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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In 3GPP RAN1 #102e meeting, the following agreements are made for CSI enhancements.
· EVM for CSI enhancements
Agreement
The EVM assumptions in Section 4 (except for Proposal 2 and 4) of R1-2006973 for Rel-17 CSI enhancements are agreed.
Agreement
For EVM for FDD CSI enhancement in Rel-17, use following Alt 1 as the baseline and Alt 2 as the optional 
· Alt 1: Based on Section 5.3 of TR 36.897, to generate FDD DL and UL channels.
· Alt 2: Based on Section 7.6.5 of TR 38.901, to generate FDD DL and UL channels with following modifications:
· Different per-cluster shadowing is generated for DL and UL, and DL (or UL) angles are generated based on DL (or UL) cluster powers. Then UL (or DL) uses the same angles and its own cluster powers to generate the channel matrix.
· XPR is generated independently for DL and UL.
Agreement
For EVM for FDD CSI enhancement in Rel-17, using the following calibration error model 
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· 
 is the spatial UL channel at gNB side with calibration error
· 
 is the ideal spatial UL channel without calibration error
· E represents the mismatch of transmission and reception circuits of gNB
· ai is the amplitude error 
· i is the phase error
· N is the number of antennas at gNB side 

With amplitude error (expressed in decibel of ) and phase error are normal distribution with 0.7dB and 5 degrees standard deviation, respectively. Both amplitude/phase errors are assumed to be constant during a simulation drop at time, and constant either across whole simulation bandwidth or per 4 PRB at frequency. Companies shall report the assumption of error modelling at frequency.  
· Technical Categorization for FDD partial reciprocity
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
· CSI enhancements for MTRP
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
In this contribution, we provide our views on CSI enhancement based on FDD angle and delay reciprocity including general procedure, evaluation results and codebook design. Besides CSI enhancement for multi-TRP is also discussed in this contribution.

[bookmark: _Ref129681832]Rel-17 port selection codebook enhancement based on angle and delay reciprocity
In this section, we will discuss about how to exploit FDD angle and delay reciprocity to achieve better trade-off among UE complexity, performance and reporting overhead. Based on agreements of RAN1#102e, some general procedures of CSI acquisition based on FDD angle and delay reciprocity has been discussed in section 2.1. In section 2.2, system level simulation results for CSI enhancement based on angel and delay reciprocity are provided based on EVM agreed in RAN1#102e. Proposed Rel-17 PS codebook enhancement is discussed in Section 2.3.
General procedure of Rel-17 PS CB enhancement
Similar to the discussion in Rel-16, the downlink propagation channel can be represented by the angle and delay information and their linear combination coefficients. By utilizing the reciprocity of angle and delay, gNB can extract angle and delay information from the uplink channel by UL RS, e.g. SRS and UL DMRS, and reconstruct the precoder for downlink channel assisted with combination coefficients fed back by the UE.
A general procedure based on partial reciprocity can be summarized as Figure 1. Firstly, the gNB obtains the spatial and/or frequency domain beams (CSI-RS beamforming vectors) by measuring the uplink pilots by utilizing the reciprocity of angle and delay, and precodes UE-specific CSI-RS ports/resources with those beamforming vectors. Then UE calculates and feedbacks the combination coefficient based on the beamformed CSI-RS. Finally, the precoder for DL/pilots can be reconstructed at gNB by combining CSI-RS beamforming vectors and combination coefficients. 
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Figure 1. General process based on partial reciprocity
2.1.1 CSI-RS beamforming
It is more reliable to extract reciprocal angle and delay information from the 2nd order statistics of uplink instantaneous channel, where the randomness can be filtered out at time and/or frequency domains. The 2nd order statistics can be the statistical covariance matrices of spatial domain (SD) and frequency domain (FD), whereas the determination of statistical covariance matrix of SD can be similar to Rel-15/16 Type II port-selection codebook, so as to the statistical covariance matrix of FD. Moreover, according to our field measurement data in [1], both angular/delay power spectrums are roughly unchanged or changed slowly over time with the granularity of hundreds milliseconds, which suggest that such a covariance matrix can be averaged over time within a certain window to obtain more accurate and stable angle/delay information at the gNB. 
In addition, CSI-RS beamforming vectors other than DFT can be applied to UE-specific CSI-RS ports/resources at gNB, such as SVD bases which can match with 2nd order channel characteristics more precisely and benefit the performance of MU-MIMO eventually.
Observation 1: Based on the second order statistics of FDD uplink channel, the gNB can apply freely different type of bases, e.g. DFT or SVD bases, for UE-specific CSI-RS ports/resources.
Assuming that there are  CSI-RS beamforming vectors obtained from the 2nd order statistics and denoted as , whereas  is the SD-FD beamforming vector corresponding to the -th angle-delay pair,  is the number of antennas at gNB, and  is the number of frequency unit which is related to number of RBs () for CSI-RS transmission, number of RBs () per CQI subband and R (e.g. numberOfPMISubbandsPerCQISubband in Rel-16), i.e. . And  CSI-RS beamforming vectors can be sorted at a descending order based on their corresponding eigenvalues if the SVD bases are be adopted.
According to design principle of CSI acquisition based on angle and delay reciprocity described in [2], it is equivalent that gNB may shift the delay of each angle-delay pair to a specific delay position (e.g. ) by applying corresponding FD beamforming vector over a CSI-RS port. When one CSI-RS port carries one CSI-RS SD-FD beamforming vector, there are totally  CSI-RS ports associated with  CSI-RS SD-FD beamforming vectors. For this example, a detailed procedure can be found in Appendix A.1 of [2]. Moreover, in order to use UE-specific CSI-RS ports more efficiently, enhanced beamforming schemes can be considered, in which each UE-specific CSI-RS port can carry multiple CSI-RS SD-FD beamforming vectors.
An enhanced beamforming scheme that can improve CSI-RS port utilization is to divide frequency units of each CSI-RS port into multiple groups and each group corresponds to a sub-sampled CSI-RS beamforming vector. As illustrated in Figure 2, for example, it is assumed that there are two CSI-RS beamforming vectors  and . And  frequency units of the -th port are assumed to be divided into two groups and each group contains  frequency units. The CSI-RS beamforming vector sampled from  in frequency domain can be applied to the first frequency unit group (red blocks in Figure 2). And the CSI-RS beamforming vector sampled from  in frequency domain can be applied to the second frequency unit group (blue blocks in Figure 2). Therefore for given CSI-RS port -th, it eventually can accommodate two sampled CSI-RS SD-FD beamforming vectors. 
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Figure 2. Illustration of frequency unit division corresponding to two SD-FD beamforming vectors 
Generally, suppose that one CSI-RS port can carry  sampled CSI-RS beamforming vectors so that  frequency units of each CSI-RS port can be divided into  groups, and the each group contains  frequency units whose index sequence is  In addition, the index sequence  of the -th group can be a subsequence of with an offset of  and an interval of , which can be expressed as , .
Based on given grouping pattern, a total of  CSI-RS ports are required. Denote the -th frequency unit of the -th sampled CSI-RS beamforming vector on the -th port as , which can be obtained by sampling  in frequency domain according to the index sequence . Specifically, , where  is the -th CSI-RS beamforming vector of  and the  can be indexed as . Then the  sampled CSI-RS beamforming vectors are multiplexed on the -th CSI-RS port, which can be shown in Figure 3.
Furthermore, the precoder  of -th CSI-RS port can be expressed equivalently as , where  and  are Hadamard product and Kronecker product respectively,  is a vector in which all elements are one, and  is denoted as the frequency domain sampling vector of the -th group, which is determined by the index sequence , that is,  and the remaining  elements are set to zero.
In addition, another enhanced scheme that precodes one CSI-RS port by multiple beamforming vectors is described in the Appendix A.1, which can also effectively improve UE-specific CSI-RS ports utilization.
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Figure 3. Illustration of  sampled CSI-RS beamforming vectors multiplexed on each CSI-RS port
Observation 2: Dividing frequency units into multiple groups carrying multiple sampled SD-FD beamforming vectors can effectively improve the utilization of UE-specific CSI-RS ports/resources. 
Observation 3: Applying multiple beamforming vectors over single CSI-RS port, with FDM or other multiplexing manners, can effectively improve utilization of CSI-RS.

2.1.2 CSI measurement behavior over beamformed CSI-RS
When the enhanced beamforming scheme mentioned above is adopted, the UE can determine the combination coefficients by summing interleaved beamforming CSI-RS ports in a CSI-RS resource based on above grouping pattern. Taking grouping pattern shown in Figure 2 as an example, the calculation of two combination coefficients at the -th CSI-RS port corresponding to two beamforming vectors  and  is shown in Figure 4.
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Figure 4. Illustration of UE calculating combination coefficients based on the grouping pattern given in Figure 2
In general, the UE should calculate and feedback combination coefficients in the following two steps. 
Step1: According to one CSI-RS port corresponding to  sampled CSI-RS beamforming vectors shown in Figure 3, UE will receive beamformed downlink channel matrix  for given -th receiving antenna of UE. The coefficient  of the -th sampled CSI-RS beamforming vector of the -th CSI-RS port for the-th UE receiving antenna can be obtained by summing interleaved the -th beamforming CSI-RS port as shown in (1).
  (1)
where  is the beamformed downlink channel matrix of the -th CSI-RS port for the -th UE antenna port,  is the frequency domain sampling vector of the -th frequency units group. Note that, for the-th UE receiving antenna, the coefficient  is an approximation of the coefficient corresponding to the -th non-sampled CSI-RS beamforming vector of the -th CSI-RS port. 
Then the coefficient vector  consisted of the coefficients of  beamforming vectors on -th UE antenna port can be obtained as . Of course, other order of the  coefficients can also be further studied and determined by a predefined rule in specification when defining/reporting the final PMI by the UE.
Step2: For  receiving antenna ports, UE constructs the coefficient matrix . And denote the -th eigenvector of  as . For layer , the UE shall select and report some coefficients from  based on the codebook structure  discussed in Section 2.3, where  is a port-selection matrix,  is a FD selection matrix,  is a coefficient matrix. More specific details of ,  and  can be found in Section 2.3.

2.1.3 Precoder reconstruction
For simplicity, we only focus on the first layer assuming rank one PMI reporting. The principle of reconstruction at gNB is similarly applied to other layers. 
Based on ,  and  reported by UE, gNB can re-construct the best precoder vector  for the first layer as follows

	(2)
where ,  is the precoder vector at frequency unit ,  is the -th row, -th column element of , which is the coefficient corresponding to the -th beamforming vector on the -th CSI-RS port. And  is the -th CSI-RS beamforming vector of , which is described in Section 2.1.1 and known by the gNB only, with DFT, SVD, or other SD/FD precoding bases preferred by NW implementation. 

System level simulation results for Rel-17 PS CB enhancement
2.2.1 The performance of Rel-17 PS CB enhancement based on angle and delay reciprocity
In this part, we evaluate the performance of R17 PS CB with SRS estimation error and gNB calibration error, which is based on the agreements of RAN1#102e. For R17 PS CB, CSI-RS utilization improvement in Section 2.1 is used with one port carrying 4 CSI-RS beamforming bases (). In order to focus on the principle of the scheme and verify the performance, we consider a specific case for CSI feedback overhead, in which  and  (Details can be found in Section 2.3), so there is no payload to report  and . In addition, binomial coefficient is used to indicate y coefficients selected from x coefficients, which is denoted “Coefficient = {xSy} and x=PK=32” in legends of R17 in simulation results figures. More details about the CSI feedback overhead can be found in [2] and more simulation assumption can be found in Table A.2-1 of Appendix A.2. 
Figure 5-a gives the performance of R16 enhanced Type II port selection codebook and Rel-17 PS CB enhancement under fixed Rank 1 per UE with SRS error and calibration error. It can be observed that about 11% performance gain over R16 can be achieved at low overhead if the same reporting overhead is assumed; at high overhead, about 8.1% performance gain can be achieved for the same reporting overhead. Figure 5-b gives the performance of R16 enhanced Type II port selection codebook and Rel-17 PS CB enhancement under Rank adaptation (up to Rank 2 per UE) with SRS error and calibration error. It can be observed that about 17.6% performance gain over R16 can be achieved at low overhead if the same reporting overhead is assumed; at high overhead, about 15.2% performance gain can be achieved for the same reporting overhead.
Note that by utilizing angle and delay reciprocity, free bases selection and non-DFT-based channel decomposition especially in frequency domain can be achieved at gNB sides for R17 PS CB, which could provide significant performance gain. Besides, by utilizing delay reciprocity, the number of vectors in frequency domain can be limited by gNB, which requires less feedback bits than R16. So by saving report bits, more coefficients can be reported in Rel-17 PS codebook compared with Rel-16 PS codebook if the same reporting overhead is assumed, which is also helpful to the performance, especially for low CSI feedback overhead. Furthermore, R17 PS CB can achieve finer precoding granularity for PMI (larger R, numberOfPMISubbandsPerCQISubband), enable finer precoding granularity and provide better performance. In the simulation, R of R16 PS CB equals to 2 and R of R17 PS CB equals to 4. In addition, for Rank adaptation up to Rank2, by taking advantage of more accurate CSI quantization, R17 PS CB can eventually increase scheduling possibility of higher rank after MU-MIMO scheduling from SLS, e.g., the percentage of rank 2 transmission have increased by at least 5% within following evaluations compared to the baseline.
[image: ]
(a) Fixed Rank1 per UE
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(b) Rank adaptation (up to Rank2 per UE)
Figure 5. Performance between R16 PS CB and Rel-17 PS CB with SRS error and calibration error
Observation 4: Compared to Rel-16 type II port selection codebook, 
· 11% mean UPT gain at low overhead and 8.1% mean UPT gain at high overhead if the same reporting overhead is assumed under fixed Rank1 per UE;
· 17.6% mean UPT gain at low overhead and 15.2% mean UPT gain at high overhead if the same reporting overhead is assumed under Rank adaptation (up to Rank2 per UE).

2.2.2 Impact of SRS estimation error and calibration error
In Figure 6, in addition to the performance with SRS error and calibration error, the performance of different CSI acquisition schemes under rank adaption with maximum rank 2 without SRS error and calibration error is also given. It can be observed that the R17 PS codebook has about 18% performance gain can be achieved at low overhead and about 17.1 % performance gain can be achieved at high overhead if the same reporting overhead is assumed.
Based on Figure 6, it can be found that the SRS error and calibration error has small impact on the performance gain of R17 over R16 PS. For SRS estimation error, firstly, the angle and delay information instead of accuracy CSI is needed in the proposed scheme, which is more robust to the SRS estimation error; secondly, the angle and delay information varies slowly over time, and thus filter over time domain can be used to improve the accuracy of the angle and delay information estimation. For calibration error, this error is residual error.
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Figure 6. Performance between R16 PS CB and Rel-17 PS CB without and with SRS error and calibration error
Observation 5: SRS error and calibration error has marginal impact on the performance gain of R17 over R16. 
· At low overhead and assuming the same report overhead, 17.6% performance gain over R16 with error whilst 18.0% performance gain over R16 without error.
· At high overhead and assuming the same report overhead, 15.2% performance gain over R16 with error whilst 17.1% performance gain over R16 without error.

2.2.3 CSI-RS overhead
Based on agreements in RAN1#102e, the following method is used to calculate the CSI-RS overhead.
· AP CSI-RS: For FTP1 traffic model, when there has packet transmission, CSI-RS is transmitted per Y ms; when no packet transmission, CSI-RS is not transmitted.
· Total CSI-RS ports: Assumption K cells in the simulation, kth cell has  packets, CSI-RS is transmitted  times during the transmission of ith packet (shown as Figure 7), and has each CSI-RS transmission has P ports (In the simulation of Figure 5-a, Figure 5-b and Figure 6, each CSI-RS transmission has 8 UE specific ports for both R17 PS CB and R16 PS CB). So the Total CSI-RS ports number equals to
· Averaged CSI-RS ports: Assuming the simulation time equals to T, the averaged CSI-RS ports per Y ms per cell equals   to during the simulation runs.
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Figure 7. An example for AP CSI-RS transmission
Based on the above CSI-RS overhead calculation method, the following CSI-RS overhead can be obtained for Figure 5-a, Figure 5-b and Figure 6.
Table 1 Average CSI-RS ports number per 5ms per cell during the simulation time in SLS assumptions 
	Cases
	CSI-RS overhead @ low CSI feedback overhead
	CSI-RS overhead @ high CSI feedback overhead

	Figure 5-a
	R17 PS CB
	12 ports per 5ms per cell
	10 ports per 5ms per cell

	
	R16 PS CB
	14 ports per 5ms per cell
	11 ports per 5ms per cell

	Figure 5-b
	R17 PS CB
	12 ports per 5ms per cell
	9 ports per 5ms per cell

	
	R16 PS CB
	15 ports per 5ms per cell
	10 ports per 5ms per cell

	Figure 6
	R17 PS CB
	12 ports per 5ms per cell
	9 ports per 5ms per cell

	
	R16 PS CB
	15 ports per 5ms per cell
	10 ports per 5ms per cell


In the simulation, by CSI-RS utilization improvement scheme, R17 PS CB uses the same CSI-RS ports as R16 PS CB for each CSI-RS transmission (8 ports CSI-RS). In addition, by taking advantage of more accurate CSI quantization, R17 PS CB can eventually increase the transmission rate of packets, which will reduce the transmission times of CSI-RS and reduce average CSI-RS overhead. So it can be found that R17 PS CB uses fewer averaged CSI-RS ports than R16 PS CB.
Observation 6: Since CSI-RS utilization improvement scheme and more accurate CSI quantization, R17 PS CB has smaller averaged CSI-RS ports than R16 PS CB. 
Proposal 1: Port selection CB enhancement based on angle and delay reciprocity should be supported and specified in Rel-17.

Codebook design/quantization of Rel-17 PS CB enhancement
There are two possible alternatives for basic CB structure having been mentioned in the agreement [3] as follows:
· Alt1: Enhancement based on R16 Type II PS CB type structure
· Alt2: Enhancement based on R15 Type II PS CB type structure
Alt1 takes the R16 Type II PS codebook as start point. Thus, Rel-17 Type II port selection codebook can be given as
		 (3)
 is a port-selection matrix of  with entries from {0, 1}, where  is the number of selected ports; each column in  has only one non-zero element and each row in  has at most one non-zero element. is a frequency-basis-selection matrix of  with entries from {0, 1} and used to select the coefficients carried at each port, where  is the number of selected coefficients per port and the selected locations are common for all CSI-RS ports in a CSI-RS resource. Each column in has only one non-zero element and each row in  has up to one non-zero element.  is a linear combination matrix whose dimension is . For example, if both the p-th element in the i-th column of  and the k-th element in the j-th column of  are 1, the i-th row and j-th column element of  is the coefficient corresponding to k-th CSI-RS beamforming vector at p-th port, i.e.,  as described in Section 2.1.2.
Alt2 is based on the R15 Type II PS codebook where Rel-17 Type II port selection codebook can be represented as 
	 	(4)
 is a coefficient selection matrix of  with entries from {0, 1} and used for selecting coefficients, and O;  is the vector consisted of up to non-zero coefficients. Each column in  has only one non-zero element and each row in  has at most one non-zero element. For example, if the -th element in the o-th column of  is 1, the o-th element of  is the coefficient corresponding to k-th CSI-RS beamforming base at p-th port, i.e.,  as described in Section 2.1.2.
In principle, gNB could reconstruct the precoder for DL/pilots by combining CSI-RS beamforming vectors known by the gNB and combination coefficients reported by the UE. Since the CSI-RS beamforming vectors are only known at the gNB, UE only needs to report combination coefficients (e.g. including both amplitude and phase per coefficient) and location indices (e.g., bitmap or binominal coefficient) for those selected coefficients. Thus, both Alt1 and Alt2 can be similar in terms of achieving above function. 
[bookmark: _GoBack]Observation 7: For Rel-17 PS codebook enhancement, UE only needs to report combination coefficients and location indices for those selected coefficients, for precoder reconstruction at gNB.
The major difference of these alternatives is . Similar to Rel-16 port selection codebook,  in Alt 1 can be used to select a set of coefficients firstly across all CSI-RS ports in a resource, then fewer bits than that of Alt2 can be used for coefficient selection. To illustrate benefits of , assuming that there are 32 CSI-RS beamforming vectors conveyed by 8 CSI-RS ports per CSI-RS resource with 4 CSI-RS beamforming vectors per port, i.e.,  and . It is also assumed that  in Alt1 and 8 in Alt 2. 
· Suppose that the UE is mandated to report up to  coefficients and =8, i.e. some zeros coefficients of  may not be reported by the UE: 
· Alt 1 can use  and  bits to indicate the selection in  and  respectively, and then 8 bits are required for a bitmap of selection for . 
· Alt 2 can use  bits for , and then 8 bits are required for a bitmap of selection for .
· Suppose that the UE is mandated to report  coefficients and =8, i.e. zeros coefficients of  may be reported by the UE:
· Alt 1 can use  and  bits to indicate the selection in  and  respectively, and then no reporting of location index is required for .
· Alt 2 will use  bits for  and then no reporting of location index is required for .
In both examples, with the help of, Alt1 may require less CSI feedback overhead than Alt2 at the expense of free selection of Alt 2. Moreover, when each port conveys single beamforming vector, Alt1 can be degraded as Alt2 so that Alt2 can be regarded as a special case/design of Alt1. Therefore, Alt1 may provide higher RAN1 design flexibility for preferred tradeoff among payload/performance/overhead. Although both possible alternatives perform similarly for Rel-17 PS codebook enhancements, we prefer slightly to use R16 Type II port selection codebook as a start point.
Proposal 2: Both Alt1 and Alt2 can be used as basic codebook structure for R17 port selection codebook enhancement. Alt1 is slightly preferred due to better design flexibility for payload/performance/overhead trade-off.
In addition, enhancement for Rel-17 Type II port selection codebook may consider following:
· By utilizing UL/DL reciprocity of angle and delay statistically, the order of combination coefficients of instantaneous MIMO channel, e.g. which are sorted based on coefficient amplitudes at UE, may be different for UL/DL. Free port selection of  should be considered to achieve better performance. In addition, since each CSI-RS port conveys angle-delay information instead of only angle information as in R16 PS codebook,  should be enhanced with a larger value of   , e.g. .  
· The number of vectors in  can be one, two or four columns in Alt1 since the gNB has performed and applied frequency precoding per CSI-RS port. Therefore in Rel-17, in certain deployment scenarios, e.g. with limited propagation paths,  can be degraded as single vector. 
· Only wideband-like SVD is needed at the UE to calculate/feedback PMI coefficients. Therefore the dimension of  in Alt1 is irrelevant to the value of R eventually so that reporting payload does not depends on R. Depending on mechanism of applying multiple beamforming bases over single CSI-RS port, increasing the value of R can improve the accuracy of linear combination of PMI at the gNB, without increasing computation complexity at UE too much. 
Proposal 3: With R16 Type II port selection codebook as a start point, following enhancements can be considered:
·  is enhanced with free selection by selecting more than 8 (up to all) beamforming ports in a CSI-RS resource;
·  can be limited with very few vector(s), e.g. 1/2/4;
· Larger R (numberOfPMISubbandsPerCQISubband), e.g., R equals to the size of CQI subband

CSI Measurement Enhancement for Multi-TRP

The candidate schemes of mTRP CSI enhancement
Based on the agreements of RAN1 #102e, the candidate multi-TRP CSI enhancement schemes are summarized as following
	Scheme 1-1
	[image: ]

	Scheme 1-2
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	Scheme 1-3
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	Scheme 2
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· Scheme 1-1: Port groups in a CSI-RS resource can be associated to different TRPs and are with different TCI states. Consequently, each CSI-RS resource in one CSI-RS resource set may be configured with one or two TCI states. The reported CRI corresponding to CMR is associated to particular CSI measurement hypothesis. It is worthy to note that current CSI framework can be largely reused in Scheme 1-1. One potential issue in Scheme 1-1 is that at most 16-port CSI measurement per TRP can be supported.
· Scheme 1-2: A CSI-RS resource pair is configured for UE. The CSI-RS resources within that pair can have different TCI states. Note that the TCI state is configured CSI-RS-resource-wise in current CSI framework. Since the pairing configuration is to be provided for UE, the UE performs joint CSI measure over a CSI-RS resource pair. One potential issue is that the CRI mapping rule and the mapping rule between CMR/IMR should be re-defined in Scheme 1-2.
· Scheme 1-3: CSI-RS resource sets are configured with different TCI states, i.e., CSI-RS resources in one set are configured with TCI-State1 while CSI-RS resources in another set are configured with TCI-State2. To implement joint CSI measurement, the gNB may indicate UE the pairing of two CSI-RS resource sets with different TCI states in the single CSI-ReportConfig. It is different from current CSI framework in which each CSI-ReportConfig will be associated to single CSI-RS resource set for CMR. Therefore one potential issue is that CSI-ReportConfig needs to take into account two sets for CMR, and so as to other spec enhancement/clarification for CRI, etc. in Scheme 1-3
· Scheme 2: One CSI-ReportConfig e.g., CSI-ReportConfig1, can be associated to another CSI-ReportConfig e.g., CSI-ReportConfig2. If CSI-ReportConfig1 is triggered, UE should perform CSI measure based on CSI-ReportConfig1 and CSI-ReportConfig2 jointly. One measurement hypothesis can be determined by the parameters in both CSI-ReportConfig1 and CSI-ReportConfig2. Note that both CSI-ReportConfig1 and CSI-ReportConfig2 can be used for CSI feedback under the S-TRP transmission hypothesis and therefore the enhancement on CSI for multi-TRP by category 2 will not lead to the large increase of the number of CSI report configurations.
For FR2 CSI measurement assuming one or more receiving panels, one or multiple best analog beams will be pre-selected from each TRP by the NW. The CSI measurement may be based on CSI-RS resources for CSI transmitted by selected analog beams, in order to provide high beamforming gain to compensate the large path loss in FR2 and therefore achieve more precise channel measurement. Note that CSI-RS resources for beam management and CSI-RS resources for CSI measurement are usually different from each other due to different measure purposes. Specifically, in beam management, a large number of one port CSI-RS resources per set are used to enable the selection of the best analog beam, with L1-SNR or L1-SINR reporting. Whilst in CSI measurement, the gNB tends to configure CSI-RS resources, e.g. up to 8 pairs of CMR/IMR, with more ports per resource for final PMI determination and gNB scheduling. Therefore CSI-RS configurations for beam management and CSI, for Multi-TRP/Multi-panel, should be de-coupled. 

Considerations of UE Implementation Complexity 
To achieve better performance for DL Multi-TRP transmission, joint CSI measurement is needed. Comparing to independent CSI measurement, joint CSI measurement is always more complicated. Consider CSI measurement in 2-TRP transmission, UE can obtain DL channel matrix from TRP1 and TRP2 respectively, i.e., H1 and H2. In independent CSI measurement, CSI results, such as RI, CQI, PMI, based H1 and H2 are estimated independently, whilst in a joint CSI measurement, CSI results are measured based on H1 by combining the impact of the estimated CSI on H2, and vice versa. 
In current NR Rel-15/16, to limit CSI computation complexity, the number of occupied CPUs and active CSI-RS resources/ports are limited by corresponding UE capability, see FG2-35/2-36/2-40/2-41/2-43/16-3a/16-3b/16-8. However, CPU occupancy and active CSI-RS resources/ports are designed by assuming independent CSI measurement. In Rel-17, depending on final design, new UE capability design should be considered to address potential “under-reporting” issue consider new CPU occupancy rules and counting principles, for joint CSI measurement for multi-TRP transmission. 
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Figure 8: CSI measurement of multi-TRP
Observation 8: CSI measurement enhancement schemes for Multi-TRP transmissions have own pros and cons of RAN1/RAN2 spec impact. And UE implementation complexity shall be well considered when down-selection is considered. 

Conclusions
This contribution provides our views on CSI enhancement based on angle and delay reciprocity and CSI enhancement for multi-TRP. In summary, the following proposals and observations are made.
Proposal 1: Port selection CB enhancement based on angle and delay reciprocity should be supported and specified in Rel-17.
Proposal 2: Both Alt1 and Alt2 can be used as basic codebook structure for R17 port selection codebook enhancement. Alt1 is slightly preferred due to better design flexibility for payload/performance/overhead trade-off.
Proposal 3: With R16 Type II port selection codebook as a start point, following enhancements can be considered:
·  is enhanced with free selection by selecting more than 8 (up to all) beamforming ports in a CSI-RS resource;
·  can be limited with very few vector(s), e.g. 1/2/4;
· Larger R (numberOfPMISubbandsPerCQISubband), e.g., R equals to the size of CQI subband

Observation 1: Based on the second order statistics of FDD uplink channel, the gNB can apply freely different type of bases, e.g. DFT or SVD bases, for UE-specific CSI-RS ports/resources.
Observation 2: Dividing frequency units into multiple groups carrying multiple sampled SD-FD beamforming vectors can effectively improve the utilization of UE-specific CSI-RS ports/resources. 
Observation 3: Applying multiple beamforming vectors over single CSI-RS port, with FDM or other multiplexing manners, can effectively improve utilization of CSI-RS.
Observation 4: Compared to Rel-16 type II port selection codebook, 
· 11% mean UPT gain at low overhead and 8.1% mean UPT gain at high overhead if the same reporting overhead is assumed under fixed Rank1 per UE;
· 17.6% mean UPT gain at low overhead and 15.2% mean UPT gain at high overhead if the same reporting overhead is assumed under Rank adaptation (up to Rank2 per UE).
Observation 5: SRS error and calibration error has marginal impact on the performance gain of R17 over R16. 
· At low overhead and assuming the same report overhead, 17.6% performance gain over R16 with error whilst 18.0% performance gain over R16 without error.
· At high overhead and assuming the same report overhead, 15.2% performance gain over R16 with error whilst 17.1% performance gain over R16 without error.
Observation 6: Since CSI-RS utilization improvement scheme and more accurate CSI quantization, R17 PS CB has smaller averaged CSI-RS ports than R16 PS CB. 
Observation 7: For Rel-17 PS codebook enhancement, UE only needs to report combination coefficients and location indices for those selected coefficients, for precoder reconstruction at gNB.
Observation 8: CSI measurement enhancement schemes for Multi-TRP transmissions have own pros and cons of RAN1/RAN2 spec impact. And UE implementation complexity shall be well considered when down-selection is considered. 
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Appendix A. 
A.1 Detail procedure of CSI acquisition based on FDD partial reciprocity 
In this appendix, another enhanced beamforming scheme that can effectively improve CSI-RS port utilization will be presented in detail. 
In accordance with the above, assumed that  is consisted of  CSI-RS beamforming vectors obtained from the 2nd order statistics, where  is -th beamforming vector of ,  is the number of antenna ports at gNB,  is the number of frequency unit. And the CSI-RS beamforming vectors can be sorted in descending order based on their corresponding eigenvalues if the SVD bases are adopted. And the the antenna port number at UE can be assumed as .
A.1.1 CSI-RS beamforming at gNB
Based on design principle of CSI acquisition described in [2], when one CSI-RS port can carry multiple CSI-RS beamforming vectors, the gNB can shift the delay of the corresponding multiple angle-delay pairs  to multiple delay positions.
As shown in Figure A.1-1, for example, it is also assumed that there are two CSI-RS beamforming vectors  and , which corresponds to the two estimated angle-delay pairs respectively. And denote  and  are two weighted CSI-RS beamforming vectors that can be multiplexed on one CSI-RS port. To be more specific, , where  and  are Hadamard product and Kronecker product respectively,  is a vector in which all elements are one, and  can be a DFT vector where . Similarly, , where  is a DFT vector. Then  and  are multiplexed on one CSI-RS port, which is equivalent to shifting the delay of the two estimated angle-delay pairs to the delay positions  and  respectively. And UE is restricted to calculate the combination coefficients corresponding to the two estimated angle-delay pairs at the delay positions  and . 
Moreover, similar procedures can be applied to all CSI-RS ports and all CSI-RS ports can correspond to the same delay positions  and 
[image: ]
Figure A.1-1 
Generally, when one CSI-RS port carries  CSI-RS beamforming vectors, there are totally  CSI-RS ports associated with  CSI-RS beamforming vectors. Denote  as the DFT vector corresponding to the delay position  , where , . Moreover, the  delay positions can be uniformly selected among  delay positions. And the -th delay position can be expressed as . For example, when , the four delay positions are 0, ,  and , respectively.
Then the  weighted CSI-RS beamforming vectors multiplexed on the -th CSI-RS port are shown in Figure A.1-2, where   is denoted as the -th frequency unit of the -th beamforming vector on the -th CSI-RS port, which can be represented as ,  is the -th beamforming vectors of  and the  can be indexed as . And  is the -th element of .
[image: ]
Figure A.1-2

A.1.2 Calculation of coefficients at UE
Based on the beamforming scheme shown in Figure A.1-2, the coefficient  of the -th beamforming vector of the -th CSI-RS port of the-th UE receiving antenna port of UE can be obtained by weighted sum of the beamformed downlink channel as shown in (A.1-1).
  (A.1-1)
where  is the beamformed downlink channel matrix of the -th CSI-RS port of the -th UE antenna port,  is the DFT vector corresponds to the -th delay position.
Similarly, the coefficient vector of the -th UE antenna port can be obtained as . And UE feedbacks the coefficients in the same way as described in Step 2 of Section 2.1.2.
A.1.3 Precoder reconstruction at gNB
Following the same reconstruction process as described in Section 2.1.3, the gNB can reconstruct the precoder based on the , , and . 

A.2 SLS assumptions for CSI enhancement
Table A.2-1 SLS assumptions for CSI enhancement
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Urban Macro

	Frequency Range
	FR1 only, 2.1GHz, with duplexing gap of 200MHz

	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
Other configuration is not precluded.

	BS Tx power 
	44dBm

	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 

	Simulation bandwidth 
	20 MHz

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

	MIMO scheme
	MU-MIMO with rank adaptation

	CSI feedback 
	Feedback assumption: 
· CSI feedback periodicity (full CSI feedback) :  5ms 
· Scheduling delay (from CSI feedback to time to apply in scheduling) :  4 ms

	SRS Configuration
	· SRS periodicity with 10ms
· Comb: 2
· Number of OFDM symbols: 2

	SRS Error Model
	SRS error Modelling in Table A.1-2 in 36.897. =9dB and detailed derivation of  can be found in R1-144943

	Calibration error model at gNB
	
amplitude error (expressed in decibels) and phase error are normal distribution with 0.7dB and 5 degrees standard deviation for simulation bandwidth , respectively

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Traffic load (Resource utilization)
	70%

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

	UE receiver
	MMSE-IRC

	Channel estimation
	Realistic

	Evaluation Metric
	Throughput and CSI reporting overhead
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