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1 Introduction
In RAN1#96 meeting, following agreements are captured in the chairman’s note [1] as:
Agreement 
Proposal 1 from R1-1902304 is agreed

Agreement
Extend the Type II DFT-based compression (designed for RI=1-2) to RI=3-4 with the following design principle:
· The resulting overhead for RI=3-4 is at least comparable to that for RI=2 

Agreement
On subset selection for layer 0, agree on the following:
· Unrestricted (polarization-independent) subset selection which requires a size-2LM bitmap in UCI part 2
· 
 
· FFS: Further down selection of supported combinations of FD compression parameters  
Agreement
On LCC quantization, agree on the following:
· The description of each of the five alternatives above is final (in R1-1902304, section 2.5)
· Further discuss to select one of the five alternatives later this week (in RAN1#96)
· Any new alternative (including merged/compromise proposals) will not be considered for Rel-16

Agreement
On subset selection for RI=2, agree on the following
· SD basis selection (selection of L out of N1N2 SD DFT vectors) is layer-common
· Terms:
· “FD basis subset selection” refers to the selection of M out of N3 FD DFT vectors
· “Coefficient subset selection” refers to the selection of KNZ (# non-zero coefficients) out of 2LM where KNZ ≤ K0
· The size-K0 subset design for layer 0 is also applied to layer 1
· K0 is the maximum number of non-zero coefficients for each layer.

Agreement
On LCC quantization, agree on Alt2 (differential per polarization) per the description in R1-1902304

Agreement
For RI=2, the following is supported 
· Layer-independent FD basis subset selection 
· Layer-independent coefficient subset selection

Agreement

On the values of N3, further discuss and clarify/refine both of the available alternatives with  as the evaluation baseline.

Agreement
For RI{3,4}, different layers are independently quantized just as RI=1 and 2

Agreement
On SD and FD basis selection for RI{3,4}
· The parameter R is layer-common and RI-common
· For the higher-layer setting of SD/FD basis parameters (L, p):
· Down select among the following alternatives for the higher-layer setting of SD/FD basis parameters (L, p):
· Alt1 RI-common for RI{1,2,3,4}, layer-common 
· Alt2 RI-common for RI{1,2,3,4}, layer-/layer-group-specific
· Alt3 RI-common for RI{3,4}, layer-common 
· Alt4 RI-common for RI{3,4}, layer-/layer-group-specific
· Alt5 RI-specific for RI{3,4}, layer-common
· Alt6 RI-specific for RI{3,4}, layer-/layer-group-specific
· Note: For RI=1 and 2, RI-common, layer-common setting has been agreed
· Note: No other alternatives will be considered

Agreement
On the max # NZ coefficients for RI{3,4}, down select from the following alternatives (no other alternatives will be considered)
· Alt0. For RI{1,2,3,4}, there is only one β value 
· Alt1. Total max # NZ coefficients across all layers ≤ 2K0 (the K0 value set for RI{1,2})
· Alt2. For RI{3,4}, there is only one value of max # NZ coefficients per layer < K0 where the K0 value is set for RI{1,2}
· Alt3. Total max # NZ coefficients across all layers ≤ 2K0 (the K0 value set for RI{1,2}) where  is fixed and RI-specific
· FFS: value of  per agreement that the overhead for RI=3 or 4 should at least be comparable to RI=2 
· Alt4. For RI{3,4}, there is only one value of max # NZ coefficients per layer < K0 where the K0 value is set for RI{1,2} where  is fixed and RI-specific
· FFS: value of  per agreement that the overhead for RI=3 or 4 should at least be comparable to RI=2
· Note: For RI{1,2}, there is only one K0 value (=max # NZ coefficients per layer)

Agreement
Decide in RAN1#96bis whether to support L=6 (in addition to L=2 and 4) taking into account RI{3,4} and/or 32 ports.
· Also consider possible restriction(s) on the use case for supporting the additional value(s) of L

In this contribution, we discuss on the overhead reduction for Type II CSI and provide evaluation results in order to determine the codebook parameters and frameworks to support RI=3-4. Note that discussion on number of SD beams can be found in our companion contribution [2].
2 Discussions on Type II CSI extension to RI=3 and 4
In order to reduce the overhead for Rel-15 Type II CSI, DFT-based compression framework has been agreed for Rel-16 Type II CSI. In this codebook, the precoder for a layer is given by size-matrix

where ,  is the size of frequency domain, is size-matrix,  is the number of combining beams and  is the number of columns in. For RI=1 and 2, independent FD selection and quantization has been agreed in RAN1#96. In this section, we discuss on Type II CSI extension to RI=3 and 4 in the consideration that total overhead should be at least comparable to that of RI=2.
 
A. On SD and FD basis selection (L, p)
In the summary of email discussion [3], various alternatives for the higher-layer setting of SD/FD basis parameters (L, p) are proposed in order to efficiently design RI={3,4}. Note that the size of the total size of feedback payload is affected by the number of combining beams, the amount of quantization for combining coefficients, SB size, etc. In particular, it is agreed that the payload for RI={3,4} should be comparable to that of RI=2.
To do this, each parameter can be set and/or configured to RI-common or RI-specific. Moreover, it is also possible to consider layer-common or layer-specific parameters for a given RI. Hence, there are various examples of each parameter setting for Type II CSI up to RI=4. Table 1 is an example of RI-common and layer –specific design. 
Table 1. Example of RI-common and layer-specific parameter (Alt 2.A in [3])
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This Alt2.A applies a common parameters (L,p) for a given RI value, but it has the different values for layer 2 and 3. Here, the parameters L and p affect the number of SD and FD basis, respectively, and  determines the max number of non-zero coefficients per layer. Therefore, the parameters (L, p,  are the main factor for determining the payload for CSI feedback.
Observation 1. The parameter setting  for the configured RI are the main factors for determining the overall payload for CSI feedback, so that those three parameters  should be jointly considered for the RI={3,4} extension.

   Based on the above observation, following high-level design principle can be made as:
	- , 
- , 
-  is configured based on the following conditions as
* 
※ {} can be determined by RRC configuration or pre-defined rule.
※ DFT beams corresponding to  and  can be independently selected.


A kind of designing principle similar to the above specific example may cause an impact on reducing supported combinations of parameters which is described in Section 3-C. Hence, in the following simulation, by setting aside the effect of , we only consider schemes for parameter setting (L, p). The main point is that the parameter setting with RI-common and layer-/layer-group-specific allows a small amount of implementation impact and leads the performance enhancement in terms of performance-overhead trade off, which is depicted in Figure 1 as:
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Figure 1. Average UPT vs. overhead trade-off for various parameter setting (L,p)

Figure 1 presents the average UPT with various parameter setting schemes. It is assumed that 16-port CSI-RS and medium traffic load. Also, each UE is equipped with 4 Rx antenna ports and maximum rank 4 transmission is considered. Note that Table 2 lists the parameter setting for the evaluation. Also, additional beam indicating method such as independent DFT beam selection in SD for layer-/layer-group-specific manner is taken into account. Other simulation assumptions are listed in Annex. In this plot, we can observe that layer-/layer-group-specific parameter setting for L contributes to improving performance-overhead trade-off compared to that for p. Also, by combining RI-common and layer-/layer-group-specific configuration such as Alt.2A, Alt.4C, and Alt.6C performs well with quite reduced feedback payload.

Table 2. Parameter setting (L,p) for schemes in Figure 1
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Observation 2. As shown in Figure 1, layer-/layer-group-specific parameter setting for L contributes to improving performance-overhead trade-off compared to that for p.
Proposal 1: Support Alt.2A, Alt.4C, or Alt.6C for the higher-layer setting of SD/FD basis parameters (L, p).

B. On the max # NZ coefficients for RI={3, 4}
In the RAN1#96 meeting, in order to determine the max # of non-zero coefficients for RI={3,4}, five alternatives below are considered. 

· Alt0. For RI{1,2,3,4}, there is only one β value 
· Alt1. Total max # NZ coefficients across all layers ≤ 2K0 (the K0 value set for RI{1,2})
· Alt2. For RI{3,4}, there is only one value of max # NZ coefficients per layer < K0 where the K0 value is set for RI{1,2}
· Alt3. Total max # NZ coefficients across all layers ≤ 2K0 (the K0 value set for RI{1,2}) where  is fixed and RI-specific
· Alt4. For RI{3,4}, there is only one value of max # NZ coefficients per layer < K0 where the K0 value is set for RI{1,2} where  is fixed and RI-specific

In our understanding, the # of NZ coefficients per layer in Alt0, Alt1 and Alt4 can be configured by gNB, and that of Alt 2 and 3 is determined by UE. Therefore, Alt2 and 3 may increase the UE complexity. In the following Figure 2, we will verify the performance and overhead trade-off among the alternatives. 
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Figure 2. Performance comparison among alternatives
Observation 3: Alt 2 provides 1~2% average UPT performance gain over Alt 1 at the expense of increased UE complexity. Minor performance gap among alternatives is observed. 

C. Issues for design of RI={3,4}
· Layer orthogonality among layers
It is designed rank>2 Type II CSI codebook which maintains high system performance gain and keeps CSI reporting payload comparable to rank 2. It is mainly due to the fact that inter-layer interference becomes more serious especially in higher rank. Hence, considering orthogonal property among layers is quite beneficial to mitigate inter-layer interference. 
One way to ensure layer orthogonality is to independently select two different orthogonal beam groups in SD domain. Then, different group can be applied to different layer construction. In general, it is likely that layer-independent SD basis selection results in slightly higher overhead due to indicating the basis selection, while it could allow the use of smaller values of L which could leads more overhead reduction not only on the bitmap size but more importantly the number of LC coefficients for the same level of performance. The same could perhaps be said, e.g. with FD basis selection in relation to p. For instance, as plotted in Figure 1, we consider that DFT-beams in SD are independently selected for different  or , respectively. Therefore, for RI={3,4}, L should be carefully selected by exploiting layer-orthogonal property. Other examples can include applying pre-defined orthogonality processing based on the Gram-Schmidt or Given’s rotation. 

· Layer/Layer-group specific LCC quantization level
In Rel-16 Type II CSI, the total payload is affected by the number of combining beams, quantization level for combining coefficients, and the size of compression unit, etc. To ensure the performance, it is preferred that subset selection for bitmap and FD basis should be applied layer independently. It is noted that the channel quality of each layer is affected by the eigen-values of the channel which are different in general, and the channel can be expressed as a linear combination of eigen-vectors and their corresponding eigen-values. It can give the criterion for determining dominant channel directions, and the loss of the channel accuracy may not be so large when the combining coefficients corresponding to the dominant layer (e.g. layer 0) adopt higher quantization level compared to those of other layers.
Proposal 2: For RI=3 and 4, the SD basis for the third and/or the fourth layer(s) should be selected independently with the SD basis for the first and the second layer(s) in order to utilize layer orthogonality property as much as possible..
Proposal 3: Consider different quantization level across different layers.

3 Remaining issues
  In this section, we discuss on the remaining issues for Rel-16 Type II CSI.

A. UCI design
[bookmark: _Ref4589876]Through the offline email discussion, following UCI parameters listed in Table I are discussed. 
Table 1. List of UCI parameters
	Parameter
	Location 
	Details/description

	# NZ coefficients
	UCI part 1
	FFS: Exact design (joint or separate across layer)

	Wideband CQI
	UCI part 1
	Same as R15

	Subband CQI
	UCI part 1
	Same as R15

	Bitmap per layer
	UCI part 2
	RI=1-2: for layer l, size-
FFS: exact design for RI=3-4 (depending on subset selection)

	Strongest coefficient indicator (SCI)
	UCI part 2
	FFS: Exact design for all layers (bitwidth, etc.)

	SD basis subset selection indicator 
	UCI part 2
	FFS: Exact design depending on decision for SD/FD basis parameter setup for RI=3-4

	FD basis subset selection indicator
	UCI part 2
	FFS: 
· Exact design depending on decision for SD/FD basis parameter setup for RI=3-4, 
· Impact of the bitwidth if subset restriction is supported.

	LC coefficients: phase
	UCI part 2
	Quantized independently across layers

	LC coefficients: amplitude
	UCI part 2
	Quantized independently across layers (including reference amplitude for weaker polarization, for each layer)



Although some CSI contents in Table I are highly depending on the design of RI={3, 4}, the contents are indeed essential for Rel-16 Type II CSI. Thus, at least the contents in Table I should be supported. 

Proposal 4. Support UCI parameters in the Table I for Rel-16 Type II CSI. 
 
Regarding RI in Part 1 CSI, it depends on encoding method of # of NZ coefficients. If # of NZ coefficients are jointly encoded across layers, RI should be included in the Part 1 CSI. So, the total overhead can be 2bit (RI) +  (# of NZ coefficients). On the other hands, similar to Rel-15 UCI, if # of NZ coefficients has separate fields per layer, RI can be implicitly signaled to gNB, so reporting RI is redundant. In that case, the total overhead can be . Thus, in our view, it needs to be carefully determined by taking into account sum of overhead for RI and # of NZ coefficients up to RI={3,4}.

B. Remaining issue in coefficient quantization 

Through the offline email discussion, issue on “zero” value in reference amplitude alphabet has been raised by feature lead. · The alphabet is  (-1.5dB step size)

For solving this issue, following solutions are considered. 
· Alt0. Leave the value set as is (hence the “zero” remains in the size-16 set)
· Alt1. Remove the “zero” from the value set, resulting in the set size of 15
· Alt2. Replace the “zero” with a non-zero value, maintaining the set size of 16

In our view, Alt0 and Alt1 is the same in the UCI design perspective. Although if new UCI parameter in Part 1 CSI in order to indicate “zero” value, Alt0 can have a chance to reduce the Part 2 CSI. However, the probability of such event will be very low. So, it is not preferable to introduce such new UCI parameter. In Alt1, resulting alphabet size can be reduced from 16 to 15, so the UE searching complexity can be reduced. In Alt2, zero value is replace to the new value such as . However, changing one value from uniformly well distributed set does not provide any measurable performance gain as seen in the table 2 below. Thus, such minor optimization is not needed. 

Table 2. Performance comparison with 16 Tx / 2Rx at medium load (13 SBs)
	Parameters
	Scheme 
	Mean UPT gain
	5% UPT gain

	
	Alt 0
	-
	-

	
	Alt 2 with 
	0.00%
	-0.10%

	
	Alt 2 with 
	0.07%
	0.00%

	
	Alt 0
	-
	-

	
	Alt 2 with 
	0.06%
	0.01%

	
	Alt 2 with 
	0.07%
	0.00%



Observation 4: Alt2 provides minor performance gain in terms of mean and 5% UPT. 
Proposal 5. Support Alt0 (keep zero) or Alt 1 (zero value is replaced to “reserved”) for reference amplitude alphabet in Rel-16 Type II CSI. 

C. Reducing supported combinations of parameters
So far, we have following agreed parameter set  for Rel-16 Type II CSI as
· 
· 
· 
Thus, total combination so far is 12, and it may be increased if layer/layer group-specific extension for RI={3,4} is adopted. Thus, in order to reduce the UE implementation complexity, reducing the parameter combinations is important. Figure 3 and 4 presents the average UPT and 5% UPT, respectively, with L=4 and various beta and p values. It is assumed that 16-port CSI-RS, 10MHz BW (13 SBs) and medium traffic load. Also, each UE is equipped with 2 Rx antenna ports and maximum rank 2 transmission is considered. Note that for rank 2 transmission of compressed schemes, additional layer orthogonality process such as Gram-Schmidt is applied after determining the codebook parameters. Other simulation assumptions are listed in Annex. 
· Reference: Rel-15 Type II CSI with L=2 and CodebookMode=2
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Figure 3. Average UPT results with various p and values
[image: ]
Figure 4. 5% UPT results with various p and  values
Observation 5: For  and  provides good performance-overhead trade off, and for  and  provides good performance-overhead trade off. Since total overhead depends on both p and  values, ranges of both parameters should be jointly selected.
Proposal 6. Support  and  for parameter combination in Rel-16 Type II CSI.  

D. Values of N3
In this subsection, discussion on values of N3 is presented and one of the following alternatives is considered for N3>13. 
· 
Alt1: N3 is smallest multiple of 2, 3, or 5 which is  
· Alt2: N3 is a multiple of 2, 3, or 5. Segment into 2 parts with overlapping between 2 parts. Note: no padding is needed to align the DFT size with the multiple of 2, 3, or 5
For the simulation, we assume 20MHz BW, 30 kHz subcarrier spacing and R=2. The number of FD units in the CSI reporting band is 26 for 20MHz. For Alt 1, the size of FD unit becomes 27, and the last FD unit is zero-padded. For Alt 2, the FD unit becomes 13 and segment independent basis selection and coefficient selection is assumed. In the following figure 5 and 6, we compare the performance and overhead trade-off of Alt 1 and 2.
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Figure 5. Average UPT results with Alt 1 and 2
[image: ]
Figure 6. 5% UPT results with Alt 1 and 2

Observation 6. Alt2 can achieve about 5% and 4% performance gain over Alt1 in terms of average UPT and 5% UPT, respectively.
Observation 7. Alt2 can further reduce the overhead if segment common basis selection and/or coefficient selection is applied. 
Proposal 7. Support Alt 2 (segmentation based) for the determination of values of N3

E. Codebook subset restriction
In RAN1 #95 meeting, following agreement regarding codebook subset restriction has been made as:
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 

   The codebook subset restriction (CBSR) plays important functionality for interference management by properly restricting reported PMIs which cause strong interference to other UEs. For this reason, in Rel-15, two different codebook subset restriction is adopted. One is per-SD DFT beam based restriction which is applied for Type I CSI, and the other one which is applied for Type II CSI is based on the combination of SD-DFT beam and its amplitude. Unlike Rel-15 Type II CSI, Rel-16 Type II CSI introduces additional frequency domain basis in order to reduce the payload. In our view, restricting such frequency domain basis (can be interpreted as delay tap) is not a reasonable solution, since gNB cannot accurately estimate which delay-taps cause the interference. Thus, our preference is re-using Rel-15 CBSR. However, due to the compression functionality, restricting amplitude may not directly control beam power, so the benefit from such CBSR needs to be further investigated. Also, as already supported in the previous release in both LTE and NR, RI restriction should be supported in Rel-16 in order to efficiently manage the interference. 

Proposal 8. For Rel-16 Type II CSI, at least DFT beam based CBSR is supported. Further study is needed on the benefit of supporting amplitude CBSR. 
Proposal 9. For Rel-16 Type II CSI, RI restriction is supported. 


4 Conclusion
In this contribution, we discuss the overhead reduction for Type II CSI. Based on the discussion above, we have following observations and proposals as: 
Observation 1. The parameter setting  for the configured RI are the main factors for determining the overall payload for CSI feedback, so that those three parameters  should be jointly considered for the RI={3,4} extension.
Observation 2. As shown in Figure 1, layer-/layer-group-specific parameter setting for L contributes to improving performance-overhead trade-off compared to that for p.
Observation 3: Alt 2 provides 1~2% average UPT performance gain over Alt 1 at the expense of increased UE complexity. Minor performance gap among alternatives is observed. 
Observation 4: Alt2 provides minor performance gain in terms of mean and 5% UPT. 
Observation 5: For  and  provides good performance-overhead trade off, and for  and  provides good performance-overhead trade off. Since total overhead depends on both p and  values, ranges of both parameters should be jointly selected.
Observation 6. Alt2 can achieve about 5% and 4% performance gain over Alt1 in terms of average UPT and 5% UPT, respectively.
Observation 7. Alt2 can further reduce the overhead if segment common basis selection and/or coefficient selection is applied. 

Proposal 1: Support Alt.2A, Alt.4C, or Alt.6C for the higher-layer setting of SD/FD basis parameters (L, p).
Proposal 2: For RI=3 and 4, the SD basis for the third and/or the fourth layer(s) should be selected independently with the SD basis for the first and the second layer(s) in order to utilize layer orthogonality property as much as possible.
Proposal 3: Consider different quantization level across different layers.
Proposal 4. Support UCI parameters in the Table I for Rel-16 Type II CSI. 
Proposal 5. Support Alt0 (keep zero) or Alt 1 (zero value is replaced to “reserved”) for reference amplitude alphabet in Rel-16 Type II CSI. 
Proposal 6. Support  and  for parameter combination in Rel-16 Type II CSI.  
Proposal 7. Support Alt 2 (segmentation based) for the determination of values of N3
Proposal 8. For Rel-16 Type II CSI, at least DFT beam based CBSR is supported. Further study is needed on the benefit of supporting amplitude CBSR. 
[bookmark: _GoBack]Proposal 9. For Rel-16 Type II CSI, RI restriction is supported. 
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Annex
Table A-1. Simulation assumptions 
	Parameters
	Value

	Scenarios 
	Dense Urban (4GHz with 15kHz SCS for 10MHz BW, 30kHz SCS for 20MHz BW), ISD=200m

	BS Tx Power
	41 dBm 

	BS antenna configurations 
(M,N,P,Mg,Ng,Mp,Np)
	Dense Urban: 16ports=(8,4,2,1,1,2,4), (dH,dV) = (0.5, 0.8)λ         

	MS antenna configurations 
	2 Rx/4Rx X-pol (0/+90)

	Etilt angle 
	102 degree 

	System bandwidth 
	10MHz (52RBs), SB size = 4RBs 

	UE attachment 
	Based on RSRP 

	Duplex
	FDD

	UE speed
	3km/h for indoor, 30km/h for outdoor 

	Traffic model 
	FTP Model 1 with packet size 0.5 Mbytes (medium ~50% RU)

	Receiver
	Non-ideal channel estimation and interference modeling
LMMSE-IRC receiver

	Hybrid ARQ 
	Maximum 4 transmissions 

	Feedback
	CQI, PMI and RI reporting triggered per 5ms
Feedback delay is 5 ms

	Transmission scheme
	MU-MIMO with rank adaptation 

	Wrapping method
	Geographical distance based

	Metrics
	Average UE throughput, 5% UE throughput vs. feedback overhead

	Overhead
	PDCCH (2 symbols), TRS (20ms period), DMRS Type 2, NZP CSI-RS for CM, ZP CSI-RS (4Port) for IM, 1 SSB / 20ms
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