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Introduction
Based on the agreements made in RAN1#96 [1] and the email discussions [2] after the meeting, the following issues about the DFT-compression based Type II codebook are discussed in this contribution. 
· Remaining details
·  for 
· Working assumption on 
· Support for 
· Reducing supported combinations of compression parameters
· “Zero” amplitude
· Extension to rank 3-4
· Parameter setting 
· SD/FD basis and coefficient subset selection
The other remaining issues such as UCI design and CBSR are discussed in [3, 4]. The relevant simulation results are provided in companion contributions [5 – 7]. 

Remaining details
The following agreements and working assumption were made about Type II overhead reduction in RAN1 AH 1901 [8] and RAN1#95 [1].

	RAN1 AH 1901

Agreement
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Values of N3: For  and NSB is # CQI subbands, when , downselect among the following alternatives in RAN1#96
· 
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

Working Assumption
On the choice of oversampling factor O3, O3 = 4 is supported  

	RAN1#95

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

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 



The four remaining issues (highlighted above) are discussed in this section. The first issue is the  value for the case when , for which two alternatives, as shown above, were agreed [8] to down-select from in RAN1 AH 1901. There are at least the following issues with these two alternatives.
· Two different solutions for  and  adds to UE implementation complexity. A single solution for both cases should be preferred.  
· The threshold value (13) is arbitrary. The rationale behind this value is unclear. Due to this threshold value, a UE needs two different implementations (one for <= 13 case and another for >13 case) even for R=1. 
· Based on simulation results [5], we observe that both alternatives for  case are much worse than  in terms of performance-overhead trade-off. 
Realizing these issues, it was agreed in RAN1#95 to clarify/refine both alternatives with  as the baseline solution. The main argument in support of the two alternatives is “fast” DFT implementation if  is a multiple of 2 or 3 or 5. One simple refinement to these alternatives could be based on UE capability signalling. In particular, the UE capability signalling may include information such as whether the UE supports  values that are multiples of 2 or 3 or 5, or the UE supports any value. When the UE reports (sub-)capability to support any  value, then ; otherwise,  value is according to one of the two alternatives.  
The second issue is the working assumption on . It has also been argued that the oversampled DFT vectors (with O3>1) are equivalent to a phase-rotated version of the critically sampled DFT vectors (with O3=1) and any phase rotation is redundant due to precoder normalization, therefore, there is no need for O3 > 1. In our view, this is a small issue, and there is no other clear technical benefits to support =4. Therefore, the working assumption can be reverted, i.e., . 
The third issue is the FFS “Further down selection of supported combinations of FD compression parameters.” Based on the simulations results [6], we observe that the overhead of  can be very large when  (e.g. 35% more when compared with  for ), and there isn’t any performance gain. We therefore propose remove (not support) this combination  and .
The fourth issue is whether to support . Based on the simulations results [7], we observe the following. Since there is not sufficient gain with  compared to the overhead, the need to support  is not justified.  
Observation: For L=6,
· There is no gain in low overhead regime
· There is marginal gain (<1% for rank 1 and ~1% for rank 1-2 (with rank adaptation) within the overhead regime of Rel.15 Type II 
· In the overhead regime higher than Rel.15 Type II, somewhat higher gain in UPT can be observed but the resulting overhead range is very high
The fifth issue is the “zero” amplitude. During an offline email discussion, it was pointed out that the “zero” in the reference amplitude value set for the agreed LCC quantization is not needed since the exact location of zero(s) is indicated in the size-2LM bitmap. The following alternatives were proposed to address this issue.
· Alt0: keep “zero”
· Alt1: replace “zero” with “Reserved” (i.e. remove “zero”, effective set size = 15)
· Alt2A: replace “zero” with value Z= (following 1.5dB step size)
· Alt2B: replace “zero” with Z= (between the two most probable values for RI=2)
· Alt2C: replace “zero” with complex value, e.g. Z=exp(pi*i/NPSK), where i is imaginary unit, NPSK is number of points in the constellation for phase quantization
The distribution of the reference amplitude value set is shown in Figure 1. It can be observed that two most probable values are  and . In Alt2B, the “zero” amplitude is replaced with , which lies between the two most probable values, hence has a high probability (~20%) of being reported. On the other hand, in Alt2A, the “zero” amplitude is replaced with , which is likely to have a very small probability (1-2%) of being reported. Therefore, Alt2B is expected to outperform Alt2A. The simulation results comparing Alt0, Alt2A and Alt2B are shown in Table 1 in Appendix. We can observe the following from the results.
Observation 2: Regarding “zero” amplitude, Alt2B is the best overall (up to 0.6% gain in avg. UPT and up to 1.6% gain in 50% UPT) 
[image: image004]
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Proposal 1: For DFT-compression based Type II codebook, 
· Support UE capability signalling to indicate whether the UE can support (a) any  values or (b)  values that are multiple of 2 or 3 or 5.
· For (a),
· For (b), one of the two agreed alternatives (as is or refined) is used
· Revert the working assumption on O3, i.e., support 
· The combination  and  is not supported.
· Support Alt2B (replace “zero” with ) or, as a second preference, Alt1 (replace “zero” with “Reserved”)

Extension to rank 3-4
1 
2 
The following agreement was made in RAN1#96 [1].
	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
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)



The following agreement was made during the email discussion [96-NR-08] [2].
	Agreement 1: On the L/p parameter setting for RI=3-4, consider/compare only the alternatives given in sections 2.1 to 2.6 (Alt1; 2A, 2B; 3A, 3B, 3C; 4A, 4B, 4C, 4D, 4E, 4F; 5A, 5B, 5C; 6A, 6B, 6C, 6D, 6E, 6F, 6G, 6H) – see [2] for details  
· No other alternative will be considered

Agreement 2: On selecting the scheme for the L/p parameter setting for RI=3-4, the following aspects need to be considered, and decided together or after the scheme selection:
· SD and/or FD basis subset selection for RI=3 and 4: layer-common vs. layer/layer-group-specific
· Fixed/pre-defined vs. configurable setting, whenever applicable
Restriction on parameter setting and/or value range for L and/or p to control overhead



This section discusses details about (a) parameter setting and (b) basis subset selection for RI=3-4.
Regarding (a), a simple design to start with is to vary only one of the parameters  across layers for RI=3-4 and keep the other two parameters the same as RI=1-2. One alternative (Alt1 in [2]) is to keep  the same as RI=1-2, and vary  across layers (e.g. ) for RI=3-4. The issue with alternative is the large overhead to report bitmap for layer 2-3. As shown in [6], due to this large increase in overhead, the performance-overhead achieved by this alternative is not worse than other alternatives (such as Alt6D/6E). Two other alternatives are (Alt6D in [2]) fixed , varying ; and (Alt6E in [2]) fixed , varying . For these two alternatives, The following high-level design guidelines can be considered in order to ensure that the rank 3-4 payload is comparable to that for rank 2, where  and  are the number of SD and FD basis vectors, respectively, for layer . 
· Alt6D in [2]: unequal number of SD basis vectors
· , which is the total number of SD basis subsets for RI=2
· , i.e., for each layer, the number of SD basis vectors is at most equal to that for RI=2  
·  is non-increasing ( for ).
· Alt6E in [2]: unequal number of FD basis vectors
· , which is the total number of FD basis subsets for RI=2
· , i.e., for each layer, the number of FD basis vectors is at most equal to that for RI=2
·  is non-increasing ( for ).
The reason that the set  and  comprises non-increasing values as layer  increases is that layers are non-decreasing in strength (since Eigenvalues of dominant eigenvectors are non-increasing), hence, stronger layer should be allocated more number of SD/FD basis vectors. This is illustrated in Figure 2 for RI=3. A few example of  and  is shown in Table 2. 
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Table 1: Examples of  and  for  and 
	Rank
	
	

	3
	(6,6,4), (7,5,4)
	(5,5,4), (6,4,4)

	4
	(4,4,4,4), (6,4,4,2), (5,4,4,3), (5,5,3,3)
	(4,4,4,2), (5,4,3,2), (5,3,3,3), (4,4,3,3)



The set  and  is determined based on the configured  and  values. Note that the total bitmap size equals , which is the total bitmap size for RI=2. Whether the set  and  is fixed or configured can be further studied. Finally, the  value remains the same as RI=1-2, hence it is layer-common and RI-common. One can argue that perhaps additional benefits can be achieved by varying  across layers. The purpose of both varying / and varying  across layers is to capture the dominant (strong) SD/FD basis or components across layers, and at the same time, reduce the overall overhead. The parameters , however, contribute mainly to the bitmap overhead and  contributes to the NZ coefficients’ overhead. Between the two overheads, the bitmap overhead is more dominant (requires much more bits if  is large) for RI=3-4 than the NZ coefficients’ overhead, as shown in [6]. Hence, we should vary  across layers in order to ensure that the bitmap overhead is reasonable (e.g. to be the same RI=2). Varying  in addition to varying  may reduce the NZ coefficients’ overhead further, but there will be some performance loss, and hence there may not be any gain in terms of performance-overhead trade-off.
The simulation results comparing the two alternatives (Alt6D and Alt6E) is provided in [6]. Based on the results, it has been observed that Alt6D can achieve more gain (~2.5%) than with Alt6E. We therefore propose Alt6D for parameter setting.
Regarding (b), when SD basis subset is layer-common, then the L beams may not be able to capture the rich high rank channel, especially when L = 2, and hence, may result in performance loss (up to 2%), as shown in [6]. This is due to the fact L=2 SD beams are not sufficient to maintain orthogonality across 3 or 4 layers. It is therefore proposed to select SD basis subset in a layer-pair-specific manner, i.e., independent L beams for each pair of consecutive layers, i.e., SD beams  are common for layers (0, 1), and SD beams  are common for layers (2, 3). Regarding FD basis subset, the rank 2 design can be simply extended, i.e., FD basis subset selection is layer-specific.

[bookmark: _Ref446598642]Proposal 2: For rank 3-4 extension,
· Support Alt6D for parameter setting with the following design guidelines
· , which is the total number of SD basis subsets for RI=2
· , i.e., for each layer, the number of SD basis vectors is at most equal to that for RI=2  
·  is non-increasing ( for )
· Study whether  is fixed or configured
· Support Alt0 for , i.e., for RI{1,2,3,4}, there is only one β value
· Support layer-pair-specific SD basis subset 
· Layer 0-1: SD basis 0 (similar to rank 1-2 design)
· Layer 2-3: SD basis 1
· Support layer-specific FD basis subset

Conclusions
In this contribution, remaining issues about DFT-compression based Type II CSI codebook and its extension to RI=3-4 are discussed. The observations and proposals made are summarized as follows. 
Observation: 
· For L=6,
· There is no gain in low overhead regime
· There is marginal gain (<1% for rank 1 and ~1% for rank 1-2 (with rank adaptation) within the overhead regime of Rel.15 Type II 
· In the overhead regime higher than Rel.15 Type II, somewhat higher gain in UPT can be observed but the resulting overhead range is very high
· Regarding “zero” amplitude, Alt2B is the best overall (up to 0.6% gain in avg. UPT and up to 1.6% gain in 50% UPT) 
Proposal 1: For DFT-compression based Type II codebook, 
· Support UE capability signalling to indicate whether the UE can support (a) any  values or (b)  values that are multiple of 2 or 3 or 5.
· For (a),
· For (b), one of the two agreed alternatives (as is or refined) is used
· Revert working assumption on O3, i.e., support 
· The combination  and  is not supported.
· Support Alt2B (replace “zero” with ) or, as a second preference, Alt1 (replace “zero” with “Reserved”)
Proposal 2: For rank 3-4 extension,
· Support Alt6D for parameter setting with the following design guidelines
· , which is the total number of SD basis subsets for RI=2
· , i.e., for each layer, the number of SD basis vectors is at most equal to that for RI=2  
·  is non-increasing ( for )
· Study whether  is fixed or configured
· Support Alt0 for , i.e., for RI{1,2,3,4}, there is only one β value
· Support layer-pair-specific SD basis subset 
· Layer 0-1: SD basis 0 (similar to rank 1-2 design)
· Layer 2-3: SD basis 1
· Support layer-specific FD basis subset
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[bookmark: _Ref4690860]Table 2: Simulation results for “zero” amplitude - 16 ports, 50% RU, L=4, M=7, 13 SBs
	beta
	Scheme
	Avg. UPT gain
	50% UPT gain

	 
	R15,L=2 (Ref)
	100.0%
	100.0%

	¼
	Alt0
	105.6%
	104.6%

	
	Alt2A
	105.8%
	104.9%

	
	Alt2B
	106.2%
	106.0%

	½
	Alt0
	111.4%
	110.4%

	
	Alt2A
	110.7%
	110.8%

	
	Alt2B
	111.4%
	112.0%

	¾
	Alt0
	112.2%
	112.7%

	
	Alt2A
	112.0%
	112.5%

	
	Alt2B
	112.7%
	113.6%
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