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Introduction
In RAN1#96, work on Type II CSI enhancements for  continued with decisions on quantization scheme, polarization-independent subset selection, layer-common SD basis selection, and layer-independent FD basis and coefficient subset selection were made. Extension of the Type II DFT-based compression to   was also agreed along with an agreement that the resulting overhead for  is at least comparable to  RI = 2.
This contribution presents our view on one of the issues that remain for : UCI design. We also discuss several aspects of the extension to  including SD and FD subset selection for layers 3 and 4 as well as alternatives for specifying the maximum number of non-zero coefficients.
[bookmark: _Ref169246743]UCI Parameters
The following tables from the UCI parameters email discussion summarize the UCI parameters proposed thus far.
The following UCI parameters have been agreed (either explicitly or directly implied from codebook design) where FFS indicates the need for further discussion to finalize the details

	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)




· The following UCI parameters have been proposed and require further discussion  
· At least until RAN1#97 (Reno), additional proposals on UCI parameter can be made


	Parameter
	Location 
	Details/description

	RI
	UCI part 1
	The need depends on the exact design of # NZ coefficients (NZC) indicator

	M’
	UCI part 1
	Whether to report M’ ≤ M, e.g. # bits, values

	
	UCI part 1
	Whether to report  ,  # bits, values

	,  
	UCI part 1
	Whether to report , , # bits, values

	Size of the bitmap(s) in UCI Part2: Nb
	UCI part 1
	Whether to report Nb, #bits, values

	Indication of zero Pol-reference amplitude values 
	UCI part 1
	Specific design pending

	Oversampling (rotation) factor 
	UCI part 2
	e.g. values of qi, i=1,2,3 (3 values)



Our view on some of these parameters is summarized below.
Strongest coefficient indicator (SCI)
For RI , the number of bits per layer  needed to encode the SCI is .  Detailed design for RI  depends on the decision of whether the maximum number of non-zero coefficients is bounded on a per layer or layer total basis.  If it is the former, then the number of bits per layer allocated can be derived directly from the maximum number of non-zero coefficients per layer.  On the other hand if the total number of coefficients over all layers is bounded, then the allocation per layer could be  if   and  are defined through a function of higher-layer or known values. If   and  
are determined dynamically by the UE, then a loose bound such as  where α is a fixed known constant may be needed.

 #NZ coefficients and RI
The number of non-zero coefficients can be specified either as a sum total over all layers or on a per layer basis. If on a per layer basis, a value such as ‘0’ can indicate an unused layer thereby providing RI.  Since the primary purpose of the #NZ coefficient indicator is to give the size of the coefficient payload in UCI part 2, it seems more direct to indicate the total number of non-zero coefficients over all layers and indicate RI separately. 
The number of bits needed to represent the #NZ coefficient indicator for RI will depend on whether the maximum number of non-zero coefficients will be specified on a per layer or layer total basis

Size of the bitmap(s) in UCI Part2: Nb
For RI  and depending on the type of SD and FD basis selection agreed, the dimensions and therefore the size of the bitmaps in part 2 may not be fixed and therefore one or more of its dimensions or its size would need to be signaled in UCI part 1.

Indication of zero Pol-reference amplitude values
Indication of one or more layer’s weak polarization having a reference value of ‘0’ reduces the size of the bitmap in UCI part 2. However the probability of this occurring is low and therefore in our view doesn’t justify the additional complication to the UCI design.

Oversampling (rotation) factor
While it is possible to implement rotation of the oversampled DFT by the UE incorporating a linear phase shift in its precoder feedback, it is cleaner to make the UE behavior explicit by requiring it to feed back its rotation factory directly. 

The above observations lead to the following conclusions on UCI parameters:
Proposal: Decisions on the following UCI parameters should be deferred until schemes for FD and/or SD basis subset selection for RI have been decided
· Strongest coefficient indicator (SCI)
· #NZ coefficients and RI
· Size of the bitmap(s) in UCI Part2: Nb
Proposal: Oversampling (rotation) factor should be included as a UCI parameter
Proposal: Indication of zero Pol-reference amplitude values should not be included as a UCI parameter
Extension to RI{3,4} 
With most major remaining decisions needed for ranks 1 and 2 completed at RAN1#96, attention has turned to extending Type II CSI to ranks 3 and 4. Consensus was reached on extending DFT-based compression from  to  as long as the resulting overhead for  should not exceed, or at least be comparable to that for .  Three agreements were reached towards this goal, the first of which was that different layers are independently quantized just as  and .  The other two agreements dealt with SD and FD basis selection and maximum number of non-zero coefficients. Our views on these agreements’ alternatives are given below.
 SD and FD basis selection
The following alternatives for SD and FD basis selection were agreed at RAN1#96 [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
Email discussion by 15th of March: Companies to provide more details on the alternatives listed above. Strive to converge on a single set of parameters for each alternative. (Eko, Samsung)

The resulting email discussion considered 31 sub-alternatives of the above six considering whether the basis parameters p, L, or both were layer or layer-group dependent.  Downselection of the sub-alternatives was performed on the basis of support from at least one company. The list of 23 downselected sub-alternatives is given in [3].  The sub-alternatives are summarized in Table 1. From the table it can be seen that in terms of the possibilities of reducing the SD basis (L), the FD basis (p), and both, the sub-alternatives are almost equally distributed.  The schemes are also roughly split between RI common and RI specific. 
Six scenarios chosen among downselcted sub-alternatives, underlined in Table 1, were simulated to determine the best tradeoff between RI common/fixed, Layer common/fixed, and SD/FD/SD&FD.  All of the scenarios had SD and FD bases higher layer parameters that were either layer common or varied on a layer group basis. This was done to limit the simulation cases to run but also in the interest of  find sub-alternatives that offered good performance without a large number of parameters.  

[bookmark: _Ref4704350]Table 1: Summary of downselected sub-alternatives. The underlined entries indicate simulated sub-alternatives. 
	
	Layer-common
	Layer-specific for layers 2 an 3
	Layer-specific for layers 0,1,2,3
	Layer-group specific

	RI-common 
	1
	
	
	

	RI-common  
	
	
	
	2A, 2B

	RI-common  
	3A, 3B, 3C
	
	
	

	RI-common 
	
	4A
	4E, 4F
	4B, 4C, 4D

	RI-specific
 
	5A, 5B, 5C
	
	
	

	RI-specific for  
	
	6A, 6G
	6D, 6E, 6F*, 6H
	6B, 6C

	L changes with RI or layer, p is constant over RI and/or layer
p changes with RI or layer, p is constant over RI and/or layer 
L and p both change with RI and/or layer
*


	* Polarization-specific values of p


Simulated scenarios
The simulated scenarios are described in Table 2.  In all but the baseline case, the L, p, and β parameters were adjusted such that the number of nonzero coefficients was  for RI = 1, and  for .  
· Baseline
Baseline is the rank 4 Rel. 16 extension with independent basis selection for each layer group with L = 4, p = 0.5, and β = 0.75.  The maximum number of non-zero coefficients is  for RI = 3 and  for RI = 4.

· Alt 1
Here both L and p are both RI and layer common, i.e. constant across layers for all RI. Therefore in order to keep the overhead constant across ranks, β is reduced from 0.75 for , to 0.5 for RI =  3, to 0.375 for RI = 4.  The disadvantage of this approach is the large overhead of the full-sized 2LM bitmaps required for each layer.

· Alt 6E
This scenario reduces the size of the bitmaps by reducing the size of the layer 3,4 layer group’s FD for RI > 2 in an RI and layer-group specific manner.  The number of beams and β are kept fixed.  Note that while Alt 6E is defined layer specific, our simulations set the FD basis sizes to be layer group specific, i.e.  the same FD basis size for layers 1 and 2 and the same FD basis size for layers 3 and 4

· Alt 3C
This scenario combines Alt 1 with Alt 6 reducing the FD basis in a layer common fashion but not as steeply as in Alt 6E. The additional reduction in overhead is achieved by reducing β for the layer 3,4 layer group from 0.75 to 0.6 for RI = 3 and 0.3 for RI = 4.

· Alt 6C
In this scenario only the size of the SD basis for the first layer group is reduced, going from 4 for  to 3 for RI = 1, to 2 for RI = 4. The 3,4 layer group uses 2 beams. 

· Alt 4C
Here both the number of beams is reduced from 4 to 2 for the layer 3 4 layer group and β drops from 0.75 for  to 0.6 and 0.5 for layers 3 and 4 respectively

· Alt 2A
Here the size of the FD and SD bases for the layer 3,4 group are half of those for the layer 1,2 group. In addition β is layer common reducing from 0.75 to 0.67 to 0.6 for  to  RI = 4. 

 







[bookmark: _Ref4761519][bookmark: _Ref4749980]Table 2:  Simulated configurations 
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Simulation results
[bookmark: _GoBack]Simulations were performed to compare the scenarios of Table 2. The antenna configuration was 32 X 4 and with an RU of 25%.  Additional simulation assumptions are given in the Appendix. Although the size of the SD and FD bases are based on layer group, the elements of the FD basis were chosen on a per layer basis. The SD basis selection was done on a layer group basis.  A plot of the normalized average user throughput vs. rank 4 overhead is shown in Figure 1. The throughput is normalized by that of Rel.16 rank .  The baseline point represents a rank 4 extension to Rel.-16 with the full set of L beams and M taps for all layers and all ranks. The baseline case therefore has maximum number of non-zero coefficients of  and   for RI = 3 and RI = 4 respectively.
Scenarios 1, 3C, and 6E are seen to be within about 2% of the baseline case of Rel. 16 with   non-negative coefficients.  All three of these schemes use the same L = 4 beams across layers and therefore do not perform further SD basis selection.  The lowest overhead scenario, 6E, relies only on a reduced FD basis with a fixed β across layers. Options 3C and 1 on the other hand depend on reducing coefficients through the bitmap and therefore higher overhead although with small improvements in throughput.
The scenarios which use beam selection, 6C, 2A, and 4C all underperform those of FD basis reduction. Option 6C relies solely on beam selection to reduce coefficient count and therefore uses only 3 and 2 beams for the layer 1,2 layer group for RI = 3 and RI = 4 respectively. 
Overall these results show that reducing the size of the FD basis size offers the least overhead and performance within one percent of the best performing scenario, Alt 1. 
Observation: Reducing the FD basis size for layers 3 and 4 yields performance within 2% of Rel. 16 with full SD and FD basis for all layers with approximately half the overhead
Observation: FD basis reduction outperforms SD basis reduction in terms of throughput and rank 4 overhead.
Based on these observation we propose:
Proposal: For rank extension for RI > 2, FD basis reduction schemes 6E (RI specific, layer specific) and 3C (RI common, layer common) should be included in the next round of downselection.

[image: ]
[bookmark: _Ref4763744]Figure 1: Average user packet throughput vs. rank 4 overhead 

Maximum number of non-zero coefficients
Another agreement made at RAN1#96 on rank 3,4 enhancement relates to the maximum number of coefficients 
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)
As seen from the previous section’s simulation results, this issue is coupled to the SD and FD selection.  Allowing the max # NZ coefficients to change over layers allows some layers’ precoders to be better represented than others which is advantageous when the layers have different strengths. Indeed this was the case in the previous section for scenarios 6E and 3C with the best throughput vs. overhead tradeoff. There is also the advantage that the combinations of SD and FD basis dimensions are greater when the max number of #NZ coefficients can vary between layers. 
Observation: It is advantageous to allow the max # of NZ coefficients to vary over layer
This observation rules out Alt 0 and Alt 2.  Alt 1 is a special case of Alt 3 which may not be necessary if α is sufficiently small that the total # of coefficients is close to   Alt 4 offers a degree of flexibility compared to Alt 2 and could be a reasonable compromise between limiting coefficients on strictly a per layer vs. total layer basis.  It has the additional advantage of simplifying the sizing of the allocation for the strongest coefficient indicator in UCI part 1. Alt 3 on the other hand gives the UE total control of how the coefficients are allocated over layers which may be important depending on the SD and FD selection scheme. Therefore Alt 3 and Alt 4 should be considered further pending decisions on SD and FD basis selection.
Proposal: Downselect between Alt 3 and Alt 4 for the max # of non-zero coefficients for RI > 2
Conclusions
This contribution presented our views on two topics in Type II CSI enhancement, UCI parameters, and extensions to RI > 2.  Our observations are:
Observation: Reducing the FD basis size for layers 3 and 4 yields performance within 2% of Rel. 16 with full SD and FD basis for all layers with approximately half the overhead
Observation: FD basis reduction outperforms SD basis reduction in terms of throughput and rank 4 overhead.
Observation: It is advantageous to allow the max # of NZ coefficients to vary over layer
and our proposals are:
Proposal: Decisions on the following UCI parameters should be deferred until schemes for FD and/or SD basis subset selection for RI have been decided
· Strongest coefficient indicator (SCI)
· #NZ coefficients and RI
· Size of the bitmap(s) in UCI Part2: Nb
Proposal: Oversampling (rotation) factor should be included as a UCI parameter
Proposal: Indication of zero Pol-reference amplitude values should not be included as a UCI parameter
Proposal: Downselect between Alt 3 and Alt 4 for the max # of non-zero coefficients for RI > 2
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Appendix
	Modulation
	Up to 256 QAM

	Coding on PDSCH
	LDPC

	Numerology
	15KHz 14 OFDM symbol slot and 52 PRBs

	Frequency band
	4 GHz

	Simulation bandwidth
	10 MHz

	Transmission scheme
	Closed SU/MU-MIMO adaptation

	Scenario
	Dense Urban (Macro layer only)

	UE antenna height and gain
	TR36.873

	Channel model
	38.901 UMa channel model B

	Inter-site distance 
	200 m.

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Type II feedback DL codebook
	4 beams, WB+SB, 8PSK

	PRBs bundling per SB
	1 PRB

	MU dimension
	Up to 12 layers

	SU dimension
	1/2 layers

	Codeword (CW)-to-layer mapping
	Single codeword

	CSI feedback
	PMI, CQI: every 5 slot; 4 slot delay, RI: every 5 slot;
Sub-band based 

	Interference measurement
	SU-CQI; CSI-IM for inter-cell interference measurement

	ACK/NACK delay
	The next available UL slot

	Re-transmission delay
	The next available DL slot after receiving NACK

	Antenna configuration at TRxP
	(M,N,P,Mg,Ng; Mp,Np) =(8,8,2,1,1;2,8)
(dH, dV)=(0.5, 0.8)λ

	Antenna configuration at UE
	 (M,N,P,Mg,Ng; Mp,Np) = (1,1,2,1,1; 1,1)
(dH, dV)=(0.5, N/A)λ

	Scheduling
	PF

	Receiver
	MMSE-IRC

	Channel estimation
	Non-ideal

	UE Noise Figure
	9 dB

	Mechanic tilt
	90° in GCS (pointing to horizontal direction)

	Handover margin (dB)
	1 dB

	TRxP total transmit power
	41 dBm
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Scenario  Legend  RI  L G1  L G2  p G1  p G2  M G1  M G2  β G1  β G2  

Baseline;    Fixed L, p,  β    Up to RI.K 0   coefficients   1  4  x  0.5  x  7  x  0.75  x  

2  4  x  0.5  x  7  x  0.75  x  

3  4  4  0.5  0.5  7  7  0.75  0.75  

4  4  4  0.5  0.5  7  7  0.75  0.75  

Alt6E;     L:  fixed ;    p: RI  specific, layer  specific ;   β:   fixed   1  4  x  0.5  x  7  x  0.75  x  

2  4  x  0.5  x  7  x  0.75  x  

3  4  4  0.375  0.25  5  4  0.75  0.75  

4  4  4  0.25  0.188  4  3  0.75  0.75  

Alt3C;     L: fixed;   p: RI 3,4 common,   layer  common;     β: RI specific, layer group  specific   1  4  x  0.5  x  7  x  0.75  x  

2  4  x  0.5  x  7  x  0.75  x  

3  4  4  0.375  0.375  5  5  0.75  0.6  

4  4  4  0.375  0.375  5  5  0.75  0.3  

Alt1;     L: fixed;   p: RI common, layer group  common;    β: RI specific, laye r group  common   1  4  x  0.5  x  7  x  0.75  x  

2  4  x  0.5  x  7  x  0.75  x  

3  4  4  0.5  0.5  7  7  0.5  0.5  

4  4  4  0.5  0.5  7  7  0.375  0.375  

Alt6C;     L: RI specific, layer group  specific   p : fixed   β:   fixed   1  4  x  0.5  x  7  x  0.75  x  

2  4  x  0.5  x  7  x  0.75  x  

3  3  2  0.5  0.5  7  7  0.75  0.75  

4  2  2  0.5  0.5  7  7  0.75  0.75  

Alt4C;     L: RI 3,4 common, layer  group specific;    p: fixed   β: RI specific, layer group  co mmon   1  4  x  0.5  x  7  x  0.75  x  

2  4  x  0.5  x  7  x  0.75  x  

3  4  2  0.5  0.5  7  7  0.6  0.6  

4  4  2  0.5  0.5  7  7  0.5  0.5  

Alt2A;     L: RI common, layer group  specific;    p: RI common, layer group  specific;    β:  RI specific, layer group  common   1  4  x  0.5  x  7  x  0.75  x  

2  4  x  0.5  x  7  x  0.75  x  

3  4  2  0.5  0.25  7  4  0.67  0.67  

4  4  2  0.5  0.25  7  4  0.6  0.6  
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