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[bookmark: _Ref465963108]Introduction
In last RAN1#94b meeting [1], several agreements were made for CSI enhancement for MU-MIMO support. 
· 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
In this contribution, we try to provide a general structure for both frequency domain compression in section 2. Based on this general structure, different design options are captured in section 3 and 4. The evaluation of overhead and performance are provided in section 5. Section 6 resubmits the SRS-guided CSI enhancement discussed in the last meeting [2].
[bookmark: _Ref466044815][bookmark: _Ref465963144][bookmark: _Ref463027406][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Common structure for frequency domain compression
As summarized in [3], frequency domain(FD) and time domain(TD) compression has been considered as candidates in type II overhead reduction. The key idea is to exploit the frequency domain correlation or time domain sparsity to reduce the feedback overhead. It also mentioned that a common ground may be found for both FD and TD compression. Companies’ views converge to a general structure for FD and TD compression. In the rest of this contribution, since the compression matrix is applied to the frequency domain, we use the term “frequency domain compression” instead of frequency domain compression for simplicity.
As shown in Figure1, the PMI of a given layer comprises a spatial domain compression matrix , a frequency domain compression matrix , and a coefficient matrix  consisting of linear combination coefficients after spatial and frequency domain compression. The size of spatial and frequency(time) domain compression matrix is  and  respectively, where  represents the number of linear combination beams and   represents the number of frequency domain compression basis.
Based on this common framework, the remaining issue can be further decoupled into the construction of  and  matrix, which is going to be discussed in following sections.
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Figure 1, Common structure for frequency and time domain compression
[bookmark: _Toc524961230][bookmark: _Toc524961372][bookmark: _Toc525204870][bookmark: _Toc525648349][bookmark: _Toc525736566][bookmark: _Toc525806854][bookmark: _Toc525806883][bookmark: _Toc528679613][bookmark: _Toc528755916][bookmark: _Toc528756398][bookmark: _Toc528765810][bookmark: _Toc528853292][bookmark: _Toc528853353]Observation 1:	A common structure can be used for both frequency and time domain compression.
[bookmark: _Toc510445412][bookmark: _Toc510772004][bookmark: _Toc510857574][bookmark: _Toc513455734][bookmark: _Toc513462613][bookmark: _Toc513848790][bookmark: _Toc513881350][bookmark: _Toc520402943][bookmark: _Toc520402962][bookmark: _Toc520404012][bookmark: _Toc521594059][bookmark: _Toc521597015][bookmark: _Toc521655668][bookmark: _Toc524961183][bookmark: _Toc524961376][bookmark: _Toc525204875][bookmark: _Toc525648354][bookmark: _Toc525736571][bookmark: _Toc525806859][bookmark: _Toc525806888][bookmark: _Toc528679615][bookmark: _Toc528755924][bookmark: _Toc528756406][bookmark: _Toc528765818][bookmark: _Toc528853300][bookmark: _Toc528853361]Proposal 1:	Adopt the following general framework for Type II CSI overhead reduction:
· For a layer, the precoder across the frequency domain comprises , where B is the spatial domain compression matrix, F is the frequency domain matrix, and V is the coefficient matrix.
Frequency domain compression basis
Per discussion in last meeting, the frequency domain compression matrix can be either calculated online via SVD of the precoders of each SB [4] or leverage on some known basis such as DFT basis [5]. since there can be 19 subbands in a BWP, the former method requires a SVD calculation of a matrix with size up to 19. Such a huge SVD calculation increases the UE complexity dramatically and would increase the CSI computation timeline. Moreover, the former method requires an element-quantization of each element of the obtained basis. This may lead to a huge amount of feedback overhead. Different designs will impact on performance and overhead, which is further analysed in simulation part. 
[bookmark: _Toc528755917][bookmark: _Toc528756399][bookmark: _Toc528765811][bookmark: _Toc528853293][bookmark: _Toc528853354]Observation 2:	The SVD basis increases the UE complexity dramatically and lead to large feedback overhead.
[bookmark: _Toc528755927][bookmark: _Toc528756409][bookmark: _Toc528765821][bookmark: _Toc528853303][bookmark: _Toc528853364]Proposal 2:	Adopt DFT matrix as the construction matrix for frequency (or time) domain compression matrix.
It needs to be mentioned that there are proposals discussing on further increase the granularity of the frequency domain compression. As mentioned in [6], the  matrix is constructed with size of . It generates a the reconstructed precoder with a granularity of  instead of . Ideally, the performance can be improved with the increasing of precoder granularity. However, it increases the UE’s computation complexity greatly as the number of RBs in a BWP can be as large as 275! Besides, from gNB implementation point of view, such RB level frequency domain compression can be emulated based on interpolation rather than feedback.
[bookmark: _Toc528755918][bookmark: _Toc528756400][bookmark: _Toc528765812][bookmark: _Toc528853294][bookmark: _Toc528853355]Observation 3:	RB level frequency domain compression can significantly increase UE’s complexity.
[bookmark: _Toc528755925][bookmark: _Toc528756407][bookmark: _Toc528765819][bookmark: _Toc528853301][bookmark: _Toc528853362]Proposal 3:	The same subband level granularity as Rel-15 should be supported.  
Feedback Strategies
In the aforementioned general framework, the report of  matrix can be considered as providing a common set of basis for compression, while the report of V matrix comprises the quantization of each coefficient and a further basis selection from the common set provided by the F matrix. In other words, one can report all the coefficients in the V matrix, or selectively report significant coefficients in the V matrix. 
Intuitively, different beam domain channel may experience different but correlated frequency domain channel. More specifically, if the number of ports is large enough, then the spatial beam can be fine enough so that each beam experiences a single-path profile with a particular delay. However, if the number of ports is small, then the beam is coarse so that each beam may experience a similar multi-path delay profile. From this perspective, we separate the candidates into two alternatives, one is a common frequency domain basis for all beams, the second is beam-specific frequency domain basis selection.
· Opt-1: common frequency domain basis for all beams
·  matrix: Report indexes of  out of  basis.
·  matrix: Report  coefficients per beam.
· Opt-2: beam-specific frequency domain basis selection
·  matrix: Report indexes of  out of  basis (candidate basis for each beam to select from).
·  matrix: Report  coefficients per beam and their indexes.
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Figure 2, Illustration of frequency domain compression basis selection with L=2 and 
For opt-1, the UE needs to report the F matrix and all the coefficients in the V matrix. In other words, all the beams in opt-1 are associated with the same frequency basis provided in the F matrix. However, in opt-2, the UE may choose few significant coefficients for each row, and report their indexes. As shown in Figure 2, for a fixed value  (i.e., the number of coefficients to be reported per beam), the flexibility of selecting frequency domain basis for each beam increases as the strategy goes from Opt-1 to Opt-2. This leads to an enhancing feedback granularity from Opt-1 to Opt-2, but the cost is that payload increases as well. More details on the performance and overhead reduction comparison will be discussed in the following section.
[bookmark: _Toc528755926][bookmark: _Toc528756408][bookmark: _Toc528765820][bookmark: _Toc528853302][bookmark: _Toc528853363]Proposal 4:	Downselect between beam-common frequency domain basis selection and beam-specific frequency domain basis selection. 
Evaluation Analysis on proposed options
The options under system level evaluation and comparison are listed in Table 1 below. We focus on the case where the three options report the same number of frequency domain compression basis, i.e.,  equal to1~4. The overhead analysis and system level performance is shown.
Table 1, Options under evaluation
	
	Basis feedback
	
	

	Opt-1
	DFT
	
	1~4

	Opt-2
	DFT
	
	1~4


Overhead analysis
The feedback payload size calculation is provided in Table 2 below, where ,  and  denote the rank, number of beams and the number of bits used to quantize each coefficient.
Table 2, Overhead calculation for different alternations
	
	F matrix construction
	Coefficients indexes
	Coefficients quantization

	Opt-1
	
	NA
	

	Opt-2 with 
	
	
	

	Opt-2 with 
	NA
	
	


Figure 3 illustrates the overhead compared with existing Rel.15 Type-II codebook, under various value of , number of SBs and number of configured beams . We assume fixed Q = 3-bit amplitude and phase quantization level for each coefficient in the V matrix. 
For Opt-1 and Opt-2, the overhead different difference between them is insignificant. The detailed overhead reduction is provided in Table 3 for L=4. The overhead reduction is higher with 16SBs than 8SBs. Meanwhile, for a given SB size, the overhead reduction decreases with . The max reduction could be above 70% for both options with 16SBs and . This observation leads to the study of a proper value of  for a certain number of SBs from the perspective of overhead reduction and performance.
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Figure 3. Total maximum overhead bits for different options with varying  and , rank=2, 

Table 3. Overhead reduction over Rel-15 offered by Opt-1 and Opt-2 with L=4
	
	8
	8
	8
	16
	16
	16

	
	2
	3
	4
	2
	3
	4

	Opt1
	53%
	31%
	9%
	74%
	62%
	51%

	Opt2
	47%
	24%
	2%
	71%
	58%
	47%


[bookmark: _Toc528679614][bookmark: _Toc528755919][bookmark: _Toc528756401][bookmark: _Toc528765813][bookmark: _Toc528853295][bookmark: _Toc528853356]Observation 4:	With 2 frequency domain selected basis, near 75% overhead reduction can be achieved.
Observation 5: 	Higher overhead reduction is achieved with large number of SBs.
Observation 6: 	Overhead reduction decreases with the number of selected frequency domain basis for a fixed number of SB.
[bookmark: _Toc528755920][bookmark: _Toc528756402][bookmark: _Toc528765814][bookmark: _Toc528853296][bookmark: _Toc528853357]Observation 7:	Feedback frequency domain basis can significantly increase the total payload size compared with DFT basis.
System level simulation results
In this part, we collected the throughput gain over to Type-I CSI. Particularly, we try to compare different options performance under different number of  basis. It is intuitive that with increasing number of , more frequency/time domain information is captured. This results a better characterized subband level precoder and the performance is increased as well. 
Figure 4 illustrates the system level performance with 8 subbands and L=4. The performance over overhead is shown in Figure 5 with the same configuration. As shown in these two figures, we can see Opt-2 achieves a better performance than Opt-1. Besides, there is a considerable performance loss for , this is because reporting one element per beam is equivalent to a wideband reporting. When , we observe acceptable performance compared to Rel-15. From  to , for opt-1, we observe that the performance loss relative to Rel-15 decreases 12.2% to 9.5% for cell-edge UE with the cost of overhead reduction decreasing from 53% to 31%; for opt-2, the performance loss relative to Rel-15 decreases 9.6% to 6.5% for cell-edge UE with the cost of overhead reduction decreasing from 47% to 24%. When , the performance gets similar to Rel-15, but overhead reduction almost vanishes. 
[image: cid:image002.png@01D4736E.3831C690]
Figure 4. System level performance @ 32ports, Uma, 50% RU
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Figure 5. Performance vs. overhead @ 32ports, Uma, 50% RU
[bookmark: _Toc528755921][bookmark: _Toc528756403][bookmark: _Toc528765815][bookmark: _Toc528853297][bookmark: _Toc528853358]Observation 8:	The system performance increase with more selected frequency domain basis but saturate at some point.
[bookmark: _Toc528755923][bookmark: _Toc528756405][bookmark: _Toc528765817][bookmark: _Toc528853299][bookmark: _Toc528853360]Observation 9: Beam-specific frequency domain basis selection outperforms beam-common frequency domain basis selection with slight increase of overhead.
Based on the above analysis, we propose
Proposal 5:	Study and determine the number of selected frequency domain basis for each spatial beam for each certain number of SBs from the perspective of overhead reduction and performance. 
Enhancement of reciprocity-based CSI
In this part, we resume the discussion on SRS-aided CSI enhancement provided in the last meeting. As shown in Figure 6 below, Type II CSI acquisition can be enhanced by leveraging UL SRS transmission via a 4-step procedure. 

[image: ]
[bookmark: _Ref525854436]Figure 6: SRS-Guided CSI-RS scan
In the first step, the UE transmits SRS on the UL, along a certain number of ports. The gNB, in Step 2, then selects a subset of “M” best beams for each of the “Nbasis” W1 basis sets. These beams may be selected based on a power maximization or another metric. The gNB then transmits the CSI-RS along these basis beams on the DL. The UE computes a Type II CSI in Step 4. 
[bookmark: _Toc524961232][bookmark: _Toc524961374][bookmark: _Toc525204873][bookmark: _Toc525648352][bookmark: _Toc525736569][bookmark: _Toc525806857][bookmark: _Toc525806886]By using such reciprocity-based pruning at gNB, this method helps reduce the overhead associated with the CSI-RS tones on the DL. In addition, the number of bits used to represent the basis set chosen in the CSI report could also be reduced.
Figure 7 below shows preliminary simulation results comparing the DL spectral efficiency obtained with basis pruning vs that obtained without basis pruning at gNB, assuming 0.5 RE/RB for CSI-RS. The simulation was run for UEs at 140 dB total path loss. The detailed simulation setup is given in Table 5.
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[bookmark: _Ref525856593]Figure 7: Improvement of DL Performance by pruning basis sets at gNB by using SRS reciprocity
[bookmark: _Toc525928478][bookmark: _Toc525986330][bookmark: _Toc525986452][bookmark: _Toc525986786]Observation 10:	Reciprocity-based enhancement of Type II CSI results in reduction of overhead both for CSI-RS and CSI reporting. As a consequence of the overhead reduction, DL throughput improves. 
[bookmark: _Toc524961185][bookmark: _Toc524961378][bookmark: _Toc525204878][bookmark: _Toc525648357][bookmark: _Toc525736574][bookmark: _Toc525806862][bookmark: _Toc525806891][bookmark: _Toc525928482][bookmark: _Toc525986335][bookmark: _Toc525986457][bookmark: _Toc525986791] Proposal 6:	Use reciprocity-based enhancement of Type II CSI for further reduction of overhead for both Type II CSI-RS and CSI report.

Conclusion
In this contribution, we discuss general structure of type II overhead reduction, feedback strategies and evaluation results in terms of both overhead reduction and performance. We have made the following observation.
Observation 1:	A common structure can be used for both frequency and time domain compression.
Observation 2:		The SVD basis increases the UE complexity dramatically and lead to large feedback overhead.
Observation 3:		RB level frequency domain compression can significantly increase UE’s complexity.
Observation 4:	With 2 frequency domain selected basis, near 75% overhead reduction can be achieved.
Observation 5: 	Higher overhead reduction is achieved with large number of SBs.
Observation 6: 	Overhead reduction decreases with the number of selected frequency domain basis for a fixed number of SB.
Observation 7:	Feedback frequency domain basis can significantly increase the total payload size compared with DFT basis.
Observation 8:	The system performance increase with more selected frequency domain basis but saturate at some point.
Observation 9: Beam-specific frequency domain basis selection outperforms beam-common frequency domain basis selection with slight large increase of overhead.
Observation 10:	Reciprocity-based enhancement of Type II CSI results in reduction of overhead both for CSI-RS and CSI reporting. As a consequence of the overhead reduction, DL throughput improves. 
Based on the analysis, we make the following proposals.
 Proposal 1:	Adopt the following general framework for Type II CSI overhead reduction:
· For a layer, the precoder across the frequency domain comprises , where B is the spatial domain compression matrix, F is the frequency domain matrix, and V is the coefficient matrix.
Proposal 2:	Adopt DFT matrix as the construction matrix for frequency domain compression matrix.
Proposal 3:	The same subband level granularity as Rel-15 should be supported.
Proposal 4:	Downselect between beam-common frequency domain basis selection and beam-specific frequency domain basis selection. 
Proposal 5:	Study and determine the number of selected frequency domain basis for each spatial beam for each certain number of SBs from the perspective of overhead reduction and performance. 
Proposal 6:	Use reciprocity-based enhancement of Type II CSI for further reduction of overhead for both Type II CSI-RS and CSI report.

 Appendix
Table 4, Simulation assumptions
	Parameter
	Value

	Duplex, Waveform 
	FDD (TDD is not precluded), OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense Urban.=

	Frequency Range
	FR1 only, 4GHz.

	Inter-BS distance
	200m 

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	Companies need to report which option(s) are used between
· 32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 
Other configurations are not precluded.

	Antenna setup and port layouts at UE
	2RX: (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ for (rank 1,2) Type II overhead reduction

	BS Tx power 
	41 dBm

	BS antenna height 
	25m 

	UE antenna height & gain
	Follow TR36.873 

	UE receiver noise figure
	9dB

	Modulation 
	Up to 256QAM 

	Coding on PDSCH 
	LDPC
Max code-block size=8448bit 

	Numerology
	Slot/non-slot 
	14 OFDM symbol slot

	
	SCS 
	15kHz 

	Number of RBs
	52 for 15 kHz SCS

	Number of RB per subbands
	8

	Simulation bandwidth 
	10 MHz 

	Frame structure 
	Slot Format 0 (all downlink) for all slots

	MIMO scheme
	SU/MU-MIMO with rank adaptation 

	MIMO layers
	Maximum 12 layers  for MU-MIMO 

	CSI feedback 
	Feedback assumption at least for baseline scheme
· CSI feedback periodicity (full CSI feedback) :  5 ms, 
· Scheduling delay (from CSI feedback to time to apply in scheduling) :  4 ms

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes
Other FTP model is not precluded.

	Traffic load (Resource utilization)
	· 50% 

	UE distribution
	- 80% indoor (3km/h), 20% outdoor (30km/h) 

	UE receiver
	MMSE-IRC as the baseline receiver



Table 5. Simulation assumptions
	Parameters
	Value

	System layout
	57-cell wrap around with 200m ISD

	Tx antenna modeling
	1Vx16Hx2P=32 ports, with 4Vx1H elements per port, dv=0.8λ, dh=0.5λ

	Traffic modeling
	FTP Model 1

	Carrier/bandwidth/subcarrier spacing
	4GHz/10MHz/15kHz

	Channel model
	3D-UMi

	UE receiver modeling
	MMSE/4Rx

	System scheduler
	Proportional fair scheduler with MU-MIMO

	CSI update period and latency
	5ms period, 5ms latency
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