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1. Introduction
In the RAN1#95 meeting [1], the following agreements related to Type-II CSI compression were made: 
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 
Agreement
For 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)
· Companies are encouraged to evaluate the options A, B, C, D, and E (“other schemes”) summarized in Table 3 of R1-1813002 for potential support for Type II rank 1-2 overhead reduction 
Agreement: 
In RAN1 NR-AH 1901, select one of the following alternatives for precoder/PMI FD compression unit, taking into account UPT vs. overhead and complexity 
· Alt1. Subband (SB), wherein the SB size for precoder/PMI compression is the same as the CQI subband size
· Alt2. X resource blocks (RBs), different from CQI subband size. Three sub-alternatives 
· Alt2.1 X = 1
· Alt2.2 X = CQI SB size / R where R>1 is a predetermined integer 
· Only one R value is supported. FFS: the value of R
· Alt2.3 X = {2, 4} where X is higher-layer configured 
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.
Agreement
In RAN1 NR-AH 1901, select one of the following alternatives for basis subset selection scheme for each layer
· Alt1A. Common selection for all the 2L beams, wherein M coefficients are reported for each beam
· 
·   is composed of  linear combination coefficients
· The value of  (applied to all 2L beams) is higher-layer configured and the M basis vectors are dynamically selected (hence reported with CSI)
· Alt1B. Common selection for all the 2L beams, but only a size-  subset of coefficients are reported (not reported coefficients are treated as zero) 
· 
·   is composed of linear combination (LC) coefficients, but  of its coefficients are zero
· The value of  (applied to all 2L beams) is higher-layer configured and the M basis vectors are dynamically selected (hence reported with CSI)
· For evaluation, companies should state their assumption on the selection of  LC coefficients (applied to all 2L beams), e.g.
· The value of  is fixed or higher-layer configured, and the  LC coefficients are dynamically selected by the UE (hence reported with CSI), or
· The  LC coefficients and its size are dynamically selected by the UE (hence reported with CSI) 
· Alt2. Independent selection for all the 2L beams, wherein  coefficients are reported for the i-th beam (i=0, 1, …, 2L-1)
· , where , i.e.  frequency-domain components (per beam) are selected 
·   is composed of  linear combination coefficients
· The value of  (applied to all 2L beams) is higher-layer configured
· For evaluation, companies should state their assumption on size- basis subset selection (applied to the i-th beam), e.g. for i=0, 1, …, 2L-1
· The size- subset and the value of  are dynamically selected by the UE (hence reported with CSI) 
· The size- subset is dynamically selected by the UE (hence reported with CSI), but the value of  is determined by a predefined rule in specification
· The size- subset is dynamically selected by the UE (hence reported with CSI), but the value of  is higher-layer configured
· The size- subset can be chosen either from the fixed basis set or from a beam-common UE-selected intermediate subset of the fixed basis set
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.
Agreement: 
In RAN1 NR-AH 1901, select one of the following alternatives for DFT basis oversampling factor(s) O3:
· Alt1. O3 = 4
· Alt2. O3 = 1 (critically sampled)
· Alt3. O3 is fixed for and depends on a given length of the DFT vector (N3) and/or bandwidth part, exact dependence is FFS
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.
Agreement: 
In RAN1 NR-AH 1901, companies are encouraged to evaluate the following alternatives for compression basis () subset selection scheme across different layers when RI=2. Select one of the following alternatives in RAN1#96: 
· Alt1. Basis subset selection () for the 1st is the same as that for the 2nd layer 
· Alt2. Basis subset selection () for the 1st can be different from 2nd layer
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.
Agreement: 
For each layer, the following alternatives for quantizing each of the coefficients in  are to be studied for down selection in RAN1#96: 
· Alt1A. Rel.15 3-bit amplitude; Rel.15 QPSK and 8PSK co-phasing 
· Alt1B. Rel.15 3-bit amplitude; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing 
· Alt2A. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK and 8PSK co-phasing 
· Alt2B. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing
· Alt2C. Rel.15 3-bit wideband amplitude + Rel.15 QPSK and 8PSK wideband co-phasing for each beam, 2/3-bit differential amplitude and co-phasing for FD coefficients;
· Alt3. A-bit amplitude for each of 2L beams, B-bit amplitude for each of M FD components, 1-bit differential amplitude and 8PSK co-phasing for each of the 2LM FD coefficients
· Alt4. For each beam, 
· B0-bit amplitude and C0-bit phase for coefficients for the P0 strongest coefficients, 
· B1-bit amplitude and C1-bit phase for coefficients for the P1 2nd strongest coefficients, …
· …
· BQ-1-bit amplitude and CQ-1-bit phase for coefficients for the PQ-1 Qth strongest coefficients
· Alternatively, amplitude/phase can be replaced with real/imaginary
· Alt5. Special case of Alt4: Q=2, B0=C0=3; B1=C1=2 on amplitude/phase

In this contribution, we discuss the configuration, quantization and reporting scheme for the agreed DFT-based compression scheme for Type II overhead reduction.
2. Feedback compression for Type II CSI Reporting
In the RAN1#95 meeting [1], it was agreed to adopt a DFT-based compression scheme for Type II overhead reduction. The DFT-based compression scheme is summarized in the following. 
Assuming a dual-polarized antenna array at the gNB with configuration (,,), the conventional Rel.-15 double-stage precoder for a transmission layer is given by
	
	
	(1)


where  is the wideband first-stage precoder containing  spatial beams  identical for  subbands, and  is the second-stage precoder that contains  subband (wideband amplitude, subband amplitude and phase) complex frequency-domain combining-coefficients per subband associated with the  spatial beams. For a compression of , the second stage precoder  is expressed per beam as a product of  few frequency domain (FD) combining coefficients and associated FD basis vectors. Each FD basis vector is given by a DFT vector and models a linear phase increase over the  subbands. Hence, each FD vector is associated with a delay in the transformed (delay) domain. The overall precoder can be expressed by
	
	
	(1)


where  is the number of FD components/delays for the -th beam,  is the -th FD (DFT) component vector of size  associated with the -th beam,  is a complex FD coefficient associated with the -th spatial beam, -th FD basis vector and -th polarization, and  is a normalization constant. 
2.1 Compression unit for calculation of 
The size of the codebook containing the FD basis vectors is determined by the parameter  The codebook contains  DFT vectors, where  is the oversampling factor of the FD domain vector codebook. The parameter  also defines the size of each DFT vector of the codebook and the number of samples of the estimated and “compressed” channel matrix in the frequency domain used to calculate the precoder in (1). For some implementations, the estimate of the channel matrix is given on a PRB level and “compressed” using an SVD on a subband-basis to  frequency domain samples. Therefore, the specific value of  has large influence on the performance of the precoder in (1), but also on the calculation complexity spent at the UE to calculate the  samples of the “compressed” channel matrix. In RAN1#95, several alternatives for the subband size  (number of contiguous PRBs) used to calculate the parameter  were proposed. In ALT 1, the subband size  is identical to the CQI subband size [5, Table 5.2.1.4-2] which decreases with increasing system bandwidth size. For small system bandwidths (),  is either 4 or 8 and for larger system bandwidths (),  is either 16 or 32. The resolution of the “compressed” channel matrix in the frequency domain hence decreases with increasing system bandwidth size. Obviously, when the subband size is too large, the sampling theorem with respect to the channel delay spread [6, TS 38.901, Table 7.5-6] is not satisfied. As shown in Section 3, in such a case a large loss in performance for large system bandwidths is obtained. In contrast to ALT1, it is proposed in ALT2 that the subband size is different to the CQI subband size, where for ALT2.1: =1, ALT2.2:  CQI SB-size/R, and ALT2.3: . Although, ALT2.1 would lead to the best performance, since , the complexity for calculating the “compressed” channel matrix in the frequency domain is too high. Moreover, for ALT2.2,  still varies with the system bandwidth size such that the resolution of the “compressed” channel matrix still depends on the system bandwidth. The subband size should be identical over the system bandwidth and selected that such that the sampling theorem is satisfied. Simulation results in Section 3 show that a subband size of 4 is sufficient and leads to a good trade-off between performance and UE calculation complexity. 
Proposal 1: The subband size should not be dependent on the system bandwidth size and hence different to the CQI subband size. ALT2.3 with a subband size of 4 achieves a good performance-complexity trade-off.
2.2 Basis Subset Selection Scheme
In the following, we summarize the three different alternatives for the basis subset selection presented at RAN1#95, and discuss the similarities between the three alternatives ALT1A, ALT1B and ALT2. It is shown that ALT1B can be considered as a special case of ALT2. 
ALT1A: In the case of a common FD vector basis for all beams, the UE selects a subset M out of  FD basis vectors for the 2L beams. The selected FD basis vectors are identical for the 2L beams, i.e.,  . The feedback includes 2LM combining coefficients and M indices associated with the selected FD basis vectors. For reporting the selected FD basis vectors,  feedback bits are required. When the number of FD basis vectors to be reported is large compared to the codebook size ( entries), i.e., , it is beneficial to associate each FD basis vector directly with a single bit of an -length bitmap and to report the bitmap instead of reporting the indices of the selected FD basis vectors. The number of feedback bits then accounts to  bits for reporting the bitmap.
As discussed in [3], in the case of a common FD basis for all 2L beams, a large number of the combining-coefficients  in (1) are close to zero and a feedback of them would result in a waste of feedback resources. As shown in [4], approximatively half of the coefficients are close to zero and do not need to be reported. 
ALT1B: This scheme is similar to ALT1A, but only  out of the  coefficients are reported. The coefficients which are not reported are treated as zeros. In order to indicate the selected coefficients, each coefficient can be associated with a bit in a 2LM-length bitmap. A “1” in the bitmap indicates that the associated coefficient is reported and a “0” indicates that the associated coefficient is zero and not reported, see Figure 1. 
	[image: ]

	Figure 1: Example of bitmap for indicating the  selected combining coefficients for a configuration of (2L,M) = (8,6) beams/FD basis vectors. A “1” in the bitmap indicates that the corresponding combining coefficient is reported and a ‘0’ indicates that the corresponding combining coefficient is not reported.


Proposal 2: In order to indicate the  selected coefficients in ALT1B, the UE reports a 2LM -length bitmap associated with the 2LM combining coefficients. A “1” in the bitmap indicates that the associated coefficient is non-zero and reported and a “0” indicates that the associated coefficient is zero and not reported.
As discussed in [3], the number of selected FD basis vectors is typically different for the 2L beams. Some of the beams are associated with a small number of FD basis vectors and some of the beams are associated with a large number of FD basis vectors. For example, simulation results show that the leading beam is associated only with the first () FD basis vector(s) from the codebook. Moreover, it is observed that some of the selected FD basis vectors are used by many/all beams. Therefore, the selected FD basis vectors and the beam indices to be reported shall be sorted such that the majority of the ‘0’s and ‘1’s in the bitmap are separated in a known manner. For example, when sorting the selected M FD basis vectors with respect to the power of the associated combining coefficients over the 2L beams in a decreasing order and the selected L beam indices with respect to the total number of the selected FD basis vectors per beam over both polarizations in an increasing order, the two lower triangular parts of the corresponding bitmap are mainly associated with ‘0’s, see Figure 2. 
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	Figure 2: Example of the bitmap for a configuration of (2L, M)=(8,6) beams/FD basis vectors after sorting the selected FD basis vectors and beam indices from Fig. 1.


The example shows that an ordering of the rows and columns can reduce the size of the bitmap. To exploit this structure, the UE should be configured with a different number of FD basis vectors per beam. Figure 3 shows a configuration where the number of FD basis vectors  increases with the beam index. The first (leading) beam is configured with  FD basis vectors, the second beam with  FD basis vectors and the L-1-th beam with  FD basis vectors. In this way, the size of the bitmap reduces from  to 
	[image: ]

	Figure 3: Example of bitmap (grey boxes) configuration when    and  The size of the bitmap reduces from  to bits.


Section 3 demonstrates that with a sorting of the coefficients and increasing number of FD basis vectors per beam configuration, the feedback overhead for reporting the bitmap can be reduced up to 20%. 
Observation 1: The size of the bitmap and hence the feedback overhead can be reduced when sorting the selected beam and FD basis vector indices and configuring the UE with an increasing number  of FD basis vectors with respect to the beam index. The size of the bitmap then reduces from  to bits.
ALT2: In ALT2, the UE selects for the i-th beam a subset of  FD basis vectors. In contrast to ALT1A and ALT1B, the selected FD basis vectors and the number of FD basis vectors can be different for the 2L beams. For reporting the selected FD basis vectors, one approach is to report the indices of the selected FD basis vectors for the 2L beams. Obviously, such an approach would result in a waste of feedback resources. When the same FD basis vector is used by multiple beams, the index of this FD basis vector is reported multiple times. In order to reduce the feedback overhead, the UE may report only the indices of the union of the selected FD basis vectors for the 2L beams. In addition, to indicate the selected FD vectors for each beam, the UE may report a bitmap, where each bit in the bitmap is associated with a selected FD basis vector and beam index. A “1” in the bitmap indicates that the corresponding combining coefficient is non-zero and reported and a ‘0’ indicates that the combining coefficient is zero and not reported. When the union of the selected FD basis vectors contains  FD basis vectors, the bitmap has a size of . Moreover, similar to ALT1B, only  out of the  coefficients may be reported and indicated by the bitmap. Obviously, in such a case the feedback overhead for ALT2 and ALT1B is identical. However, in contrast to ALT1B, the bitmap of ALT2 contains up to  ‘1’s for the i-th beam, whereas for ALT1B the bitmap may contain up to  ‘1’s per beam. 
Observation 2: To reduce the feedback overhead of ALT1B, the UE may report only the indices of the union of the selected FD basis vectors for the 2L beams and indicate the selected FD vectors per beam by a bitmap. When the union of selected FD basis vectors contains  FD basis vectors, the amount of feedback for ALT1B and ALT2 is identical. ALT1B can then be considered as a special case of ALT2 when configuring ALT2 with .
Based on the above discussions, the following is proposed. 
Proposal 3: As ALT1B and ALT2 are identical, both schemes can be supported. In order to reduce the size of the bitmap for indicating the K0 selected coefficients and hence the feedback overhead, the UE should be configured with an increasing number  of FD basis vectors with respect to the beam index per polarization, where for the first beam of the first polarization and  for the L-1-th beam of the first polarization, and  for the first beam of the second polarization and  for the L-1-th beam of the second polarization. 
2.3 Codebook subset restriction
At RAN1#95 meeting [1], it was agreed that Codebook subset restriction (CBSR) is supported when DFT-based compression is utilized for the Type-II codebook. In this section, CBSR for the codebook containing the FD basis vectors is discussed and shown that CBSR can be used to reduce the UE calculation complexity and feedback overhead. 

As mentioned above, each FD basis vector is given by a DFT vector which is associated with a delay in the transformed (delay) domain. The value range of the selected delays/FD basis vectors by the UE depends on the delay spread of the  beam-formed channels (obtained when combining the  beam vectors  with the MIMO channel impulse response). The energy of the beam-formed channel impulse responses is mainly concentrated in a single peak or very few peaks and only few dominant delays/FD basis vectors selected from a subset of the codebook are associated with these peak(s). Thus, the codebook size can be reduced to a subset of FD basis vectors. Figure 4 shows the probability distribution of the indices of selected FD basis vectors from the codebook without oversampling for two different codebook sizes (). The DFT vectors in the codebook are ordered with respect to the phase increase. This means, the first DFT vector is given by the all-one vector (whose phase increase is zero). It is observed that the first  and the last  FD basis vectors have a significantly higher probability to be selected than other FD basis vectors. Therefore, the entries of the codebook containing the FD basis vectors may be defined by a submatrix of a DFT matrix. The codebook size reduces hence from  to . Furthermore, the search space of the FD basis vector combinations used by the UE for the optimization of the parameters of the precoder in (1) is reduced as well. 

Simulation results in Section 3 show that for 10 MHz system bandwidth with ) configuration,  a good choice for  and  are 4 and 4, respectively, and for 100 MHz system bandwidth with  configuration,  a good choice for  and  are 16 and 16, respectively

Proposal 4: Codebook subset restriction should be supported for the FD basis vector codebook for reducing the feedback overhead and the UE calculation complexity for the selection of the FD basis vectors. The entries of the codebook containing the FD basis vectors then are defined by a submatrix of a DFT matrix A good choice for  and  are 4 and 4, respectively, for ()=(8,6,13) and 10 MHz system bandwidth and 16 and 16, respectively, for  and 100 MHz system bandwidth.
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	(a) ,  =4 and 
	(b) ,  =9 and 

	Figure 4: Probability distribution of selected FD basis vectors by the UE for two different codebook sizes  over many channel realizations for configuration () = (8,6,50). The first  and the last  FD basis vectors from the codebook have a significantly higher probability to be selected than other FD basis vectors.


2.4 Quantization of coefficients in 
In this section, we shortly discuss the agreed quantization schemes at RAN1#95 in terms of feedback overhead. Simulation results of the different quantization schemes are presented in Section 3. 
ALT1A: In ALT1A, the UE reports the  strongest quantized combining coefficients (amplitude and phase) and a bitmap of size 2LM to indicate the selected coefficients. Each of the  quantized combining coefficients is expressed as , where  is the amplitude which is quantized with 3 bits, and ;  is a complex-valued unit-magnitude coefficient to indicate the phase. 
The amplitude set for  is identical to the Rel.15 wideband amplitude set. The first 75% of the phase values  are quantized with  bits and the last 25% of the phase values are quantized with  bits. For example when  the phase values  corresponding to the strongest 18 coefficients are quantized with  bits and the remaining 4 phase values are quantized with  bits.

ALT1B: ALT1B is a variant of ALT1A, where the phase values are separated into three groups. Each group is quantized differently either with ,  or  bits. Simulation results show only a minor performance improvement of ALT1B over ALT1A. As ALT1A has a lower feedback overhead than ALT1B, ALT1B is not considered in the following evaluations. 

ALT2A: In ALT2A, the UE reports  strongest combining coefficients (amplitude and phase) and a bitmap of size 2LM to indicate the selected coefficients. Each of the  selected combining coefficients  is expressed as , where  is a real-valued coefficient representing a common amplitude across all combining coefficients associated with the i-th beam and p-th polarization,  is the differential amplitude quantized with 1 or 2 bits, and ; is a complex-valued unit-magnitude coefficient to indicate the phase. 

The amplitude set for  is identical to the Rel.15 wideband amplitude set. The coefficient  associated with the leading beam is not reported. The first 75% of the phase values  are quantized with  bits and the last 25% of the phase values are quantized with  bits. For the quantization of  two amplitude sets are considered:  

ALT2A1: The differential amplitudes  are quantized with 2 bits. The amplitude set used for the differential amplitudes  is given by 

ALT2A2: Additionally to the agreements at RAN1#95, we consider that the differential amplitudes  are quantized with 1 bit. The amplitude set used for the differential amplitudes  is given by 

ALT2B: ALT2B is a variant of ALT2A, where the phase values are separated into three groups. Each group is quantized differently either with ,  or  bits. Simulation results show only a minor performance improvement of ALT2B over ALT2A. As ALT2A has a lower feedback overhead than ALT2B, ALT2B is not considered in the following evaluations.  

In the evaluations, the common beam amplitude  is selected with respect to the maximum amplitude value of the combining coefficients of the -th beam and -th polarization.

ALT3: In ALT3, the combining coefficients  are expressed as , where  is a real-valued coefficient representing a common amplitude across all combining coefficients associated with the i-th beam and p-th polarization,   is the differential amplitude quantized with 1 bit,  is a real-valued coefficient representing a common amplitude across all combining coefficients associated with the selected d-th FD basis vector, and ;   is a complex-valued unit-magnitude coefficient to indicate the phase. In contrast to the previous quantization schemes, for ALT3 a bitmap does not need to be additionally reported for the selection of the   strongest coefficients since the amplitude set of the differential amplitudes  is defined by 

The amplitude set for  is identical to the Rel.15 wideband amplitude set. The coefficient  associated with the leading beam is not reported. The coefficient  associated with the strongest FD component is not reported. The  phase values corresponding to the   strongest coefficients are reported. The first 75% of the  phase values  are quantized with  bits and the last 25% of the phase values are quantized with  bits. The differential amplitudes  are quantized with 1 bit. For the quantization of  two amplitude sets are considered:  

ALT3A: The amplitudes  are quantized with 3 bits. The amplitude set for  is identical to the Rel.15 wideband amplitude set.
ALT3B: The amplitudes  are quantized with 2 bits. The amplitude set for  is given by 

In the evaluations, the values of  and  are calculated sequentially. Assume we have  selected coefficients and write them in a matrix  of size , where non-selected coefficients are represented by a zero. The matrix  can be decomposed into three matrices, , where ,  and  is  matrix containing 1’s and 0’s. The 1’s and 0’s are associated with the non-zero and zero coefficients in matrix , respectively. The bitmap mentioned above is given in ALT3 by matrix . The coefficients of matrix  are normalized with the strongest coefficient. By doing so, the strongest coefficient in matrix  is equal to one and the amplitudes of all other coefficients are less than one. In the following, each row of matrix   is represented by  of size  and each column is represented by  of size .
The coefficients associated with the -th beam of matrix  are expressed in a vector as , which can be further written as 


Similarly, the coefficients associated with the -th FD component of  is expressed in a vector as , which can be further expressed as 

	                                                                         
The amplitude values of  and  can be calculated in many ways. One simple and efficient approach is to sequentially calculate the values in  and  by using an MSE criterion. The procedure is given as follows 
1) Initialize the value of  by the maximum value of , i.e., 
2) Calculate the values of  that minimize the MSE , 



3) Based on the calculated values , the values of  are updated as 

4) Lastly, based on the calculated values of , the values of , are updated based on 2). 


Advantages of ALT3 scheme:
1) The feedback associated with the amplitude values does not depend on the value of  for a fixed number of spatial beams and FD components. 
2) For a large number of FD components, the feedback associated with the amplitude values is significantly less compared to ALT1A/ALT1B. 

ALT4: In ALT4, the UE reports the  strongest quantized combining coefficients (amplitude and phase) and a bitmap of size 2LM to indicate the selected coefficients. Each of the  quantized combining coefficients is expressed as , where  is the amplitude, and ;  is a complex-valued unit-magnitude coefficient to indicate the phase. The amplitude set for  is identical to the Rel.15 wideband amplitude set.  
For the evaluations of ALT4, the coefficients (amplitude and phase) for each beam are separated into two sets. Note that in the agreements, the coefficients for each beam are separated into three sets. However, the separation of the coefficients to the sets is not defined. Therefore, a simple separation of the coefficients into two sets is considered for the evaluations. The first set contains the strongest coefficient. The amplitude and phase of the strongest coefficient are quantized each with 4 bits. The second set contains the remaining coefficients. The amplitude and phase of the coefficient in the second set are quantized each with 3 bits. 
The numbers of bits to be reported for ALT1A, ALT2A.1, ALT2A.2, ALT3A and ALT3B are listed in Table I. Also shown is the corresponding compression ratio achieved by each quantization scheme with respect to Type-II CSI reporting (WB and SB amplitudes and phases). For a fair comparison to the Type-II CSI feedback, the feedback overhead for reporting the selected M FD basis vectors is taken into account when calculating the compression ratio.  

Table I: Numbers of bits needed for reporting of the combining coefficients per layer for different quantization schemes.
	Quant. Scheme
	Numbers of bits for reporting of
	Total number of bits to be reported for configuration (2L,M,K0, N3) vs. compression ratio

	
	Beam amplitudes ()

	FD  component amplitudes )

	Bitmap 

	Amplitudes of combining coefficients ()
	Phase of combining coefficients () 
	Indices of selected M FD basis vectors
	(8,4,24,13)

	(8,6,32,13)


	ALT1A
	-
	-
	2LM
	3 K0
	3(3/4 K0)+
2(1/4 K0)
	
	180/47%
	243/28%

	ALT2A1
	3(2L-1)
	-
	2LM
	2 K0
	3(3/4 K0)+
2(1/4 K0)
	
	177/48%
	232/31%

	ALT2A2
	3(2L-1)
	-
	2LM
	K0
	3(3/4 K0)+
2(1/4 K0)
	
	153/55%
	200/41%

	ALT3A
	3(2L-1)
	3(M-1)
	-
	2LM
	3(3/4 K0)+
2(1/4 K0)
	
	150/56%
	201/41%

	ALT3B
	3(2L-1)
	2(M-1)
	-
	2LM
	3(3/4 K0)+
2(1/4 K0)
	
	143/58%
	190/44%

	ALT4
	-
	-
	2LM
	4(2L)+
3(K0-2L)
	4(2L)+
3(K0-2L)
	
	202/40%
	267/21%

	Type-II CSI (reference)
	-
	-
	-
	-
	-
	-
	336/0%
	336/0%



Considering the above results from Table I, it is observed that ALT3A and ALT3B achieve the highest compression ratios compared to the other quantization schemes. 
Observation 3: ALT3 achieves the highest compression ratios compared to the other quantization schemes. 
3. Simulation Results
For the evaluation of the performance of the DFT-based Type II overhead reduction scheme, simulations were carried out for the Dense Urban (Macro only) channel model for SU-MIMO/MU-MIMO setups with rank adaptation. The results are provided for 32 antenna ports at the gNB and system bandwidths of 10 MHz (SCS of 15 kHz) and 100 MHz (SCS of 30 kHz). The simulation parameters are according to the agreements made in RAN1#95 [1], and listed again in Table 2 in Appendix. For a performance comparison of the proposed overhead reduction scheme, the Type-II CSI scheme using L=4 beams with WB/SB amplitude and 8-PSK/QPSK phase is used as a reference. 
Selection of subband size/ parameterization of codebook size N3
The influence of the codebook size  on the performance for a system bandwidth of 100 MHz is shown in Figure 5. The combining coefficients are quantized each with three bits for phase and amplitude. The following setup is considered for the Type-II overhead reduction scheme: =4, , and  for a system bandwidth of 100 MHz. The following is observed: 
Observation 4: 
· A large performance loss is obtained (>20%) when the subband size is identical to the CQI subband size.  
· There is a minor loss in performance for a subband size of  ) compared to a subband size of  ).
· A good trade-off between UE calculation complexity and performance is obtained when the subband size is . 

	

	Figure 5: Influence of subband size / value of N3 on system performance loss. Reference is the performance achieved for the configuration =4, .




Basis subset selection with configuration of parameters 
Figure 6 shows the performance loss when configuring an increasing number  of FD basis vectors with respect to the beam index per polarization compared to the case when configuring all 2L beams with an identical number of FD basis vectors, i.e., . The following setup is considered: =4, , and . The first beam of the first and second polarization is configured with , and the last beam with . The following is observed.
Observation 5: A small performance loss is observed for (N1,M)=(4,6) and (N1,M)=(2,4), indicating that the size of the bitmap can be reduced by 13% / 19%.
	

	Figure 6: Performance loss when configuring an increasing number  of FD basis vectors with respect to the beam index per polarization compared to the case when configuring all 2L beams with an identical number of FD basis vectors.


Figure 7 shows the performance gain/loss when using identical and non-identical FD basis vectors over the two layers. The reference value is given by the performance achieved by the Rel. 15 Type-II CSI scheme. The following setup is considered for the evaluations. =4, , and  for a system bandwidth of 10 MHz.  When using  identical and non-identical FD basis vectors, the performance is reduced by 0.4%, whereas the performance is increased by 0.5% when using  identical and non-identical FD basis vectors. However, it can be observed that the selection of identical or non-identical FD basis vectors over the layers results only in a minor performance gain/loss.
Proposal 5: There is only minor performance improvement when selecting a non-identical FD basis vector set for the two layers. In order to reduce the UE calculation complexity, the FD basis vector set for the two layers should be identical. 
	

	Figure 7: Performance achieved when using identical and non-identical FD basis vector sets over 2 layers with respect to the Rel.15 Type II subband precoder.


Codebook subset restriction for FD basis vector codebook
Figure 8a and Figure 8b show the performance of the DFT-based compression scheme obtained when using CBSR on the frequency domain codebook for different values of (, ) and sizes of the codebook  for the following setups: ()=(8,6,13) for 10 MHz system bandwidth and ()=(8,6,69) for 100 MHz system bandwidth, respectively. As observed from Figure 8a (10 MHz system bandwidth), when the codebook is restricted to the first 3 basis vectors and last 3 basis vectors, i.e., when , and when  FD vectors are selected, the performance loss is only 0.5% compared to the case when 4 FD basis vectors are selected using the entire codebook (Ideal). On the other hand, when   with  FD basis vectors, the performance loss is only 0.26% compared to the case when  FD basis vectors are selected using the entire codebook (Ideal). As observed in Figure 8b (100 MHz system bandwidth), when the codebook is restricted to the first 8 basis vectors and last 8 basis vectors, i.e., when , and when  FD vectors are selected, the performance loss is only 1.4% compared to the case when 10 FD basis vectors are selected using the entire codebook (Ideal). On the other hand, when   with  FD basis vectors, the performance loss is only 0.3% compared to the case when  FD basis vectors are selected using the entire codebook (Ideal).
	

	Figure 8a: Performance loss when the codebook is restricted to the first  basis vectors and the last  basis vectors, where   and .

	

	Figure 8b: Performance loss when the codebook is restricted to the first  basis vectors and the last  basis vectors, where   and .



Observation 6: A marginal performance loss is observed when using codebook subset restriction on the FD basis vector codebook. The codebook size () reduces from 13 to 8 FD basis vectors for the 10MHz bandwidth configuration and from 69 to 32 FD basis vectors for the 100MHz bandwidth configuration, respectively.
Quantization of combining coefficients
Figure 9 and Figure 10 show the performance of the DFT-based compression scheme for the different quantization schemes discussed above. Also shown are the compression ratios achieved by each quantization scheme with respect to Type-II CSI reporting in Figure 11. The following setups are considered: ()=(8,6,13) and ()=(8,4,13).
From Figure 9 and Figure 10, it can be observed that the performance achieved by ALT3A and ALT3B is almost identical to the performance of ALT1A for both configurations with a reduction of feedback overhead. Although, ALT2A1 also achieves a better performance, the performance-overhead trade-off is not on par compared to the performance-overhead tradeoff achieved using ALT3A and ALT3B. Also, as shown in Figure 11, the compressed ratio achieved by ALT3B scheme is the highest compared to the other quantization schemes. 
Observation 7: ALT3B achieves almost the same performance than ALT1A by a further reduction of the feedback overhead by 11% and 16% for the configurations (2L,M,K0)= (8,4,24) and (2L,M,K0)=(8,6,32), respectively.

	

	Figure 9: Performance achieved by various quantization schemes with respect to Rel. 15 Type-II CSI framework for the configuration (2L,M,K0)=(8,6,32).


	

	Figure 10: Performance achieved by various quantization schemes with respect to Rel. 15 Type-II CSI framework for the configuration (2L,M,K0)=(8,4,24).

	

	Figure 11: Feedback compression ratio of various quantization schemes with respect to Rel.15 Type-II CSI feedback for configurations: (2L,M,K0)=(8,4,24) and (2L,M,K0)=(8,6,32).


4. Conclusions
Based on the above discussion, we have the following observations and proposals. 
Proposal 1: The subband size should not be dependent on the system bandwidth size and hence different to the CQI subband size. ALT2.3 with a subband size of 4 achieves a good performance-complexity trade-off.
Proposal 2: In order to indicate the  selected coefficients in ALT1B, the UE reports a 2LM -length bitmap associated with the 2LM combining coefficients. A “1” in the bitmap indicates that the associated coefficient is non-zero and reported and a “0” indicates that the associated coefficient is zero and not reported.
Observation 1: The size of the bitmap and hence the feedback overhead can be reduced when sorting the selected beam and FD basis vector indices and configuring the UE with an increasing number  of FD basis vectors with respect to the beam index. The size of the bitmap then reduces from  to bits.
Observation 2: To reduce the feedback overhead of ALT1B, the UE may report only the indices of the union of the selected FD basis vectors for the 2L beams and indicate the selected FD vectors per beam by a bitmap. When the union of selected FD basis vectors contains  FD basis vectors, the amount of feedback for ALT1B and ALT2 is identical. ALT1B can then be considered as a special case of ALT2 when configuring ALT2 with .
Proposal 3: As ALT1B and ALT2 are identical, both schemes can be supported. In order to reduce the size of the bitmap for indicating the K0 selected coefficients and hence the feedback overhead, the UE should be configured with an increasing number  of FD basis vectors with respect to the beam index per polarization, where for the first beam of the first polarization and  for the L-1-th beam of the first polarization, and  for the first beam of the second polarization and  for the L-1-th beam of the second polarization. 
Proposal 4: Codebook subset restriction should be supported for the FD basis vector codebook for reducing the feedback overhead and the UE calculation complexity for the selection of the FD basis vectors. The entries of the codebook containing the FD basis vectors then are defined by a submatrix of a DFT matrix A good choice for  and  are 4 and 4, respectively, for ()=(8,6,13) and 10 MHz system bandwidth and 16 and 16, respectively, for  and 100 MHz system bandwidth.
Observation 3: ALT3 achieves the highest compression ratios compared to the other quantization schemes. 

Observation 4: 
· A large performance loss is obtained (>20%) when the subband size is identical to the CQI subband size.  
· There is a minor loss in performance for a subband size of  ) compared to a subband size of  ).
· A good trade-off between UE calculation complexity and performance is obtained when the subband size is . 
Observation 5: A small performance loss is observed for (N1,M)=(4,6) and (N1,M)=(2,4), indicating that the size of the bitmap can be reduced by 13% / 19%.
Proposal 5: There is only minor performance improvement when selecting a non-identical FD basis vector set for the two layers. In order to reduce the UE calculation complexity, the FD basis vector set for the two layers should be identical. 
Observation 6: A marginal performance loss is observed when using codebook subset restriction on the FD basis vector codebook. The codebook size () reduces from 13 to 8 FD basis vectors for the 10MHz bandwidth configuration and from 69 to 32 FD basis vectors for the 100MHz bandwidth configuration, respectively.
Observation 7: ALT3B achieves almost the same performance than ALT1A by a further reduction of the feedback overhead by 11% and 16% for the configurations (2L,M,K0)= (8,4,24) and (2L,M,K0)=(8,6,32), respectively.
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Appendix
Table 2: Simulation parameters and setup
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Macro Dense Urban

	Frequency Range
	4GHz (FR1)

	Inter-BS distance
	200m 

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ

	Antenna setup and port layouts at UE
	2RX: (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ

	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 /275 for 30 kHz SCS

	Simulation bandwidth 
	10 MHz,15kHz SCS; 100 MHz, 30 kHz SCS

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

	MIMO scheme
	SU/MU-MIMO with rank adaptation

	MIMO layers
	Up to 2 layers

	Overhead 
	DMRS, CSI-RS, PDCCH 

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

	UE receiver
	MMSE-IRC

	Evaluation Metric
	Throughput vs CSI feedback overhead (bits)

	Baseline for performance evaluation
	Rel-15 Type II Codebook 



4 FD basis vectors	
18	69	138	24	7.9	7.54	10 FD basis vectors 	
18	69	138	22	6.5	5.81	Number of Subbands

Performance loss [%]



4 FD Basis vectors	
N1 =1	N1=2	N1=3	N1 =4	N1 =5	2.23	0.92	0.15	6 FD Basis vectors	
N1 =1	N1=2	N1=3	N1 =4	N1 =5	3.8	2.4300000000000002	1.59	0.8	0.16	
Performance loss [%]



Identical FD Basis	
4	6	102.3	103.5	Non-identical FD Basis	
4	6	101.9	104	Number of FD basis vectors 

Performance  [%]




CB size (6), 4 FD basis vectors 	CB size (8), 6 FD basis vectors  	Ideal	99.5	99.74	100	
Performance [%]



CB size 16, 10 FD basis vectors 	CB size 32, 10 FD basis vectors  	Ideal	98.6	99.8	100	
Performance [%]



ALT1A	ALT2A1	ALT2A2	ALT3A	ALT3B	ALT4	Type II	103.6	102.5	101.7	103.6	103.5	104	100	Quantization scheme

Performance  [%]



ALT1A	ALT2A1	ALT2A2	ALT3A	ALT3B	ALT4	Type II	102.8	102	101	102.6	102.5	103.1	100	Quantization scheme

Performance  [%]


M = 4, K = 24 	
ALT1A	ALT2A1	ALT2A2	ALT3A	ALT3B	ALT4	Type-II 	47	48	55	56	58	40	0	M = 6, K = 32	
ALT1A	ALT2A1	ALT2A2	ALT3A	ALT3B	ALT4	Type-II 	28	31	41	41	44	21	0	Quantization scheme

Compression ratio [%]
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