Discuss further the values of for  and  to facilitate agreement in this meeting
· Starting point: combination of  (where  is configurable via higher-layer signaling) and a single M dependent on 
· Also discuss whether  should be a multiple of 2 and 3 for, e.g. reduced DFT complexity 
· Discuss further the support for L=6 and FD compression segmentation
· FFS: UE reports actual M value which is smaller than or equal to configured value

Quantization for  (LC) coefficients
After RAN1#95, an offline email discussion on clarification for quantization schemes was conducted among companies who contributed in RAN1#95. As a result, the following alternatives are clarified/simplified (the original Alt2C was withdrawn):  
· 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
· Alt3.  The coefficient matrix  (2L-by-M matrix) is expressed by a product of three matrices (=ABC). A and C are real-valued diagonal matrices and B is a coefficient matrix. The amplitude set for B is {0,1}. For the amplitude sets of A and C:
· Alt 3A: 3bit R15 amplitude set for A and C.  
· Alt 3B: 3bit R15 amplitude set for A and new 2bit amplitude set {0, 1/4, 1/2, 1} for C.  
· Alt4. For each beam: 4-bit amplitude and 4-bit phase for the first FD component; 3-bit amplitude and 3-bit phase for the remaining FD components
· Alt5A. For each beam: 4-bit amplitude and 4-bit phase for the strongest coefficient; 3-bit amplitude and 3-bit phase for the remaining coefficients
· Alt5B. For each beam: 3-bit amplitude and 3-bit phase for P0 strongest coefficients; 2-bit amplitude and 2-bit phase for P1 2nd strongest coefficients
After some further discussion, the proponents of Alt4, 5A, and 5B decided to merge their proposals into one scheme as follows:
· Alt4. For each beam: 4-bit amplitude and 4-bit phase for the first FD component’s coefficient; 3-bit amplitude and 3-bit phase for the remaining coefficients
 
The views from different companies can be summarized in Table 6.     

[bookmark: _Ref535337988]Table 6 LC coefficient quantization, summary of companies’ views
	Category
	No. companies
	Companies

	Alt1A (Rel.15 like)
	4
	LG, Qualcomm, Samsung, vivo

	Alt1B (Alt1A+16PSK)
	4
	Huawei/HiSi, Samsung, vivo

	Alt2A (Rel-15-based differential)
	4
	Ericsson, ZTE, CATT (wideband amplitude in FD instead of SD), Intel

	Alt2B (Rel-15-based differential+16PSK)
	1
	CATT (wideband amplitude in FD instead of SD)

	Alt3 (ABC)
	4
	Fraunhofer IIS/HHI, OPPO, NTT DOCOMO

	Alt4 (2-part)
	6
	Nokia/NSB, Spreadtrum, MotM/Lenovo, Mediatek



It seems that the views are diverging, partly because there are a number of alternatives available. It is apparent that some of the alternatives can be merged or down selected to, e.g. four remaining candidates. For instance: 
· Alt1A and Alt1B can be merged once the benefit from 16PSK co-phasing is settled  
· Alt2A and Alt2B can be merged once the benefit from 16PSK co-phasing is settled  
Alternatively, these schemes can be merged before the next-level details are settled – if this helps facilitate progress. In this case, for instance, whether 16PSK co-phasing is supported can be decided either separately or after the quantization scheme is decided. 

Observation 5: On the LC coefficient quantization, companies’ views are diverging. However, it should be possible to reduce the number of alternatives to at most 4 to facilitate agreement in RAN1#96. 

Proposal 5: In RAN1 NRAH 1901, discuss further how to reduce the number of alternatives by merging (re-categorizing) some proposals to facilitate agreement in RAN1#96 with the following starting point:
· Alt1 (per coefficient analogous to Rel.15 Type II ): Rel.15 3-bit amplitude, co-phasing TBD 
· Alt2 (differential): Rel.15 3-bit wideband amplitude for each beam, differential amplitude TBD, co-phasing TBD
· Alt3 (ABC matrix): A and C are real-valued diagonal matrices and B is a coefficient matrix. The amplitude set for B is {0,1}. The amplitude sets of A and C TBD
· Alt4 (two parts with two resolutions): For each beam: 4-bit amplitude and 4-bit phase for the first FD component’s coefficient; 3-bit amplitude and 3-bit phase for the remaining coefficients

Basis/coefficient subset selection for RI=2
The following was agreed in RAN1#95 [2][4]: “In RAN1 NR-AH 1901, companies are encouraged to evaluate the following alternatives for compression basis () subset selection scheme across different layers when RI=2. Select one of the following alternatives in RAN1#96: 
· 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
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.”
The views from different companies can be summarized in Table 7.     

[bookmark: _Ref535366242]Table 7 Subset selection for RI=2, summary of companies’ views
	Category
	No. companies
	Companies

	Alt1 (layer 1 & layer 2 common)
	7
	CATT, Fraunhofer IIS/HHI, Mediatek, OPPO, Spreadtrum, vivo

	Alt2 (layer 1 independent of layer 2)
	6
	Intel (including per-layer configuration for L value), Samsung, ZTE, vivo, LG, Qualcomm



As apparent, Alt1 is the simplest alternative. The main argument for Alt2 is that since the spatial characteristics across two layers are expected to be independent, Type II codebook can benefit from independent compression across the two layers when RI=2 is scheduled. In terms of performance, MediaTek shows that common subset/coefficient selection across polarizations/spatial layers performs similarly with independent subset/coefficient selection across polarizations and/or spatial layers.

Observation 6: On subset selection for RI=2, Alt1 and Alt2 are almost equally supported.  

Proposal 6: In RAN1 NR AH1901, discuss further on the subset selection of the two layers, e.g., common vs. independent selection between the two layers to facilitate agreement in RAN1#96 

Other details
In RAN1#95, the following components of DFT-based compression have been identified [2][3]: 1) Detailed UCI design; 2) Codebook subset restriction (CBSR).
On the detailed UCI design, the following issues/proposals have been mentioned in the contributions:
· Content of part 1 UCI: CATT (coarse granularity in part 1), Ericsson (NNZCI in part 1), Samsung (NNZCI in part 1), vivo (NNZCI in part 1) 
· Content of part 2 UCI: CATT (fine granularity in part 2), Intel (Indication mechanism for coefficients corresponding to the strongest beam – not reported)
· Potential need for UCI omission rule (analogous to Rel.15 to ensure the UCI fits in the provisioned UL resource) in the “compressed” domain and, if so, the selected scheme
On CBSR, two alternatives have been mentioned by four companies:
· Alt1 (SR only on SD beams): CATT
· Alt2 (SR on both SD beams and FD basis vectors): Apple, CATT, Fraunhofer, ZTE
In addition, Huawei/HiSi mentions the possibility of reducing the supported combinations of Type II compression parameters (such as M, N3, L, and quantization parameters) if it is necessary.

Observation 7: Further discussion is needed to delineate the remaining details on Type II compression:
· UCI design, including
· The content of part 1 and part 2 UCI
· Potential need for, and if so, the scheme for, UCI omission rule in the “compressed” domain
· Codebook subset restriction (CBSR)
· The need for further reduction/optimization in supported combinations of parameters for Type II compression 

[bookmark: _Hlk535498253][bookmark: _Hlk535498288]Proposal 7: In RAN1 NRAH 1901, identify alternatives for each of the following details to facilitate agreement in RAN1#96
· Content of part 1 and part 2 UCI, including
· Strongest SD beam not reported
· Report a WB component for each SD beam (e.g. FD component ‘0’)
· Report only a subset of SD beams
· Potential need for, and if so, the scheme for, UCI omission rule in the “compressed” domain
· Codebook subset restriction (CBSR)
· [bookmark: _Hlk535498235]The need for further reduction/optimization in supported combinations of parameters for Type II compression

[bookmark: _Ref529319853][bookmark: _Ref534988533]“Other schemes”
In RAN1#95, some schemes have been identified as other schemes [2][3]. 
· Opt A is discussed in subset selection for RI=2 and LC coefficient quantization.
· Opt F has been supported as a part of the agreement in RAN1#95 (compression is also applied to port selection codebook)
Therefore, only four schemes (summarized in Table 8) remain.

[bookmark: _Ref529373761][bookmark: _Ref529871386]Table 8 Other schemes: summary
	Category
	Brief description and supporting companies

	Opt B. Extended partial CSI-UCI omission (note: not limited to Type II)
	· ZTE, CATT: based on CSI-UCI omission in Rel.15 (partial subband CSI reporting according to a priority rule), extended to overhead reduction 


	Opt C. Enhanced compression for multi-layer PMI
	· Nokia/NSB: compression across layers by parameterizing  through Givens rotations 

	Opt D. Differential encoding across subbands (without DFT-based compression)
	· ZTE, vivo: differential phase encoding across subbands  

	Opt E. UE-aided Type II CSI triggering
	· LGE: UE periodically selects which CSI parameters to report



Observation 8: Further discussion is needed at least to further clarify the proposals in “Other schemes” and their utility/feasibility to facilitate an agreement/conclusion in RAN1#96 

Proposal 8: In RAN1 NRAH 1901, further discuss “Other schemes” (description and their utility/feasibility) to facilitate an agreement/conclusion in RAN1#96 

[bookmark: _Ref529319859]Simulation results for Type II rank 1-2 overhead reduction
Several companies submitted system-level evaluation results according to the agreed evaluation methodology (EVM). These results are summarized in Table 9. 

[bookmark: _Ref529403144][bookmark: _Ref535394048]Table 9 Summary of observation from system-level simulation results for Type II rank 1-2 overhead reduction
	Company
	Metric
	Key observation

	Huawei
	UPT vs. overhead
	· For FD basis selection Alt1B, larger L and M will provide wider range of candidate quantized coefficients, which can provide better performance-overhead trade-off. L=6 will use only a few bits more than L=4 since the overhead is mainly determined by K0.
· For FD basis selection Alt1B, increasing L is more efficient than increasing M, e.g., (L,M)=(6,4) is better than (4,6) with almost same overhead. 
· (L,M,A,P) = (6,4,3,4) is proposed for FD basis selection Alt1B considering the best performance-overhead trade-off so far, with around 8% performance gain over Rel-15 Type II.
· The oversampling factor for frequency basis vectors provides an attractive performance gain with only a few additional bits overhead than non-oversampling. The benefit is more obvious for small values of M.
· Whether smaller PMI-SB size provides an attractive performance gain may depend on the UE implementation method, especially for PMI quantization with a large NR BW. Smaller PMI-SB size may benefit UE implementation in some cases.
· For basis selection Alt1A, quantization Alt1B with 16PSK > Alt2B with 16PSK and 3-bit differential amplitude > Alt1A with 8PSK > Alt1B with 8PSK and 3-bit differential amplitude.
· Quantization Alt1A with QPSK and quantization Alt 2A/2B with 2-bit differential amplitude perform worse than Rel-15 Type II with 8PSK.

	ZTE
	UPT vs. overhead
	· Independent basis does not provide clear gain over common basis with higher overhead.
· M=6 almost reaches the overhead of Rel-15 Type II for 10MHz with 15KHz SCS. Increasing M does not increase the performance significantly after M reaches 5.
· PMI FD unit smaller than CQI sub-band size can achieve significant performance gain with similar overhead. Smaller size of PMI FD unit can provide better Performance-Overhead trade-off.
· Segmentation can provide performance gain and better Performance-Overhead trade-off. Increasing the number of segments can provide better gain than increasing the number of FD basis vectors.
· Quantization approach Alt 2 can achieve better Performance-Overhead trade-off than Alt 1.
· For coefficient subset selection, (a) fixing or configuring the number of selected entries can provide better performance-overhead trade-off than the case without subset selection; (b) using same selected subset for the two polarizations further reduces the overhead significantly, and the performance is almost the same.

	Vivo
	UPT vs. overhead
	· (a) The combination of layer and beam level independent DFT basis selection scheme achieves the best performance; (b) Layer common selection of DFT basis show approximately similar performance compared with the best DFT basis selection scheme, especially layer common and beam level independent selection method; (c) With medium traffic load, layer independent and beam level common selection method performs worst. (d) With high traffic load, layer and beam level common selection scheme performs worst.
· (a) Windowing scheme does not show a good performance with overhead tradeoff at beam level common selection basis method. (b) For beam level independent selection method, windowing scheme achieves balance between performance and overhead, especially in high traffic load.
· (a) A subset of K0 = 12 scheme, which only reports K0 coefficients out of 2LM = 32 coefficients, achieves slightly performs better compared to reporting of all coefficients with M = 3, but achieves approximately 30% less overhead. (b) The value of K0 should be configured carefully, as both of overhead and performance degrades when K0 = 8.
· (a) Smaller compression unit has a small gain (1%~2%) over per CQI subband size with almost the same overhead. (b) The complexity versus the very small gain should be considered while making decision on smaller CU size.
· (a) The oversampling factor of 4 obtains a little gain over 1 with a small overhead increase in medium traffic load. (b)	There is no performance gain of oversampling factor 4 at high resource utilization, as well as at large M value.
· (a) Alt 1b, 16PSK phase quantization obtains some performance gain, as well as a good trade-off between throughput and overhead by selecting M value carefully. (b) 3-bit amplitude for each of 2L beams and 2-bit amplitude each of M FD component method, i.e. alternative 3b has a better performance and overhead balance compared with other schemes at small M values. (c) In general, the performance and overhead is close among  all simulated the quantization schemes in this contribution.

	MediaTek
	UPT
	· Coefficient selection (Alt1B) plays a central role in achieving overhead reduction in Rel-16
· Common coefficient selection across polarizations performs similarly with independent coefficient selection across polarizations/spatial layers;
· Common coefficient selection across spatial layers performs similarly with independent coefficient selection across polarizations/spatial layers;
· Common coefficient selection across polarizations/spatial layers performs similarly with independent coefficient selection across polarizations/spatial layers;
· Common coefficient selection across polarizations and spatial layers is preferred for its performance & small overhead.

	OPPO
	UPT vs. overhead
	· Results for oversampling factor (O3), FD compression unit, basis subset selection, range of values for M, and FD basis for rank 2 (results are not summarized in conclusion)

	CATT
	UPT and overhead (separate analysis)
	· For basis subset selection for different layers, Alt 1 can achieve almost the similar performance to Alt2 with less feedback overhead.
· For DFT basis oversampling factors selection, the performance of Alt1 and Alt 2 is similar when M=3 or 4, but Alt 1 needs more feedback overhead.
· Considering performance and overhead tradeoff, it is necessary to analyze the amplitude coefficients to choose the suitable thresholds for quantizing phase coefficients. 
· When 2-bit is adopted to quantize differential amplitude, Row max can reduce 12.5% overhead with a little performance degradation.  When 3-bit is adopted to quantize differential amplitude, Column max can achieve better performance with the least overhead.

	Fraunhofer
	UPT and overhead (separate analysis)
	· (Quantization) ALT3 achieves the highest compression ratios compared to the other quantization schemes. 
· (FD compression unit) (a) A large performance loss is obtained (>20%) when the subband size is identical to the CQI subband size. (b) There is a minor loss in performance for a subband size of N_PRB^SB=4 (N_3=69) compared to a subband size of N_PRB^SB=2 (N_3=138). (c) A good trade-off between UE calculation complexity and performance is obtained when the subband size is N_PRB^SB=4. 
· (Bitmap for subset selection) A small performance loss is observed for (N1,M)=(4,6) and (N1,M)=(2,4), indicating that the size of the bitmap can be reduced by 13% / 19%.
· (Quantization) ALT3B achieves almost the same performance than ALT1A by a further reduction of the feedback overhead by 11% and 16% for the configurations (2L,M,K0)= (8,4,24) and (2L,M,K0)=(8,6,32), respectively.

	Intel
	UPT vs. overhead
	· Type II CSI feedback compression scheme without reporting of coefficients associated with the strongest beam/polarization provides similar performance with lower overhead comparing to the case with reporting of coefficients associated with the strongest beam/polarization
· Increased oversampling factor for DFT basis does not provide performance gains over the case without oversampling
· (a) For M = 1,2,4 performance gains from the decreased size of FD compression unit are not observed (b) For M = 6,8 performance gains from the decreased size of FD compression unit are minor (up to 2% in average packet throughput and up to 6% in cell-edge packet throughput)
· (a) Different alternatives on the basis subset selection across beams and layers provide similar performance (b) Good tradeoff between performance and overhead is provided by Type II DFT-based compression scheme with separate basis subset selection across layers and joint basis subset selection across beams
· DCT basis for Type II CSI compression do not provide performance gains over the case with DFT basis

	LGE
	UPT vs. overhead
	· Scheme 1 with X=1 provides the best performance-overhead trade-off among the schemes, and Scheme 1 and X=2 achieves almost identical performance. 
· For scheme 2, X=2 and X=4 shows similar average and 5% UPT performance. 
· Scheme 1 with common basis of provides the best performance-overhead trade-off.
· Independent selection for provides better performance than common selection for  at the expense of increased payload.
· For scheme 2, oversampling of  provide marginal performance gain over non-oversampling case.

	Nokia
	UPT vs. overhead
	· (Alt 1B subset selection) results for K0
· (O3) The normalized throughput improves when the DFT-based compression is performed by means of an oversampled codebook
· (Quantization) results showing Alt4 can outperform Alt1A
· (results are not summarized in conclusion)

	Ericsson
	UPT vs. overhead
	· Going from X=16 PRB to X=8 PRB PMI SB size yields around 5-7% cell edge gain and going to X=2 PRB SB size yields around 13% cell edge gain
· Results for O3 and (L,M,K0)
· (results are not summarized in conclusion)

	Qualcomm
	UPT vs. avg. reported overhead
	· Beam-common basis selection achieves large performance loss compared to R15 Type II.
· Beam-specific basis selection achieves 90% performance of R15 Type II with 40% overhead reduction.
· UE determining/reporting the number of coefficients or basis for each beam achieves better performance than a configured number of coefficients or basis for each beam.
· with oversampled DFT basis, selecting orthogonal basis brings no benefit compared to critical sampled DFT basis.
· with oversampled DFT basis, allowing basis selection from different orthogonal groups brings marginal benefit compared to critical sampled DFT basis,
· RB-level PMI only provides noticeable gain over SB-level PMI for BWP greater than 144RBs.
· Finer than SB-level PMI degrades the CSI processing time and power saving mechanism.
· Finer than SB-level PMI increases the CSI payload by max 25 bits per beam per layer.
· 2D-differential quantization with 1-bit differential part achieves significant performance loss than 1D-differential quantization method and individual quantization methods.
· 1D-differential quantization with 2-bit differential part achieves similar performance and overhead as individual quantization for M=2, 3 and 4, but the complexity is larger than individual quantization.
· 4-bit phase quantization yields a slightly higher performance than the legacy 3bit quantization, but the cost of overhead is high.

	MotM
	UPT vs. overhead
	· Alt 1B with the composition across beam of the K0 coefficients weighted according to beam space ranking improves both cell edge and average user packet throughput compared to Alt 1A and Alt 2. 
· Oversampling by O_3 = 4 provides non-negligible UPT throughput compared to O_3 = 1 for 10 MHz.
· Alternative 5A outperforms Alternative 1A in both cell edge and average throughput.

	Samsung
	UPT vs. overhead
	· (x,y) = (SB size for CQI, SB size for PMI)
· For 10 MHz BW, difference between y = 1, 2, and 4 are small. 
· For 100 MHz BW, difference between y = 1, 2, 4, 8, and 16 are large.
· The performance-overhead tradeoff improves then gets worse as y decreases, which implies that there exists and optimum value for y.
· y = x/R with R = 1 or 2 achieves the best performance-overhead trade-off.  
· For a given (L, M) value, the independent basis (Alt2) shows performance gain over common basis (Alt1A) but the overhead is also higher, which implies that independent basis (Alt2) has no noticeable benefit over common basis (Alt1A) in terms of performance-overhead tradeoff.
· Alt 1B with free selection of K0 coefficients achieves the best performance-overhead tradeoff
· Alt 1A/1B achieves the best performance-overhead trade-off
· 16PSK (Alt 1B/2B) phase quantization achieves 1-2% additional gain over 8PSK (Alt 1A/2A) phase quantization.




Updated timeline and work plan
The timeline (with a set of milestones for each RAN1 meeting) proposed in [3] is updated with more details for Type II rank 1-2 overhead reduction. The updated parts are highlighted in blue. 

[bookmark: _Ref526296952]Table 10 Proposed timeline along with the milestones
	AH (01/19)
	96 (02/19)
	96B (04/19)

	1. Agree on (finalize) the following components for DFT-based compression:
a. Frequency domain compression unit
b. Basis/coefficient subset selection for the 2L beams (for the 1st layer)
c. Oversampling factor (O3)
d. Supported values of M and N3

2. Narrow down alternatives for LC coefficient quantization for DFT-based compression

3. Identify alternatives for the following components for DFT-based compression:
a. Basis/coefficient subset selection for RI=2
b. Other details such as UCI design and CBSR

4. Start discussion on support for “Other schemes” (including detailed solutions) 
	1. Agree on (finalize) the following components for DFT-based compression:
a. LC coefficient quantization
b. Basis/coefficient subset selection for RI=2
c. Other details such as UCI design and CBSR

2. Agree on (finalize) whether any of “Other schemes” is supported, and if so, along with its details.
	1. Maintenance on Type II overhead reduction (rank 1-2)
2. SLS comparison and discussion for Type II rank >2 extension


 …
	97 (05/19)
	98 (08/19)
	98B (10/19)
	99 (11/19)

	1. Agree if Type II rank>2 extension should be specified
2. Attempt to narrow down candidate schemes on Type II rank >2 extension – detailed proposals are made available followed by evaluation 
3. Maintenance on Type II overhead reduction (rank 1-2)
	1. Agree on the adopted scheme for Type II rank >2 extension
2. Identify components to be finalized for the adopted rank>2 scheme
3. Maintenance on Type II overhead reduction (rank 1-2)
	1. Agree on solutions for the components of Type II rank>2 extension
2. Maintenance on Type II overhead reduction (rank 1-2)
	Maintenance (remaining details) on Type II overhead reduction (rank 1-2) and rank>2 extension  MU-MIMO CSI is completed
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