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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#94b, the following agreement was made [2]. In addition, a timeline was provided in [3] as a guideline for completing the MU-MIMO CSI enhancement (refined in the Appendix).
Agreement 
On the issue of Type II overhead reduction (rank 1, 2), to further progress, interested companies are to submit evaluation results (especially performance-overhead tradeoff) in RAN1#95 once the evaluation methodology is finalized in RAN1#94B.
· Focus on proposals based on linear combination codebook as in Rel-15
· Also investigate potential common ground between frequency domain and time domain approaches, e.g. merging these two into one category

Agreement
The study and, if needed, work on Type II higher rank extension is performed as follows:
· Only for rank 3 and 4 by taking into account the outcome of Type II overhead reduction for rank 1-2
· Simple extension of Rel.15 Type II without any additional optimization (which results in ~3-4x overhead over rank-1) is ruled out

This contribution serves as a summary of the submitted contributions on CSI enhancement for MU-MIMO support ([4]-[21]). Following the above agreement, the summary is structured as follows:
· Since Type II rank>2 extension study will take into account Type II rank 1-2 overhead reduction, only Type II rank 1-2 overhead reduction is discussed in this summary. This also allows RAN1 to focus on the task at hand for RAN1#95, i.e. compiling proposals for Type II rank 1-2 overhead reduction and narrowing down of alternatives, along with compiling the SLS results based on the agreed Evaluation Methodology (EVM). 
· Section 2.1 summarizes the proposed schemes for Type II rank 1-2 overhead reduction “… based on linear combination codebook as in Rel.15” (cf. the agreement in RAN1#94b). This comprises the proposed compression schemes applied on the PMI parameters for Rel.15 Type II codebook. Section 2.2 summarizes other schemes that are not mutually exclusive with – or potentially complementary to– the schemes in section 2.1. Section 2.3 summarizes observation from the submitted simulation results to-date. 
· Based on the summary and observation in section 2, some proposed agreements are given in section 3. 
· Section 4 updates the timeline/work plan with more details for Type II rank 1-2 overhead reduction.
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[bookmark: _Ref529453495][bookmark: _Ref529319844]Type II rank 1-2 overhead reduction 
This section includes proposals for reducing feedback overhead via a compression scheme applied on Rel.15 Type II PMI parameters. This category has been and is still the majority among submitted proposals. On a high level, a compressed Type II precoder  (for each layer and across frequency-domain compression units) can be described as follows. Note that this description is for illustrative purposes and not necessarily intended for specification.
	
	(1)


Here, the precoder matrix  has  rows (spatial domain, # ports) and  columns (frequency-domain compression unit, consisting of RBs or reporting subbands). The  matrix, directly taken from Rel.15 Type II design, is the spatial basis consisting of  beams per polarization group (hence a total of  beams). The  matrix consists of all the required linear combination coefficients (amplitude and co-phasing) analogous to Rel.15 Type II design. The  matrix is composed of the basis vectors used to perform compression in frequency domain. The compression gain is roughly (not exact due to the possibility of not reporting zero coefficients in ) the number of PMI reports associated with  frequency units divided by that associated with  frequency units.      
It has been recognized that some common ground between FD and TD compression is present. In particular, TD compression can be formulated in frequency domain with DFT basis vectors. Therefore, FD and TD compression schemes can be combined into one scheme when DFT basis vectors are used. This scheme will be termed the “Alt1. DFT-based compression” and can also include some variations such as DCT-type basis. The main characteristics of this scheme are:
· A set of predefined DFT basis vectors is used for determining . This includes over- and critically-sampled DFT vectors. While the complete basis set may be composed of uniformly sampled DFT vectors, the chosen basis vectors for a given PMI report can be any subset thereof – hence the final subset may or may not be uniformly sampled. 
· Other than the PMI components associated with , the PMI components associated with  (significantly less than the Rel.15  due to compression) and possibly a small number of parameters associated with the basis subset selection for  need to be reported. 
Another alternative in this category utilizes the SVD of the “uncompressed”  (per Rel.15) to derive both  (a quantized reduced-rank right singular matrix) and  (a “Rel.15 amplitude-co-phase” representation of the reduced rank left singular matrix multiplied by the associated singular value(s)). Therefore, this scheme will be termed “Alt2. SVD-based compression.” The main characteristics of this scheme are:
· SVD is used for determining . Hence it does not utilize a set of predefined basis vectors, i.e. generated “dynamically” [5].
· Other than the PMI components associated with , the PMI components associated with  and the entire “dynamically” generated  need to be reported.   
With such categorization, the proposals from different companies can be summarized in Table 1. A joint proposal based on Alt1 (which includes more precise formulation) was also made available in [22] and captured as Alt1.1. 
As evident, Alt1 represents the super-majority view.
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	Category
	Brief description
	Companies

	Alt1. DFT-based compression
	·  is determined from a set of predefined DFT vectors (or possibly DCT vectors).
· PMI feedback:  (wideband),  (subband), possibly a small number of parameters for  (wideband)
	CATT, Ericsson, Fraunhofer, Huawei/HiSi, Intel, LGE, Mediatek, Motorola/Lenovo, NEC, Nokia/NSB, NTT Docomo, OPPO, Qualcomm, Samsung, ZTE 


	Alt1.1 DFT-based compression
	· More precise formulation in [22] (see right below)
	Ericsson, Samsung, Huawei, HiSilicon, Nokia, NSB, Fraunhofer IIS, LGE, Motorola Mobility, lenovo, MediaTek, Intel, ZTE, NEC, Qualcomm, NTT Docomo

	Alt2. SVD-based compression
	·  is determined/derived from the SVD of the “uncompressed” . 
· PMI feedback:  (wideband),  (subband),  (subband)
	ZTE



	Alt 1.1 DFT-based compression

	· Precoders for a layer is given by size-matrix 
·  #SD dimensions
·  #FD dimensions
· FFS value and unit of 
· Precoder normalization: the precoding matrix for given rank and unit of  is normalized to norm 1/sqrt(rank) 
· Spatial domain (SD) compression
·  spatial domain basis vectors (mapped to the two polarizations, so  in total) selected
· Compression in spatial domain using  , where  are orthogonal DFT vectors (same as Rel. 15 Type II)
· Frequency-domain (FD) compression
· Compression via  where , where  are  size- orthogonal DFT vectors for SD-component  
· Number of FD-components  or  is configurable, FFS value range
· FFS: choose one of the following alternatives
· Alt1. common basis vectors: , i.e.  and  are identical (i.e., =, )
· Alt2. independent basis vectors: , where , i.e.  frequency-domain components (per SD-component) are selected 
· Note:  or  are all selected from the index set  from the same orthogonal basis group
· FFS: If oversampled DFT basis or DCT basis is used instead of orthogonal DFT basis
· FFS: Same or different FD-basis selection across layers
· Linear combination coefficients (for a layer) 
· FFS if   is composed of linear combination coefficients
· FFS if only a subset  of coefficients are reported (coefficients not reported are zero).
· FFS if layer compression is applied so that  transformed coefficients are used to construct  for layer (where the transformed coefficients are the reported quantity)
· FFS quantization/encoding/reporting structure
· Note: The terminology “SD-compression” and “FD-compression”  are for discussion purposes only and are not intended to be captured in the specification



The tradeoff between Alt1 and Alt2 is quite predictable. SVD permits an “optimum” N-th order signal compression as the N dominant singular modes (constituting left/right singular vectors and the associated singular values) capture the maximum signal energy. However, such optimality assumes unquantized singular vectors and values. It is well-known that SVD-based schemes tend to require higher precision (hence finer quantization) than schemes with a set of predetermined basis vectors (such as DFT-based basis) due to their heightened sensitivity to error. In addition, Alt2 requires feeding back subband  (large overhead) which is not required for Alt1. Therefore, compression benefit (higher UPT for a given overhead, or lower overhead for a given UPT) of Alt2 over Alt1 is expected to show up only at larger overhead. Whether such larger overhead is still within the range of interest needs to be studied by looking at UPT vs. overhead results. It is also noted that at least two companies raised some issues/reservation on Alt2 [8][19] not only due to the large feedback overhead, but also due to the potential increase in UE complexity.  
Regarding Alt1, it can be observed that the more precise formulation provided in Alt1.1 is beneficial not only in terms of clarity but also in identifying additional aspects and details that need to be decided. 
Observation 1: Alt1 (DFT-based compression as described in Table 1) represents the super-majority view for Type II rank 1-2 overhead reduction.
· Alt1 seems to be well represented by Alt1.1 with more precise formulation 

On Alt1, different views are expressed on some of the design aspects/components and summarized in Table 2.
 
[bookmark: _Ref529467503]Table 2 Components for DFT-based compression solution
	Component/Aspect
	Alternatives
	Companies

	C1. Basis type
	Alt C1.1 Orthogonal DFT vectors (including with and without rotation)
	CATT, Ericsson. Fraunhofer, Huawei/HiSi, Intel, Nokia/NSB, Qualcomm, Samsung, LGE (combined with Alt C2.2), NEC

	
	Alt C1.2 DCT
	CATT, Nokia/NSB

	C2. Frequency-domain compression unit
	Alt C2.1 Subband (SB), same as CQI
	Fraunhofer, Qualcomm, Samsung

	
	Alt C2.2 RB or multiple of RBs, possibly different from CQI
	Ericsson, LGE, CATT

	C3. Basis subset selection (associated with ) for the 2L beams (for a given layer)
	Alt C3.1 Common
	Huawei/HiSi, Samsung, Mediatek (selection from the common basis for each spatial beam), Qualcomm, NEC

	
	Alt C3.2 Independent 
	Fraunhofer, Mediatek, NTT Docomo (independent basis selection with beam dependent basis subset size), LGE, MotM/Lenovo  


 
On C3, note that even with common basis subset selection, the advantage of independent basis subset selection can be attained by reporting only a subset of 2LM linear combination coefficients (the content of ). This possibility is mentioned at least by Samsung and Fraunhofer [14][15], as well as Mediatek.
In addition, the following design issues have been pointed out:
· Codebook subset restriction (CBSR): CBSR needs to be used for the Rel.16 Type II codebook with DFT-based compression, e.g. how this applies to FD and/or SD basis vectors [5]. Since CBSR has been a codebook component, it seems natural to discuss how CBSR is utilized with DFT-based compression. 
· UCI design: In Rel. 15 Type II CSI, coefficients corresponding to the strongest beam/polarization was not reported by the UE since it is assumed to be 1. Whether this reporting strategy is applied when DFT-based compression is used should be discussed [9].
· Configuration for DFT-based compression parameters (e.g. M, ): For example, whether this configuration is rank/layer-specific or not [8]. 

Observation 2: On some design aspects of the DFT-based compression:
· Companies converge on the use of orthogonal DFT basis 
· Companies diverge on the choice of frequency-domain compression unit and basis subset selection for the 2L beams
· How CBSR is utilized with DFT-based compression may need to be discussed

[bookmark: _Ref529319853]“Other schemes”
In addition to Type II rank 1-2 overhead reduction schemes achieved via compression, other schemes which can potentially offer more flexible performance-overhead tradeoff and/or lower CSI feedback overhead are summarized in Table 3. Any of these schemes can be used in conjunction with a selected Type II rank 1-2 compression scheme. Some of them can also be complementary and hence, if adopted, work synergistically with the agreed Type II rank 1-2 compression scheme.
[bookmark: _Ref529373761][bookmark: _Ref529871386]Table 3 Other schemes: summary
	Category
	Brief description and supporting companies

	Opt A. Extended Rel.15 Type II codebook parameters
	· Huawei/HiSi, Motorola: add additional values for # amplitude bits (4), # co-phase bits (4), and/or L (6)
· Intel: per-layer configuration for L value

	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
	· ZTE, vivo: differential phase encoding across subbands  

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

	Opt F. SRS-aided (reciprocity-based) Type II CSI
	· Qualcomm, ZTE: using SRS for transmitting beamformed CSI-RS (precoded with gNB-calculated ), hence only needing to report  and/or the selected CSI-RS ports using Type II port selection codebook



Note that Rel.15 Type II port selection codebook was designed to utilize DL-UL reciprocity (full or partial) to calculate the precoder(s) for beamformed CSI-RS (at the gNB, via SRS). Therefore, Opt F is essentially applying the same DFT-based compression to the Rel.15 Type II port selection codebook. Since the selected compression scheme is to be applied to all the Rel.15 Type II codebooks, utilizing the same compression scheme for Type II port selection codebook is by default implied.  

Observation 3: Opt F is essentially applying the same DFT-based compression to the Rel.15 Type II port selection codebook and therefore supported by default.  

Observation 4: Any of the options A, B, C, D, and E in Table 3, if adopted, can be used in conjunction with Type II rank 1-2 compression scheme (cf. Table 1), some of which in a complementary manner.
· Note: it is possible that one or more schemes listed in Table 3 may be utilized independently.

[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 4. 

[bookmark: _Ref529403144]Table 4 Summary of observation from system-level simulation results for Type II rank 1-2 overhead reduction
	Company
	Metric
	Key observation

	CATT
	UPT
	Compared to Rel-15 Type II codebook, when M=2, DFT-based compression scheme achieves about 50% overhead reduction at the cost of more than 10% performance loss

	Huawei
	UPT vs. overhead
	· With the same cell average performance compared to Rel-15 Type II based feedback, the space-frequency compression codebook can be reduced around 60% overhead of CSI reporting.
· With the parameter setting (L, A, P)=(6, 3, 4), the space-frequency compression codebook can provide around 10% performance gain with similar overhead of Rel-15 Type II codebook.
· Phase correction can avoid random phase rotation by a SVD solver and achieve more efficient frequency domain compression. Without phase correction, frequency domain compression shows worse performance than type II codebook assuming the same feedback overhead.
· Increasing the number of L (e.g., L=2~6) provides better performance-overhead curves.
· (A, P) = (3, 4) is a better combination than (A, P) = (3, 3) in terms of the number of quantization bits providing more attractive performance gain.
· The oversampling factor for frequency basis vectors provides an attractive performance gain with only a few bits overhead than no-oversampling. The benefit is more obvious for small values of (L, M).
· PMI quantization with common frequency vectors per beam has better performance-overhead curves compared with the scheme with independent frequency vector selection per beam.

	Ericsson
	Cell edge RX SINR vs. overhead
	· SPMI=1 PRB can simultaneously improve performance and reduce overhead, while for SPMI equal to the legacy subband size, performance is capped by Rel-15 performance
· SPMI equal to legacy subband size has worse performance/overhead tradeoff than SPMI=1 PRB
· Similar performance/overhead tradeoff for common and independent basis

	Intel
	UPT vs. overhead
	Type II compression provides additional flexibility for throughput-overhead trade-off

	LGE
	UPT
	· TD compression provides 16% and 21% performance gain over Type 1 CSI with codebook mode 1 in terms of mean UE UPT and 5% UE UPT, respectively, in Dense Urban (Macro only, ISD=200m) scenario at medium load condition.
· TD compression provides 19% and 26% performance gain over Type 1 CSI with codebook mode 1 in terms of mean UE UPT and 5% UE UPT, respectively, in Dense Urban (Macro only, ISD=200m) scenario at high load condition.
· TD compression provides compatible mean throughput performance compared to Type 2 CSI with Codebook Mode =1 and L=4 while reducing the payload to 43% of conventional Type II CSI. 

	Motorola
	UPT
	~40-60% overhead reduction with small UTP loss (at most 2%)

	Nokia
	UPT
	· “Layer-domain” compression shows almost no loss compared to Type II CSI, noting that the overhead of LD compression can be further reduced by exploiting the correlation of the compressed Givens parameters. 
· The frequency compression variants without LD compression, show 10%-20% performance loss for  and , respectively.

	OPPO
	UPT loss over R15 Type II
	K= 4-6 DFT beams in time domain could quantize precoder on frequency domain well and provide proximate performance as baseline

	Qualcomm
	UPT vs. overhead 
	· With 2 frequency domain selected basis, near 75% overhead reduction can be achieved.
· For 8 subbands with L = 4, the performance increases with number of reported coefficients/basis per beam, while the performance saturates after the number reaches 3.
· Beam specific compression outperforms beam common compression with a slightly higher overhead.

	Samsung
	UPT vs. overhead
	· Large overhead reduction is achieved with the proposed frequency domain compression scheme – 38% overhead reduction with L=M=4 when compared with Rel. 15 Type II with L=4.
· L=6 does not show any significant gain at small M values. 
· For a given (L, M) value, the independent basis shows performance gain over common basis but the overhead is also higher, which implies that independent basis has no noticeable benefit over common basis in terms of performance-overhead tradeoff.
· For rank 1, per RB precoder does not show any gain over per SB precoder. For dynamic rank 1-2, per RB precoder shows small gain (~2%) over per RB precoder in high overhead regime.
· It is sufficient to report a subset of K (out of 2LM) coefficients without losing performance.
· 4-bit phase achieves ~2% additional gain over 3-bit phase.  

	ZTE
	UPT vs. overhead
	· Type II with differential coding on sub-band phase achieves quite large overhead reduction, and it still can achieve more than 10% performance gain over Type I.
· The proposed SVD based Type II report achieves negligible performance loss compared to the legacy Type II, with more than 25% overhead reduction.
· Comparing different frequency domain compression schemes, it can be observed that the SVD based approach achieves better performance even with similar overhead reduction. The most overhead reduction set-up is using d=1 for SVD based or 2 DFT vectors for DFT based. In this case, using SVD with d=1 achieves better performance.



Observation 5: In general, companies have clearly demonstrated the benefit of compression-based Type II rank 1-2 overhead reduction (as described in section 2.1) in the tradeoff between UPT performance and overhead, i.e.:
· For a given overhead, significant increase in UPT is observed
· For a given UPT, significant reduction in feedback overhead is observed

 Proposed agreements
Based on the summary in section 2, the following agreements are proposed.

Proposal 1: For Rel.16 NR, agree on Alt1 (DFT-based compression) in Table 1 as the adopted Type II rank 1-2 overhead reduction (compression) scheme as formulated in Alt1.1
· Note: The same DFT-based compression scheme is supported for Type II port selection codebook
· Codebook subset restriction (CBSR) is supported when DFT-based compression is utilized for Type II codebooks
· FFS: detailed signaling mechanism for FD and/or SD basis vectors
· Note: Additional compression scheme(s)are not precluded 

[bookmark: _GoBack]Proposal 2: 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

Proposal 3: In 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)
· Evaluate the options A, B, C, D, and E (“other schemes”) summarized in Table 3 for potential support for Type II rank 1-2 overhead reduction 

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 5 Proposed timeline along with the milestones
	95 (11/18)
	AH (01/19)
	96 (02/19)

	1. Detailed proposals from all companies are submitted.
2. Based on the submitted proposals in RAN1#95, SLS comparison and discussion for Type II overhead reduction (rank 1-2) in RAN1#95 
3. Attempt to narrow down candidate schemes in RAN1#95 
	1. Agree on the adopted scheme for Type II rank 1-2 overhead reduction (cf. section 2.1), e.g. common vs. independent basis, basis type/form, linear combination coefficient matrix design  
2. Identify components to be finalized for the adopted Type II overhead reduction scheme (rank 1-2), e.g. higher-layer configurable parameters and their values, new parameters to be included in CSI (if any), UCI design 
3. Discuss feasibility of and potential work for other proposals (cf. section 2.2) that may complement the agreed Type II rank 1-2 overhead reduction scheme 
	1. Agree on (finalize) solutions for the components of Type II rank 1-2 overhead reduction  
2. Agree on whether any scheme(s) from “other proposals” are to be adopted, and if so, along with the detailed design


 …
	96B (04/19)
	97 (05/19)
	98 (08/19)
	98B (10/19)
	99 (11/19)

	1. Maintenance on Type II overhead reduction (rank 1-2)
2. SLS comparison and discussion for Type II rank >2 extension
	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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