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1	Introduction
In RAN1#102-e, following a discussion on the technical classification of proposals for CSI enhancement [3], three main areas were identified for study of Type II/eType II PS codebook enhancement, considering the trade-off between UE complexity, performance and reporting/reference signalling (RS) overhead:
1a) [bookmark: _Ref54347756]Codebook structure
1b) [bookmark: _Ref54347760]Indication/reporting mechanism
1c) RS triggering/signalling/transmission mechanism
For M-TRP CSI enhancement, the following two main categories of CSI reporting were identified for further study:
2a) Category 1: single CSI Reporting Setting reporting one or more CSIs within a single CSI report and with different TCI state/TRP associated to
1. groups of ports within a single resource
2. resources
3. resource sets
2b) Category 2: multiple CSI Reporting Settings
In this document we discuss points 1a) and 1b) in Sec. 2, where we describe in detail our proposals for reciprocity-aided PS codebook enhancement and evaluate some alternative precoding schemes by simulations. In Sec. 3 we discuss the advantages and drawbacks of the different categories of solutions to enhance CSI reporting for single-DCI M-TRP transmission and propose a solution that, in our view, achieves all the objective set out for this enhancement with little specification impact.
[bookmark: _Ref54347807]2	FDD CSI reporting with partial reciprocity
In this section we discuss the codebook structure and the indication/reporting mechanism for reciprocity-aided enhancement of PS codebook. In particular, we introduce the codebook structure in Sec. 2.1 and describe the operations at the gNB and UE in Sec. 2.2 and 2.3, respectively, where we propose solutions for the technical aspects that were identified for enhancement in RAN1#102-e and copied below. Simulation results are presented in Sec. 2.4.
Agreement
Taking Type II port selection codebook enhancement (based on Rel.15/16 Type II port selection) as a starting point, study following aspects, taking into account trade-off among UE complexity, performance and reporting/RS overhead: 
· Enhancement on codebook structure, e.g.,:   
· (Alt 1) Enhancement based on R16 Type II PS CB type structure 
· Enhancements on  quantization, e.g., 
· With enhanced port selection in   
· With modified value range of  taking into account beamforming mechanism for CSI-RS;
· With layer-specific port selection
· Enhancements on  quantization, e.g., 
· With a smaller value of   
· With a modified value range of R
· With multiple values of  for different SD basis
· With enhanced FD basis selection in  
· Restrictions/Relaxation, e.g. 
· for the size of the PMI indicators for SD basis, FD basis and bitmap.
· How UE distinguishes SD basis and FD basis or in a pre-defined set
· Enhancement on W2 quantization: coefficients for selected ports
· (Alt 2) Enhancement based on R15 Type II PS CB type structure 
· Enhancement on  quantization, e.g.,: enhanced port selection,  out of  SD-FD pairs are selected 
·  (if polarization independent) or   (if polarization common) whereas  only or P can be larger than 
· How to map P SD-FD pairs into  CSI-RS ports and inform to UE
· Enhancement on  quantization: coefficients for the selected  pairs 
· Etc.
· Enhancements on indication/reporting mechanism, e.g.: 
· Separate triggering for reporting of   and   (for Alt 1) or reporting of  and the rest of the PMI components (for Alt 2)
· Report only a subset of PMI components 
· Enhancement on SD/FD basis indication, selection and reporting mechanism 
· UE reporting to support gNB calibration including UL/DL time difference;
· CQI enhancements, e.g., CQI reporting mechanism considering FDD reciprocity
· etc.
· Enhancements on RS triggering/signaling/transmission mechanism, e.g. for SRS and/or CSI-RS, CSI-RS utilization conveying one or more SD-FD pairs per port, timing restrictions between SRS and CSI-RS transmission, etc
· Other enhancement are not excluded.

2.1	Codebook structure
In Rel-16 eType II codebooks, the  precoder matrix, for a layer  and for all  transmit antennas and  PMI subbands, can be expressed as
	
	[bookmark: _Ref53077303](1)


where the two DFT-based compression operations in the spatial domain (SD) and frequency domain (FD) are represented by the two bases,  and , respectively. A third operation at the UE, which extracts the layer representation from the  receive antennas, is not specified, but typically consists in calculating the strongest  eigenvectors for each PMI subband, such that , for , approximates the -th strongest  channel eigenvector for subband .
The general principle of enhancing FDD CSI reporting in Rel-17 is that, by assuming reciprocity of cluster delays and angles in FDD operations, the gNB can estimate a set of dominant SD-FD component pairs and use them to precode the CSI-RS ports. This allows to move most of the SD and FD compression operations, from the UE to the gNB.
Let us assume the gNB estimates the UL channel by measuring the SRS and determines  SD-FD pairs of vectors, denoted by , where  is an  vector and  is an  vector containing the precoding weights in the spatial and frequency domain, respectively. The index  is associated to the SD-FD pair, the SD component index is , where  is the number of SD beams and the FD component index is , where   denotes the number of FD components. Note that, in general, any two pairs may have the same SD or FD component index. Let 
	
	(2)



be an  matrix whose columns represent the vector of weights used to beamform the CSI-RS ports across the spatial domain, and
	
with

	(3)



an  matrix whose -th column, , contains the weights applied to the -th CSI-RS port across the  frequency units. As noted, some of the vectors in  and  may be repeated, but all the pairs , for , are distinct.
Figure 1 illustrates, with a toy example, the decomposition of the UL channel in  spatial beams and  FD components. In this example, we assume the FD components are drawn from a DFT codebook, hence a beam representation in the transform domain exposes the dominant cluster delays measured on that beam. Figure 1 also shows the uncertainty associated with the cluster delay estimation at the gNB. This uncertainty is caused by any mismatch in UL-DL delay reciprocity, impairments in the UL channel estimation and aging effects due to the time that lapses between the UL channel estimation from the SRS and the DL channel estimation from CSI-RS.
Besides, applying a DFT vector as precoding weights across the frequency units of a CSI-RS port beamformed by a certain spatial beam corresponds to a circular shift of the beam representation in the transform domain. This is illustrated in the left-hand side of Figure 2 and Figure 3, where two examples are given for pairing the SD and FD components.
In Figure 2, the gNB pairs each spatial beam with all dominant FD components, of which there are 6 for beam 0 and 4 for beam 1, in this example. In total, the gNB selects 10 out of the  possible combinations.
In Figure 3, the gNB forms clusters of 2 FD components and pairs each spatial beams with the first representative component of the clusters, of which there are 3 for beam 0 and 3 for beam 1, in this example. In total, the gNB selects 6 out of  possible combinations.
In Figure 4, for comparison, the precoding mechanism of Rel-16 PS is illustrated where the gNB precodes the CSI-RS ports only in the spatial domain, and the UE is configured to calculate all  FD components on the selected ports.
These three examples show various extents in which the FD compression operation can be split between the UE to the gNB, from full operation at the gNB (Figure 2), full operation at the UE (Figure 4, as in Rel-16 PS) and a partial split (Figure 3) where the number of FD calculation at the UE is controlled by the gNB configuration.
Observation 1. Rel-16 PS codebook can be enhanced by allowing the gNB to select pairs of spatial and frequency components to precode CSI-RS ports and configuring the UE to calculate one or more FD components for each SD-FD pair measured on a CSI-RS port.
Observation 2. If a UE is configured to calculate a single FD component, i.e., FD component 0 for each received SD-FD pair, the reported PMI is the same for all PMI subbands (wideband) and the frequency variations are estimated only at the gNB. Conversely, if a UE is configured to calculate more than one FD components, the reported PMI can be different across the subbands and the frequency variations estimated at the gNB are combined and refined by the reported PMI.
Observation 3. Configuring a UE to calculate more than one FD components per received SD-FD pair has two advantages: 1) it resolves the uncertainty associated with the cluster delay estimation at the gNB. This uncertainty is caused by the mismatch in UL-DL delay reciprocity, impairments in the UL channel estimation and aging effects due to the time that lapses between the UL channel estimation from the SRS and the DL channel estimation from CSI-RS. 2) It reduces the number of SD-FD pairs selected at the gNB, hence the number of CSI-RS ports needed to precode the selected pairs.
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[bookmark: _Ref53506622]Figure 1. Illustration of SD components and FD components determined at the gNB from SRS measurements. In this example, there are  SD beams and  FD components and we assume the FD components are drawn from a DFT codebook.
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[bookmark: _Ref53514697]Figure 2. Illustration of a possible pairing of SD-FD components at the gNB and pair selection at the UE, for the example of Figure 1. In this case, the UE is configured to calculate only FD component 0 by setting . Coloured cells correspond to selected SD-FD pairs, for which a nonzero coefficient is reported.
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[bookmark: _Ref53514699]Figure 3. Illustration of a possible pairing of SD-FD components at the gNB and pair selection at the UE, for the example of Figure 1. In this case, the UE is configured to calculate  FD components (0 and 1). Coloured cells correspond to selected SD-FD pairs, for which a nonzero coefficient is reported.
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[bookmark: _Ref54351034]Figure 4. Illustration of Rel-16 eType II PS precoding of CSI-RS ports in the spatial domain only. All FD component calculations are performed at the UE side. In this figure only two of the selected beams are shown.

We assume, for simplicity, that there is a one-to-one mapping between the  distinct SD-FD component pairs and the  ports, such that .
Let us introduce the  CSI-RS sequences used across the  PRBs in the BWP configured for CSI reporting:
	
with

	(4)



Let us indicate with  the frequency unit (i.e., PMI subband) corresponding to PRB , where  is the number of PRBs in a frequency unit. The signal received in PRB  by a UE equipped with  receive antennas, on the CSI-RS ports,, after code demultiplexing if CDM was used, can be written as an  matrix, 
	
	[bookmark: _Ref53136715](5)


where  is the  DL channel matrix for PRB ,  is the  effective DL channel matrix seen by the UE through the beamformed CSI-RS ports and  is the additive noise.
The CSI-RS measurements on PRB  are given by the matrix
	
	(6)


and the  matrix of measurements for each SD-FD component pair and receive antenna, on subband  can be obtained, for example, by averaging over the PRBs in that subband
	.
	[bookmark: _Ref53139226](7)


As noted previously, the assumption in (5)-(13) is that the number of SD-FD component pairs, , equals the number of CSI-RS ports, , such that there is a one-to-one mapping between SD-FD component pairs and ports. However, a many-to-one mapping may also be adopted to reduce the DL reference signal overhead, in which case the above expressions need to be modified to include the mapping and demapping operation.
For Rel-17, we consider an enhanced port-selection codebook structure based on (1), where the codebook for  is associated to the selection of SD-FD pairs, whereas  corresponds to a DFT codebook restricted by the network to the first  components, where  can be very small. A special case of interest is for , such that
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In this case, a UE calculates only the FD component 0 and no DFT operation is required in the frequency domain. Note that, in this case, the PMI reported by the UE is the same for all subbands, as the precoder variations in the frequency domain are fully determined at the gNB.
In principle, values of  larger than 1 may also be considered, in which case part of the precoder variations in frequency is determined at the UE as well as at the gNB. We also observe that the case of  corresponds to Rel-16 eType II PS codebook where there are no restrictions on the FD codebook at the UE and FD precoding of the CSI-RS ports at the gNB is not required.
Figure 2 and Figure 3 illustrate two examples of SD-FD component pairing at the gNB and pair selection at the UE, for  and , respectively. Configuring the parameter  to a value larger than 1 may be beneficial to reduce the number of SD-FD pairs, hence CSI-RS ports needed and improve the accuracy of the reported PMI by allowing the UE to select the best delay(s) (i.e., FD components) within an uncertainty window of length , for each FD component identified by the gNB. When the parameter  the PMI reported by the UE may be different for different subbands, such that the UE contributes to determining the frequency domain variations of the precoder, which are combined at the gNB with and the precoder variations in frequency calculated by the gNB based on the partial reciprocity assumption.
We note that SD-FD pairs are selected by the UE out of  possible pairs, where the effective FD component calculated by the UE for pair  is, in general, the combination of UL and DL FD components, , for . In the case , . The selected SD-FD pairs, symbolised by coloured cells, also correspond to the reported nonzero coefficients.
In order to determine the linear combination coefficients for each SD-FD pair and receive antenna, the UE forms a  matrix, , for 
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and calculates the coefficients by applying (8) to (9), which yields the  vector (or  matrix, in general for )
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At this stage the UE still needs to determine the strongest spatial layers from linear combinations of the receive antennas. This operation can be performed by applying a single SVD to the  matrix, , (or  matrix) and obtaining the strongest  left eigenvectors:
 
	,   
with
.
	(11)


In Rel-16 eType II CBs, this layer extraction is typically done per subband, before applying FD compression. However, when FD precoding is applied to the CSI-RS ports, the phase relation between subbands cannot be easily preserved if eigenvectors are extracted before the summation in (10). In fact, eigenvectors are determined in each subband with a phase uncertainty, which can be adjusted, for example, to remove phase jumps between subbands before FD compression. However, when FD precoding is applied at the gNB, these phase adjustments at the UE would change the phase relations between subbands and effectively change the effect of the precoder weights applied in frequency at the gNB.
Finally, after layer processing, the UE can select a subset of strongest nonzero coefficients out of the  coefficients in  for layer 1,  for layer 2, etc. This selection of nonzero linear combination coefficients can be free within the vector  of coefficients for layer  (or, in general, within a  matrix of coefficients) and the corresponding bitmap also indicates the selection of SD-FD pairs.
Regarding the presence of restriction in the SD-FD pair selection, in Rel-15/16 port selection is constrained to a group of  consecutive ports, with port groups separated by  ports, and with the same ports used for both polarisations. Conversely, for Rel-17 we consider unconstrained or free selection, with the selection extended to the set of  SD-FD pairs, which can be larger than the number  of ports.
Let us consider the PMI reconstruction and reciprocity precoder representation. Let , i.e., a UE reports only FD component 0 from the selected SD-FD pairs. Let  be the indices of the  selected SD-FD pairs for layer , with . Let  be the linear combination coefficient corresponding to SD-FD pair , and  the selection vector formed by all-zeros with a one in position . The  precoder matrix for layer , reported by the PMI can be expressed as
	
	(12)


The  reciprocity precoder combining the weights calculated by the gNB and the PMI, can be expressed as
	
	[bookmark: _Ref534994984][bookmark: _Ref534994990](13)



Proposal 1. Support Rel-17 PS codebook structure based on Rel-16 PS codebook, i.e., , where
· the basis  is restricted by the gNB to the first  DFT components and can be configured from a set of values including at least FD component 0.
· The basis  indicates the free selection of SD-FD component pairs and is reported by the UE.
· The reported nonzero coefficients in  correspond to the selected SD-FD component pairs.

2.2	Operations at the gNB
After estimating the UL channel from the SRS, the gNB determines a set of  SD-FD component pairs, , , from UL channel measurements, maps these  pairs to  CSI-RS ports and configures a UE to report a maximum number of nonzero linear combination coefficients from a grid of  coefficients, corresponding to the first  DFT-transformed coefficients for each SD-FD pair.

[image: ]
Figure 5. Functional block diagram of the operations at the gNB.

Regarding the determination of the SD and FD precoding weights, there is no need for the gNB to restrict their choice to a predefined codebook, for example DFT-based, as is the case when these calculations are performed by the UE, because the precoding of CSI-RS is transparent to the UE. The gNB may calculate the SD-FD pairs by using one of the following methods
1) Either or both SD-FD components at the gNB are selected from a DFT codebook, with possible oversampling
2) Either or both SD-FD components at the gNB are selected from the UL channel eigenvectors. These eigenvectors can be calculated, for example, from two separate sample covariance matrices, in the spatial and frequency dimension
3) The SD-FD components are calculated jointly in an  vector space, for example as dominant eigenvectors of a joint space-frequency sample covariance matrix obtained from the UL channel measurement
Because of the limited resources available for CSI-RS signalling, the gNB also needs to select a reasonably small set of SD-FD pairs. The selection method is generally a matter of network implementation; however, we can identify two different types of solution, depending on the information available at the UE on the pairing of SD and FD components. The two approaches require different configurations and mapping of SD-FD pairs to CSI-RS ports.
1) Transparent pairing of SD and FD components at the gNB. In this case, the SD-FD component pairs are freely selected at the gNB in a UE-transparent manner, i.e., the number of SD components and FD components per beam are unknown to the UE.
2) Non-transparent pairing of SD and FD components at the gNB. In this case, the UE knows the number of SD beams and the number of FD components per beam. The gNB selects  SD-FD component pairs, where  is the number of spatial beams and  is the number of FD components for beam . A special case is when each spatial beam is precoded by the same  FD components and 
We observe that, with transparent pairing of SD-FD pairs, a UE cannot perform SD and FD component selection separately as in Rel-16 eType II PS, but this does not seem to be a problem in Rel-17. In fact, in Rel-16 separate selection helps reduce complexity (for example, to avoid calculating DFTs on all spatial beams) and reduce feedback overhead (for example, by reporting a common set of SD ports for both polarisations and all layers and by reducing the bitmap size from  to , where free selection of nonzero coefficients (NZCs) takes place). However, in Rel-17 most of the complexity is moved to the gNB, and feedback overhead is reduced by the network selection of SD and FD components, hence there is no need to adopt a codebook structure whereby the choice of FD components is common to all spatial beams.
Conversely, with non-transparent pairing, the gNB informs the UE of the number of FD components paired with each SD beam. If this number is restricted to be the same for all spatial beams, the information passed on to the UE may consist of only two parameters, for example,  and . If no restriction is in place, the information may be conveyed by a bitmap of a configured size, which, however, may require semi-static or dynamic signalling and a larger signalling overhead.
Figure 5 illustrates the difference between transparent and non-transparent pairing of SD-FD pairs in terms of the UE’s knowledge of the SD-FD pairing structure.
Figure 6 shows a comparison between separate SD and FD component selection at the UE in Rel-16 eType II PS and free selection of SD-FD pairs by the UE in Rel-17 with transparent pairing of SD-FD components. We note that the mapping between the  precoding SD-FD pairs and the  ports needs to be specified to ensure correct calculation of the linear combination coefficients in (10).
Another aspect that needs consideration is the number of frequency units, controlled by the parameter , which determines the granularity of the precoder matrices across the reporting band. In Rel-17 the value range of  could be extended to allow finer granularity in the PMI subbands and without significant impact on the UE implementation complexity. Note that there is a trade-off between increased PMI granularity and CSI-RS overhead: the smaller the frequency unit associated with a PMI subband, the fewer SD-FD pairs can be mapped in the same CSI-RS port, which increases the number of ports needed to precode all SD-FD pairs. 

[image: ]
[bookmark: _Ref53531713]Figure 6. Illustration of the difference between transparent versus non-transparent pairing of SD and FD components as seen by a UE. In transparent pairing a UE only knows the total number of SD-FD pairs.
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[bookmark: _Ref53531882]Figure 7. Illustration of the concepts of transparent vs non-transparent pairing of SD-FD components at the gNB and free vs separate SD-FD pair selection at the UE, compared to the port selection operations in Rel-16 PS codebook. Blue cells represent the selected ports/pairs. Red dots represent the selected NZCs.
Observation 4. A mechanism for further reducing the DL RS overhead is the mapping of multiple SD-FD component pairs to a single CSI-RS port.

Proposal 2. The gNB calculation of SD and FD components is implementation specific and not restricted to specified codebooks.

Proposal 3. The pairing of SD and FD components by the gNB is transparent to the UE, i.e., the UE does not know the number of distinct SD components and FD components per beam used to precode the CSI-RS ports.

Proposal 4. Support extending the values of parameter  controlling the number of PMI subbands. Possible values are: 1, 2, 4, 8.

Proposal 5. Support enhancement of CSI-RS utilization conveying one or more SD-FD pairs per port. The gNB maps  SD-FD component pairs to  CSI-RS ports. The details of the mapping function are FFS. 


2.3	Operations at the UE
As outlined in the previous sections, the operations at the UE involve demapping the  ports to  SD-FD components pairs, calculating the  DFT components configured by the gNB and applying an SVD to the  matrix of coefficients to extract layers. The UE then selects  out of  component pairs for each layer. The UE then extracts the layers, selects the rank and reports the nonzero coefficients corresponding to selected component pairs.

[image: ]
Figure 8. Functional block diagram of the operations at the UE

Proposal 6. The FD basis, , applied at the UE is configured by the network.  consists of the first  DFT components. Configuration and values of  are FFS
·  can be fixed or RRC/semi-statically/dynamically configured
· Possible value set for : {1}, or {1,2}, or {1,2,3,4}, etc.

Proposal 7. The SD basis, , applied at the UE selects  SD-FD pairs out of  possible choices.

Proposal 8. Support free selection of the SD-FD pairs by the UE, i.e., without the constraints of Rel-15/16 port selection, regarding polarisation structure, grouping of consecutive pairs, separation of groups, etc.

Proposal 9. The number of selected SD-FD pairs is reported by the UE and corresponds to the number of reported NZCs.

2.4	Simulation results
Initial performance evaluation of the port selection enhancement schemes described in the previous sections was carried out by comparing the trade-off between average UPT and feedback overhead against the baseline of Rel-16 eType II PS, according to the EVM assumptions agreed in RAN1#102-e. For the baseline, the gNB uses 32 antenna ports, 32 CSI-RS ports and a DFT-based grid of beams to beamform the CSI-RS ports.
For the enhanced PS schemes, the assumption on the reference signals is that both SRS and CSI-RS are triggered aperiodically for up to  UEs with FTP traffic in the queue, where  is the maximum number of UEs supported by the SRS configuration. The SRS resources configuration is given by (SRS period, comb, # OFDM symbols, ) = (5ms, 4, 4, 8). Regarding the CSI-RS overhead, the gNB configures up to 32 UE-specific CSI-RS ports, depending on the configuration parameters being tested. Because the DL RS overhead varies with the FTP traffic and the number of ports configured per UE, we include all DL RS overhead in the user’s throughput calculation.
Regarding the UE feedback overhead, we assume rank one report and free SD-FD pair selection indicated by means of a bitmap of size , where  is the total number of SD-FD pairs and , i.e., the number of precoded CSI-RS ports. In these simulations we assume , i.e., the UE only calculates FD component 0 (sum) across the frequency units. In order to simulate different operating points comparable with the six parameter combinations specified for Rel-16 PS, we determine the values of  as , where the values of  and  are taken from the first five parameter combinations of Table 5.2.2.2.6-1 of TS 38.214. Because the sixth parameter combination corresponds to a value , which would require more than 32 ports, we replace it with a different combination of , which results in . All parameter combinations for both baseline and Rel-17 enhancement are listed in Table 1.
The PMI report also includes  nonzero coefficients, quantised in a similar way as in Rel-16 but without a reference amplitude for the weaker polarisation. Amplitude and phase are quantised with 3 and 4 bits, respectively.


[bookmark: _Ref54342703]Table 1. Simulated parameter combinations for Rel-16 PS baseline and Rel-17 PS. 
	
	Rel-16 eType II PS
	Rel-17 PS

	paramCombination-r16
	
	
	
	
	

	1
	2
	¼ 
	¼ 
	16
	4

	2
	2
	¼ 
	½ 
	16
	8

	3
	4
	¼ 
	¼ 
	32
	8

	4
	4
	¼ 
	½ 
	32
	16

	5
	4
	¼ 
	¾
	32
	24

	6
	4
	½ 
	½ 
	--
	--

	(7)
	(4)
	(¼)
	(1)
	32
	32



Figure 8 shows the relative performance of reciprocity-aided PS codebook with SD components selected from a DFT- based grid of beams (GoB) and FD components selected from a DFT codebook. Two different selection algorithms are tested for the FD component selection: a standard strongest-component selection and an orthogonal matching pursuit, which is known to optimise component selection for a sparse signal representation. We observe a significant performance improvement between point 2 and 3, i.e., when increasing the number of SD-FD pairs from 16 to 32 with a very small increase in feedback overhead due to the larger bitmap size, as the number of reported nonzero coefficients is  in both cases. We also observe a general gain of  over the baseline for the tested parameter combinations.
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[bookmark: _Ref54343981]Figure 9. Performance of Rel-17 PS enhancement with DFT-based SD-FD component pairs at the gNB.

Figure 9 shows similar results obtained with different sets of SD and FD precoding weights at the gNB. The SD components are calculated from the strongest eigenvectors of the UL channel covariance matrix in the spatial domain. The frequency components are calculated from either  the strongest eigenvectors of the UL channel covariance matrix in the frequency domain or from a set of DFT vectors, using the two alternative algorithms adopted in Figure 8. We note that the OMP solution with DFT vectors is still the best performing for the frequency precoding of the CSI-RS ports, although the eigenvector solution shows improved performance over a standard DFT component selection. Altogether, the eigenvector solution applied in the spatial domain does not seem to offer benefit compared to a DFT-based grid of beams, when the DFT set is large enough (32 codebook size with oversampling factor 8).
[image: ]
[bookmark: _Ref54346278]Figure 10. Performance of Rel-17 PS enhancement with eigen-based SD components and either DFT- or eigen-based FD components at the gNB.

 
[bookmark: _Ref54348033]3	M-TRP CSI reporting enhancement
In RAN1#102-e, the discussion on technical classification identified two categories for enhancement of M-TRP CSI reporting. In this section we look at possible enhancements that can be introduced under each category and discuss the advantages and drawbacks for each solution. We conclude our analysis by proposing a solution that allows the flexibility for the UE to select between a single TRP and NCJT type of CSI report, and requires little specification change. The agreement from RAN1#102-e on the technical classification is copied below for reference.
Agreement

For CSI enhancement for multi-TRP, study following aspects taking into account trade-off among UE complexity, performance and reporting/RS overhead
· Category 1 - For a reporting setting CSI-ReportConfig, more than one CSI-RS port groups in a resource or resources or resource sets are associated to different TRPs/TCI states,  
· the UE will determine CSI reporting quantities based on pre-defined/indicated/configured/UE-selected  channel and interference hypotheses across TRPs /TCI states
· and then report one or more CSIs within a single CSI report. 
· Category 2 – Within an implicit/explicit set of reporting settings CSI-ReportConfigs, which are associated to different TRPs/TCI states,  
· the UE will determine CSI reporting quantities based on pre-defined/indicated/configured/ UE-selected  channel and interference hypotheses 
· and then report multiple CSIs with multiple CSI reports (including one or more CSIs per report or selected CSI with single CSI report)
· Other enhancement are not excluded, e.g.  CQI enhancements for multi-TRP transmission including CQI format, CQI reporting mechanism
Note that companies are encouraged to clarify applicable transmission schemes/scenarios and strive to unify Rel-17 MTRP CSI framework enhancements

3.1	Category 1: single CSI Reporting Setting
This category comprises solutions in which multiple channel measurement resource (CMRs) sets, resources or port groups are associated to different TCI states/TRPs within a single CSI Reporting Setting. Three possible solutions were identified, which differ in the quantities associated to different TCI states/TRPs.
1) Multiple port groups within a single CMR are associated to different TCI states/TRPs
2) Multiple CMRs within a single resource set are associated to different TCI states/TRPs
3) Multiple CSI resource sets within the Reporting Setting are associated to different TCI states/TRPs
The three types of solutions are illustrated in Figure 10. In the following we focus on CSI enhancement for single-DCI based M-TRP transmission for which, in case of NCJT transmission, a single codeword is mapped across a maximum of 4 layers, with at least one layer being transmitted from each TRP.
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[bookmark: _Ref53541070]Figure 11. Illustration of the three possible solutions under category 1 to enhance support for NCJT in M-TRP CSI reporting.

The first solution allows a UE to report 2 sets of PMI/RI, one for each group of CSI-RS ports, for NCJT transmission with both TRPs. Note that, because of the one-codeword limitation in single-DCI M-TRP transmission, a single CQI needs reporting. This solution requires a modification to the definition of a TCI state, which, in Rel-16, can only be associated to a CSI-RS resource rather than a group of its ports. It also requires changes in the calculation of, at least, PMI and RI when two TCI states are present within the same resource. In fact, in Rel-16, the CSI quantities are computed on all the ports of a CSI-RS resource, whereas, in this case, two PMIs are required, each applicable to a single group of ports. The combination of reported RIs should also be restricted to the following sets: {1,1},{1,2},{2,1},{2,2}. However, this solution, on its own, does not offer the UE the possibility of selecting between a single report for transmission point selection (TPS) and NCJT report. Another potential limitation of this solution is the impossibility to support 32 ports in either or both of the two TRPs because the ports in the resource are split between the TRPs. This may not be a significant limitation currently because the use of 32 ports is needed primarily in Type II reporting which mainly targets MU-MIMO applications in single TRP transmission, whereas NCJT targets SU-MIMO operations. Moreover, supporting 2 sets of PMI/CQI/RI calculated simultaneously on up to 64 combined CSI-RS ports requires a significant extension to the current UE capabilities for CSI reporting.
Observation 5. Enhancement to a single CSI Reporting Setting with multiple port groups associated to different TCI states/TRPs within the same CMR, entails at least the following:
· Modification to the TCI state definition, to allow association of two TCI states to two groups of ports within a CMR
· Introducing support for the calculation of 2 sets of PMI/RI for NCJT, one for each group of CSI-RS ports, when 2 TCI states are associated to the same CMR:
· Each PMI is applicable to a single group of ports
· The combination of reported RIs is restricted to the following sets: {1,1},{1,2},{2,1},{2,2}
· A single CQI is reported
This solution, on its own, does not offer the UE the possibility of selecting between a single report for transmission point selection (TPS) and an NCJT report.
This solution implies a restriction in the number of ports supported for each TRP in an NCJT report. However, this does not seem to be currently a significant limitation as 32 ports are primarily beneficial for MU-MIMO, which is not the target for NCJT operations. Besides, supporting 2 sets of PMI/CQI/RI calculated simultaneously on up to 64 combined CSI-RS ports requires a significant extension to the current UE capabilities for CSI reporting.

The second solution is already supported by the current specifications for a CSI Reporting Setting and allows a UE to select a preferred TRP for single point transmission by reporting a CRI as well as a PMI/CQI/RI. One possible enhancement, similar to the solution adopted to support NCJT in Rel-15 LTE FeCoMP, is to activate a third CRI value when a UE is configured for an M-TRP type of report. A UE reporting this third CRI value also reports 2 sets of PMI/RI, one for each CMR, for NCJT transmission, calculated in a similar manner as for the first solution. This solution also requires some changes in the calculation of, at least, the PMI and RI, such that the calculation of the PMIs for the two CMRs is done jointly and the RIs are restricted to a predefined set of combinations. The number of ports used associated with this third CRI also needs to be considered in case of restrictions needed to avoid exceeding a UE’s capability. This solution also requires an extension of the CRI bitwidth definition, which is currently defined in in  Clause 6.3.1.1.2, TS 38.212 as  , where “ is the number of CSI-RS resources in the corresponding resource set”. In practice the third CRI value refers to a virtual resource formed by the combination of two groups of ports, one from each of the CMRs associated to the two TRPs. Moreover, a restriction is likely needed in the association of CSI-IM to the two CMRs: because the third CRI value effectively combines the two CMRs in a joint CSI calculation, a single CSI-IM resource should be associated to both resources. Finally, if support for Type II reporting is sought with this solution, the current restriction of one resource per set when CRI is reported needs to be removed.
Observation 6. Enhancement to a single CSI Reporting Setting with multiple CMRs associated to different TCI states/TRPs within a single resource set, may comprise:
· Activation of a third CRI value when a UE is configured for an M-TRP type of report. This requires a change in the CRI bitwidth definition.
· Introduce support for the calculation of 2 sets of PMI/RI for NCJT, one for each CMR, when the third CRI is reported:
· Each PMI is applicable to a single group of ports
· The combination of reported RIs is restricted to the following sets: {1,1},{1,2},{2,1},{2,2}
· A single CQI is reported
· Possible restriction to the number of ports from each CMR used for calculating an NCJT report, to avoid exceeding UE’s capability (e.g., 32+32 ports)
· Restriction in the association of CSI-IM to the two CMRs: a single CSI-IM resource should be associated to both resources.
· If support for Type II reporting is sought with this solution, the current restriction of one resource per set when CRI is reported needs to be removed.
This enhancement is similar to the solution adopted to support NCJT in Rel-15 LTE FeCoMP.
The third solution allows the extra flexibility for the UE to use the CRI to choose between different resources within each TRP. However, currently only a single resource set can be associated to a CSI Report Setting when a report is configured/triggered. The resource set association is RRC, semi-statically (MAC-CE) or dynamically (DCI field) configured by the network when a periodic report is configured, or a SP or AP report are triggered, respectively. In order to allow a UE to select a single preferred TRP transmission, significant changes would be needed to the current CSI reporting framework. Firstly, multiple resource sets association to a single CSI Reporting Setting needs to be introduced. Secondly, a UE should be allowed to indicate a resource set of choice, for example, by introducing a new “CSI resource set indicator” (CRSI) in the UE report, which is currently not defined. Moreover, more changes are needed to allow a UE to report 2 sets of PMI/RI for an NCJT report, for example by activating a third CRSI when a UE is configured for an M-TRP CSI report. If this third CRSI is chosen, a UE would report one CRI per configured resource set and 2 corresponding sets of PMI/RI to be used for NCJT transmission.
Observation 7. Enhancement to a single CSI Reporting Setting with multiple CSI resource sets associated to different TCI states/TRPs within the Reporting Setting allows the extra flexibility for the UE to use the CRI to choose between different resources within each TRP. However, currently only a single resource set can be associated by the gNB to a CSI Report Setting when a report is configured/triggered.
Significant changes would be needed to the current CSI reporting framework, such as
· Introducing multiple resource sets association to a single CSI Reporting Setting
· Allowing the UE to indicate a resource set of choice to select a single preferred TRP transmission, for example, by introducing a new “CSI resource set indicator” (CRSI) in the UE report, which is currently not defined
· More changes are needed to allow a UE to report 2 sets of PMI/RI for an NCJT report, for example by activating a third CRSI when a UE is configured for an M-TRP CSI report. If this third CRSI is chosen, a UE would report one CRI per configured resource set and 2 corresponding sets of PMI/RI to be used for NCJT transmission

A possible solution that combines the advantages of solution 1) and 2) is the hybrid solution illustrated in Figure 11. This solution also avoids the need to extend the bitwidth definition of CRI, which would be needed with solution 2).
[image: ]
[bookmark: _Ref53580698]Figure 12. Illustration of a hybrid solution to enhance a single CSI Reporting Setting by combining solution 1) and 2) of category 1.

Proposal 10. Consider enhancements based on a combination of solution 1) and 2) of category 1, i.e., enhancement to a single CSI Reporting Setting with two port groups within the same CMR associated to different TCI states/TRPs and multiple CMRs within the same resource set associated to different TCI states/TRPs.
Consider, at least, the following enhancements.
· Modification to the TCI state definition, to allow association of two TCI states to two groups of ports within a CMR
· Introducing support for the calculation of 2 sets of PMI/RI for NCJT, one for each group of CSI-RS ports, when 2 TCI states are associated to the same CMR:
· Each PMI is applicable to a single group of ports
· The combination of reported RIs is restricted to the following sets: {1,1},{1,2},{2,1},{2,2}
· A single CQI is reported 

3.2	Category 2: multiple CSI Reporting Settings
This category comprises a solution in which multiple CSI Reporting Settings are associated to different TCI states/TRPs, as illustrated in Figure 12. This solution is similar to solution 3) of category 1 as it allows the gNB to configure/trigger a CSI report for a single TRP. However, it is not clear how CSI reporting for NCJT can be enabled by this solution alone. One possibility is to configure one of the Reporting Setting according to either solution 1) or 2) of category 1, or a combination thereof, to allow the possibility for a UE to choose between reporting a single set of PMI/CQI/RI for single TRP transmission or 2 sets for NCJT. The other Reporting Settings can be associated to a single TRP and used by the gNB to configure/trigger a single CSI report on a specific TRP. Therefore, in practice, enhancement of category 2 solution is achieved by adopting one of the first 2 solutions of category 1.
Observation 8. Category 2 solution is similar to solution 3) of category 1 as it allows the gNB to configure/trigger a CSI report for a single TRP. However, it is not clear how CSI reporting for NCJT can be enabled by this solution alone.
One possibility is to configure one of the Reporting Setting according to either solution 1) or 2) of category 1, or a combination thereof, to allow the possibility for a UE to choose between reporting a single set of PMI/CQI/RI for single TRP transmission or 2 sets for NCJT. The other Reporting Settings can be associated to a single TRP and used by the gNB to configure/trigger a single CSI report on a specific TRP.
In practice, enhancement of category 2 solution is achieved by adopting one of the first 2 solutions of category 1.

[image: ]
[bookmark: _Ref53574104]Figure 13. Illustration of the category 2 solution to enhance support for NCJT in M-TRP CSI reporting.
4	Conclusion
Hereafter is a summary of observations and proposals for FDD CSI enhancement
Observation 1. 	Rel-16 PS codebook can be enhanced by allowing the gNB to select pairs of spatial and frequency components to precode CSI-RS ports and configuring the UE to calculate one or more FD components for each SD-FD pair measured on a CSI-RS port.
Observation 2. 	If a UE is configured to calculate a single FD component, i.e., FD component 0 for each received SD-FD pair, the reported PMI is the same for all PMI subbands (wideband) and the frequency variations are estimated only at the gNB. Conversely, if a UE is configured to calculate more than one FD components, the reported PMI can be different across the subbands and the frequency variations estimated at the gNB are combined and refined by the reported PMI.
Observation 3. 	Configuring a UE to calculate more than one FD components per received SD-FD pair has two advantages: 1) it resolves the uncertainty associated with the cluster delay estimation at the gNB. This uncertainty is caused by the mismatch in UL-DL delay reciprocity, impairments in the UL channel estimation and aging effects due to the time that lapses between the UL channel estimation from the SRS and the DL channel estimation from CSI-RS. 2) It reduces the number of SD-FD pairs selected at the gNB, hence the number of CSI-RS ports needed to precode the selected pairs.
Observation 4. 	A mechanism for further reducing the DL RS overhead is the mapping of multiple SD-FD component pairs to a single CSI-RS port.

Proposal 1. 	Support Rel-17 PS codebook structure based on Rel-16 PS codebook, i.e., , where
· the basis  is restricted by the gNB to the first  DFT components and can be configured from a set of values including at least FD component 0.
· The basis  indicates the free selection of SD-FD component pairs and is reported by the UE.
· The reported nonzero coefficients in  correspond to the selected SD-FD component pairs.
Proposal 2. 	The gNB calculation of SD and FD components is implementation specific and not restricted to specified codebooks.

Proposal 3. 	The pairing of SD and FD components by the gNB is transparent to the UE, i.e., the UE does not know the number of distinct SD components and FD components per beam used to precode the CSI-RS ports.

Proposal 4. 	Support extending the values of parameter  controlling the number of PMI subbands. Possible values are: 1, 2, 4, 8.

Proposal 5. 	Support enhancement of CSI-RS utilization conveying one or more SD-FD pairs per port. The gNB maps  SD-FD component pairs to  CSI-RS ports. The details of the mapping function are FFS. 
Proposal 6. 	The FD basis, , applied at the UE is configured by the network.  consists of the first  DFT components. Configuration and values of  are FFS
·  can be fixed or RRC/semi-statically/dynamically configured
· Possible value set for : {1}, or {1,2}, or {1,2,3,4}, etc.

Proposal 7. 	The SD basis, , applied at the UE selects  SD-FD pairs out of  possible choices.

Proposal 8. 	Support free selection of the SD-FD pairs by the UE, i.e., without the constraints of Rel-15/16 port selection, regarding polarisation structure, grouping of consecutive pairs, separation of groups, etc.

Proposal 9. 	The number of selected SD-FD pairs is reported by the UE and corresponds to the number of reported NZCs.

Hereafter is a summary of observations and proposals for M-TRP CSI enhancement.
Observation 5. 	Enhancement to a single CSI Reporting Setting with multiple port groups associated to different TCI states/TRPs within the same CMR, entails at least the following:
· Modification to the TCI state definition, to allow association of two TCI states to two groups of ports within a CMR
· Introducing support for the calculation of 2 sets of PMI/RI for NCJT, one for each group of CSI-RS ports, when 2 TCI states are associated to the same CMR:
· Each PMI is applicable to a single group of ports
· The combination of reported RIs is restricted to the following sets: {1,1},{1,2},{2,1},{2,2}
· A single CQI is reported
This solution, on its own, does not offer the UE the possibility of selecting between a single report for transmission point selection (TPS) and an NCJT report.
This solution implies a restriction in the number of ports supported for each TRP in an NCJT report. However, this does not seem to be currently a significant limitation as 32 ports are primarily beneficial for MU-MIMO, which is not the target for NCJT operations. Besides, supporting 2 sets of PMI/CQI/RI calculated simultaneously on up to 64 combined CSI-RS ports requires a significant extension to the current UE capabilities for CSI reporting.
 
Observation 6. Enhancement to a single CSI Reporting Setting with multiple CMRs associated to different TCI states/TRPs within a single resource set, may comprise:
· Activation of a third CRI value when a UE is configured for an M-TRP type of report. This requires a change in the CRI bitwidth definition.
· Introduce support for the calculation of 2 sets of PMI/RI for NCJT, one for each CMR, when the third CRI is reported:
· Each PMI is applicable to a single group of ports
· The combination of reported RIs is restricted to the following sets: {1,1},{1,2},{2,1},{2,2}
· A single CQI is reported
· Possible restriction to the number of ports from each CMR used for calculating an NCJT report, to avoid exceeding UE’s capability (e.g., 32+32 ports)
· Restriction in the association of CSI-IM to the two CMRs: a single CSI-IM resource should be associated to both resources.
· If support for Type II reporting is sought with this solution, the current restriction of one resource per set when CRI is reported needs to be removed.
This enhancement is similar to the solution adopted to support NCJT in Rel-15 LTE FeCoMP.
Observation 7. Enhancement to a single CSI Reporting Setting with multiple CSI resource sets associated to different TCI states/TRPs within the Reporting Setting allows the extra flexibility for the UE to use the CRI to choose between different resources within each TRP. However, currently only a single resource set can be associated by the gNB to a CSI Report Setting when a report is configured/triggered.
Significant changes would be needed to the current CSI reporting framework, such as
· Introducing multiple resource sets association to a single CSI Reporting Setting
· Allowing the UE to indicate a resource set of choice to select a single preferred TRP transmission, for example, by introducing a new “CSI resource set indicator” (CRSI) in the UE report, which is currently not defined
· More changes are needed to allow a UE to report 2 sets of PMI/RI for an NCJT report, for example by activating a third CRSI when a UE is configured for an M-TRP CSI report. If this third CRSI is chosen, a UE would report one CRI per configured resource set and 2 corresponding sets of PMI/RI to be used for NCJT transmission

Observation 8. Category 2 solution is similar to solution 3) of category 1 as it allows the gNB to configure/trigger a CSI report for a single TRP. However, it is not clear how CSI reporting for NCJT can be enabled by this solution alone.
One possibility is to configure one of the Reporting Setting according to either solution 1) or 2) of category 1, or a combination thereof, to allow the possibility for a UE to choose between reporting a single set of PMI/CQI/RI for single TRP transmission or 2 sets for NCJT. The other Reporting Settings can be associated to a single TRP and used by the gNB to configure/trigger a single CSI report on a specific TRP.
In practice, enhancement of category 2 solution is achieved by adopting one of the first 2 solutions of category 1.


Proposal 10. Support a combination of solution 1) and 2) of category 1, i.e., enhancement to a single CSI Reporting Setting with two port groups within the same CMR associated to different TCI states/TRPs and multiple CMRs within the same resource set associated to different TCI states/TRPs.
Consider, at least, the following enhancements.
· Modification to the TCI state definition, to allow association of two TCI states to two groups of ports within a CMR
· Introducing support for the calculation of 2 sets of PMI/RI for NCJT, one for each group of CSI-RS ports, when 2 TCI states are associated to the same CMR:
· Each PMI is applicable to a single group of ports
· The combination of reported RIs is restricted to the following sets: {1,1},{1,2},{2,1},{2,2}
· A single CQI is reported 

Appendix

	Parameter
	Value

	Scenario
	Dense Urban (Macro only)

	Frequency Range
	2GHz with duplexing gap of 200MHz between DL and UL

	Inter-BS distance
	200m 

	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 for (rank 1,2) 

	BS Tx power 
	44dBm for 20MHz

	Simulation bandwidth 
	20 MHz for 15kHz

	Channel model for reciprocity
	Alt1: based on Section 5.3 of TR 36.897

	CSI-RS overhead 
	All DL RS overhead is included in the DL throughput calculation

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Traffic load (Resource utilization)
	~70% for SU/MU-MIMO with rank adaptation

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

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	SRS error model and configuration
	SRS error model in Table A.1-2 in 36.897 with Δ=9 dB
[bookmark: _GoBack](SRS period, comb, # OFDM symbols, # UEs) = (5ms, 4, 4, 8)

	Calibration error model
	
Amplitude error (expressed in decibel of ) and phase error have normal distribution with 0.7dB and 5 degrees standard deviation, respectively.
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