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[bookmark: _Ref32248407]Introduction
In 3GPP TSG RAN Meeting #86, CSI measurement and reporting is one objective of further enhancement on NR MIMO in Rel-17 [1], which is shown as following.
4. Enhancement on CSI measurement and reporting:
a. Evaluate and, if needed, specify CSI reporting for DL multi-TRP and/or multi-panel transmission to enable more dynamic channel/interference hypotheses for NCJT, targeting both FR1 and FR2
b. Evaluate and, if needed, specify Type II port selection codebook enhancement (based on Rel.15/16 Type II port selection) where information related to angle(s) and delay(s) are estimated at the gNB based on SRS by utilizing DL/UL reciprocity of angle and delay, and the remaining DL CSI is reported by the UE, mainly targeting FDD FR1 to achieve better trade-off among UE complexity, performance and reporting overhead
In addition, evaluation assumption for R17 NR Fe-MIMO Item 4 was offline discussed by email. Many conclusions were made and some remaining issues will be further discussed in RAN1-102e meeting. 
In this contribution, we provide our views on CSI enhancement based on FDD angle and delay reciprocity including remaining issues on channel model and evaluation assumptions, basic principle and codebook design, preliminary system level simulation results. Besides CSI enhancement for multi-TRP is also discussed in this contribution. 
CSI enhancement based on FDD 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. Remaining issues on channel model and evaluation assumptions has been discussed in section 2.1. In section 2.2, shortcoming of Rel-15/Rel-16 Type II codebook, basic principle and codebook design of CSI acquisition based on FDD angle and delay reciprocity are discussed. Preliminary system level simulation results for CSI acquisition based on FDD angle and delay reciprocity are provided in Section 2.3 to initiate and motivate further RAN1 investigation.
Remaining issues on and channel model and evaluation assumptions
2.1.1 Channel model
· Survey of FDD channel modelling with partial reciprocity 
The possibility of using the channel reciprocity between uplink and downlink channels in FDD in order to improve spectrum efficiency has been widely investigated in academia. Some CSI schemes based on FDD channel partial reciprocity have been discussed and specified in 3GPP, e.g. type II port selection codebook, of which technical hypothesis is based on reciprocal spatial statistic covariance matrix (angle domain) between DL and UL channel. By reviewing existing MIMO channel modelling analysis and measurement campaigns from both academia and industry, the path delay which is only related to light speed and the distance of travelling path can be also considered to be reciprocal between DL and UL channel in FDD system, e.g. in [2-12], in addition to the reciprocity of the angle of propagation path. 
From theoretical investigations and measurement verification, [2-3] suggests that the multipath angle and delay are reciprocal between DL and UL in an FDD system, which is further considered in WINNER II channel model [4]. The FDD modelling steps are described in 5.4.3 in WINNER II channel modelling where DL and UL channels can share the same angle and delay pair. Another generic channel model is established in [5] by considering frequency impact, in which pairs of angle and delay for multipath propagation are supposed to be reciprocal for FDD. 
Some literatures in academia also have utilized such partial reciprocity property to improve DL massive MIMO transmission performance [6-12] with limited CSI feedback. Among them, [6] and [7] utilize angle reciprocity to design feedback and transmission strategy, and the rest of the literatures ([8-12]) use both delay and angle reciprocity. For example, a technique of CSI acquisition for FDD massive MIMO is developed in [8] based on estimating the reciprocal characteristics of the multipath channel directly from uplink, e.g. multipath delay and angle, whilst nonreciprocal properties of dominant propagation paths are estimated and fed back from UE. Similar to [8], an efﬁcient downlink channel reconstruction scheme is proposed in [9]. In addition, an over-the-air (OTA) test was set up in [9] and results shown that the channel reconstructed by the angle and delay reciprocity is close to that obtained from linear minimum mean square error (LMMSE) estimator, which suggests good feasibility of quantization scheme based on angle and delay reciprocity using measured data. As an extension of [9], a downlink CSI tracking scheme by exploiting partial reciprocity in FDD massive MIMO systems with high mobility is proposed in [10]. By exploiting the angle-delay reciprocity, an FFT-based pilot scheme with judiciously chosen cyclic shift values for all the transmit antennas at the BS is proposed in [11]. The proposed DL pilots are able to effect desirable DL path aligning at each served MS for the DL CSI acquisition and feedback in FDD massive MIMO. [12] has proposed a computationally efficient approach based on angle and delay reciprocity with low overhead for downlink channel estimation in mmWave massive MIMO systems.  
Considering the dual-polarization narrow band MIMO channel matrix with the dimension of ×, which can be modelled as:
                                ⑴
where, 

 are indices of receiver and transmitter antenna elements’ polarization, respectively; L is the number of multipath; is the fading coefficient of the l-th multipath;  is the delay of the l-th multipath;  is the wavelength;  is the movement speed of the l-th  multipath.  and  are the antenna steering vectors for AOA (Azimuth angle Of Arrival) , EOA (Elevation angle Of Arrival)  , and AOD (Azimuth angle of Departure) , EOD (Elevation angle Of Departure) , the dimensions of which are  and , respectively. It should be noted that the specific form of  and  are determined by the antenna array geometry. One can refer to the Eq. (15) in [13] for the formulations of  and  in details.
From (1), it can be seen that the MIMO channel matrix is made up of multipath channel parameters which include, , ,  and . In our understanding, partial channel reciprocity for FDD arises from the fact that a propagation of electromagnetic wave is reversible, i.e., if electromagnetic wave is arriving at point B from point A through a specific path, the electromagnetic wave emitted at point B can arrive at point A through the same path [14]. The same traveling path suggests that a pair of arbitrary channel path’s angles at BS  and UE  can be reciprocal for FDD DL and UL channels. Moreover the delay for each multipath  is determined by the distance for each travelling path and the speed of light, which can be written as
                                                                                              ⑵
where,  is the distance from the transmitter to receiver for multipath l;  is the speed of light in medium, which is equal to , where  is the speed of light in vacuum, and  is refractive index in different medium which is determined by relative permittivity  and relative permeability . According to [15], the real part of relative permittivity  is frequency independent within FDD duplex frequency range, which almost determines the speed of light in medium. And in wireless communication environment, most materials are non-magnetic, which results in the relative permeability  can be regarded as one. So we have the following observation:

Observation 1:  the delay  of each path for multipath propagation is reciprocal for DL and UL channel in FDD.
· Field measurements of FDD channel modelling for partial reciprocity
During previous RAN1 releases, angular reciprocity can be normally assumed for FDD and has been utilized so that we focus on the verification of delay reciprocity in this section. In order to further verify FDD UL and DL channel multipath delays' reciprocity properties, channel measurements for some typical scenarios were conducted, such as UMA, Indoor, etc. In the following, the measurement data of two typical scenarios are selected for analysis, and the corresponding results of the remaining scenarios can be found in [16]. Although channel measurement samples shown in figures are selected, all samples/snapshots from field measurements have been investigated and show similar consistency of power delay profiles.
The power delay profile (PDP) are shown in following figures. The x-axis and y-axis are absolute delay and normalized power (which is normalized by the PDP’s total power), respectively. Each PDP in a figure is an averaged PDP for all transceiver pairs from single measurement sample in order to mitigate the leakage interference among multipath.
Figure 1 has shown measurement results for Campus scenarios in which transmitter is on the roof of building nearly 20 meters high, and receiver is located on a 1.5-meter-high trolley. Some trees and vegetation, as well as pedestrians, are located between the transmitter and receiver. The duplex interval between uplink and downlink is 190MHz. Due to the relatively simple environment, only one dominant path component is observed in the LOS scenarios, and even in the NLOS scenarios where multiple components exist, the PDP decays rapidly. 
Figure 2 shows the measurement results for UMA scenario in which the measurement campaign was conducted in CBD. The transmitter height is 30 meters, and the receiver surrounded by buildings is about 1.5 meters high. The duplex interval between uplink and downlink is 100MHz.  Because the receiver is located in the middle of buildings of similar height, there is an obvious emission path in the NLOS scenario, so two strong paths that are close to each other with almost the same energy can be observed in PDP. 
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Figure 1.UL & DL PDPs in Campus Scenario (LOS case and NLOS case are left and right sub figure, respectively, duplex interval is 190MHz)
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Figure 2. UL & DL PDPs in UMA Scenario (LOS case and NLOS case are left and right sub figure, respectively, duplex
interval is 100MHz)
It can be seen that the dominant path’s delay for DL and UL PDP is equivalent in these scenarios. From the analysis and validation by measurement data, we have the following observation.
Observation 2: Reciprocity in delay exists between FDD DL and UL channels in various environments.
· TR 38.901 of FDD channel modelling for partial reciprocity
According to the email offline discussion conclusion, the following two options of reciprocity model for FDD based on the channel generation mechanism described in Section 7.5 of TR 38.901 [17] can be used as the starting points to discuss the channel modelling methodology for FDD channel reciprocity. And Section 7.5 of TR 38.901 describes a step-wise procedure to create the radio channel realizations illustrated in Figure 3.
· Opt. 1: The reciprocity model of DL/UL channel is based on Section 5.3 of TR 36.897 [18]
· Opt. 2: The reciprocity model of DL/UL channel is based on Section 7.6.5 of TR 38.901 with different DL/UL frequency. 
· Note that further modifications/clarifications based on Option 1 or 2 to generate UL channel are not excluded. 
Opt.1 was designed and agreed specifically for FDD reciprocity in LTE, which has clearly described the relationship between downlink and uplink channel parameters in FDD in terms of instantaneous channel generation. Therefore Opt.1 can be relatively easy to be adopt on top of TR 38.901 to mitigate changes of SLS, so as to evaluation assumptions.
Opt.2 describes how to generate channel parameters from different frequencies, which can be correlated in terms of large/small scale parameters. It may be designed for carrier aggregation with frequency duplexing distance between two CCs larger than a FDD band. In Opt.2, it is pointed out that the cluster delays and angles resulting from Steps 5-7 are the same for all frequency bands. At the same time, it emphasizes that per-cluster shadowing n in Step 6 are independently generated for the frequency bands and cluster powers in Step 6 may be frequency-dependent. However, according to the channel generation mechanism shown in Figure 3, when per-cluster shadowing n in Step 6 are independently generated for the frequency bands, angles of the frequency bands generated by Step 7 are different, which is inconsistent with the above description.  Consequently, the Opt.2 is not suitable for FDD reciprocity evaluation.
Therefore, Opt.1 is the most complete channel model at present and is more suitable for evaluating and comparing CSI enhancements based on FDD partial reciprocity in Rel-17.
[bookmark: _GoBack]Proposal 1: Opt.1 based on Section 5.3 of TR 36.897 is designed specifically for FDD reciprocity and preferred for evaluating CSI enhancements in Rel-17.
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Figure 3. Channel coefficient generation procedure [17]
It is worth mentioning that angle and delay of each cluster of DL and UL channels are reciprocal regardless of Opt.1 or Opt.2. And due to the random phases generated in Step 11 shown in Figure 3 are different on the DL and UL channels, the multipath delay of the DL and UL channels is not always aligned after multipath superposition, which has been discussed in [16] and corresponds to the field measurement results described above.
2.1.2 Evaluation assumptions of Rel-17 CSI enhancement
In this part, we will discuss about the remains system-level evaluation assumptions based on the offline discussion on EVM for Item 4.
· Frequency Range and simulation bandwidth/ BS Tx power
Bases on TS 38.101-1 [19], it can be found that NR operating bands below 3GHz are typically around 2.1GHz. Duplexing distance for 2.1GHz is around 200 MHz in general. Therefore, 2.1GHz with duplexing distance 200MHz can be considered for evaluation. 
Moreover, operators are also actively considering larger bandwidth globally. For example: 
· For some Chinese operator, the frequency range 2110MHz ~ 2130MHz is allocated for downlink, and the frequency range 1920MHz ~ 1940MHz is allocated for uplink. For another Chinese operator, the frequency range 2130MHz ~ 2155MHz is allocated for downlink, and the frequency range 1940MHz ~ 1965MHz is allocated for uplink. Moreover, some Chinese operators have agreed to share the spectrum of 2.1GHz and co-build 5G network for all customers so that total 45MHz bandwidth (the frequency range 2110MHz ~ 2155MHz) will be available in FR1. 
· For some Japanese operator , the frequency range 2130MHz ~ 2150MHz is allocated for downlink, and the frequency range 1940MHz ~ 1960MHz is allocated for uplink; 
· For some Singapore operator, the frequency range 2140.1MHz ~ 2159.9MHz is allocated for downlink, and the frequency range 1950.1MHz ~ 1969.9MHz is allocated for uplink; 
· For some Djibouti operator, the frequency range 2110MHz ~ 2170MHz is allocated for downlink, and the frequency range 1920MHz ~ 1980MHz is allocated for uplink;
· For some Andorra operator, the frequency range 2110.5MHz ~ 2169.7MHz is allocated for downlink, and the frequency range 1920.5MHz ~ 1979.7MHz is allocated for uplink;
Based on the above observations, we may consider larger simulation bandwidth (and associated BS Tx power), with 20MHz as the baseline.
· UL sounding based on SRS
One remaining issues of evaluation assumption is for UL channel estimation based on SRS. CSI acquisition based on partial channel reciprocity needs to obtain information related to angle(s) and delay(s) from SRS. There it can be worth considering some evaluation assumptions related to SRS configuration details, e.g. SRS periodicity similar with CSI feedback periodicity, and UL channel estimation modelling after generating UL channel, e.g. SRS error model. A SRS error model has been provided in Table A.1-2 of TR 36.897 [18], which can be relatively easy to be implemented by companies’ SLS simulators by calculating SRS SINR and gives rise to reasonable estimation error of angle(s)/delays of propagation paths obtained from UL sounding. Table 1 summarizes the proposed SRS configuration parameters. According to R1-144943 [20], the processing gain Δ takes the value 9dB, which is derived assuming one antenna at both gNB and UE side. Consider the large number of antennas at gNB side, even higher Δ could be possible in NR system. Therefore, it is reasonable to consider Δ=9dB as baseline for evaluation. Other SRS configurations for performance evaluation, e.g. Comb and the number of OFDM symbols, can be provided by each companies. Our SRS configurations for performance evaluation can be found in the Table A.2-1.
Table 1. Proposed assumptions for SRS configuration
	Parameter
	Values

	SRS Periodicity
	5ms/10ms

	SRS Error Modelling
	SRS error Modelling in Table A.1-2 in 36.897


· FDD DL/UL calibration error model
Based on the offline discussion on EVM for Item 4, another remaining issue of evaluation assumption is antenna calibration error. Because of the limited impact of the calibration error at UE side on the performance, only antenna calibration error at gNB side is considered. Based on the UL/DL calibration error model shown in R1-144943 [20], the following calibration error model for FDD reciprocity can be considered:
 				(3)
·  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
·  is the amplitude mismatch coefficient, and could be modeled as subject to Gaussian distribution
·  is the phase mismatch coefficient, and could be modeled as subject to Gaussian distribution
· N is the number of antennas at gNB side
According to R1-144943 [20], the standard deviation of  and  could be 0.35dB and 2.5 degrees, respectively.
Based on the above discussions, we have the following proposal:
Proposal 2: Consider SLS parameters for CSI feedback enhancement as following:
· Frequency range: FR1, 2.1GHz with duplexing distance 200MHz.
· SRS modelling for UL channel estimation: 
· SRS periodicity with 5ms/10ms
· SRS error model in Table A.1-2 in 36.897 with 
· The antenna calibration error shown in R1-144943 can be considered. The standard deviation of and  could be 0.35dB and 2.5 degrees, respectively.
[bookmark: _Ref32248433]Rel-17 Codebook Design based on FDD angle and delay reciprocity 
2.2.1 NR Rel-15 and Rel-16 Type II codebook
In NR Rel-15, Type II codebook is supported with PMI/CQI reporting per sub-band and based on linear combination of multi-beam with high quantization resolution, which leads to a large uplink overhead. Based on Rel-15 Type II codebook design, an enhanced Type II codebook was introduced in NR Rel-16 to reduce the uplink overhead by utilizing the channel correlation in frequency domain. By reducing the uplink overhead across sub-bands, the enhanced Type II codebook can balance the uplink overhead and performance benefits depending on the network configuration and preference. 
Although Type II codebook in Rel-15 and the enhanced Type II codebook in Rel-16 could improve the performance, both codebooks require a higher implementation complexity at the UE side for the sub-band reporting due to the requirement of the PMI quantization and channel SVD computation per sub-band. Thus, in order to reduce the UE complexity and/or the CSI feedback overhead, some restrictions were introduced for implementation of Rel-15 and Rel-16 codebooks. For example, for Rel-15/Rel-16 port selection codebooks, the minimum granularity of channel information must be equal to the length of a sub-band or half of the sub-band, and the selected port number must be less than or equal to 2L, where 𝐿∈ {2, 3, 4}, which means the largest selected port number must be less than or equal to 8. The restriction on the minimum frequency granularity limits the CSI precision in frequency domain and the restriction on port selection limits the CSI precision in spatial domain, especially for some NLOS scenarios, in which some dominant propagation energy may be out of those 4 adjacent spatial beams, which lead to a performance gap between the best performance of Rel-15/16 Type II codebook and that of the ideal feedback.
To enable better trade-off among UE complexity, CSI reporting overhead and performance, Rel-15/16 Type II port selection codebook can be further enhanced by utilizing joint angle and delay reciprocity in Rel-17.
Observation 3:  Due to the high measurement complexity and large feedback overhead, some restrictions were introduced to Type II port selection codebook of Rel-15/Rel-16, which can be relaxed with considering the reciprocity of propagation angle and delay in Rel-17. 
2.2.2 Basic principle of CSI acquisition based on FDD angle and delay reciprocity 
As discussed in Section 2.1, DL/UL reciprocity of FDD channel and some corresponding CSI/precoder acquisition scheme based on FDD channel partial reciprocity was studied in 3GPP. A general process based on the partial reciprocity is summarized in Figure 4. 
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Figure 4. General process based on partial reciprocity
Similar to the discussion in Rel-16, the downlink 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. based on SRS and UL DMRS, and reconstruct the downlink channel assisted with the combination coefficients feedback transmitted by the UE (cf. Figure 4).
Specifically, gNB will employ the angle-delay information obtained from the UL channel to weight CSI-RS. Here we focus on the exploitation of delay information, which is illustrated in Figure 5. For example, gNB estimates the angle and delay information corresponding to three strongest angle-delay pairs based on UL channel matrix, H, in which the information in frequency (delay) domain are,, and the corresponding delays are denoted as ,  and . Then gNB weights CSI-RS using these angle and delay information. By applying these frequency domain information on CSI-RS, it is equivalent that gNB shift the delay of -th angle-delay pair to a specific delay position (e.g.  as shown in the second part at gNB in Figure 5).
As a result, based on the CSI-RS beamformed by angle and delay information, UE can obtain the coefficients according to the specific delay position (e.g. zero). UE can then calculate the linear combination coefficient for the -th angle-delay pair on CSI-RS port based on a specific frequency information, which avoids to find the appropriate frequency domain vectors. The detailed process and elaboration of CSI acquisition based on the angle and delay reciprocity is described in Appendix A.1 by explaining the steps in Figure 4 which can be performed according to the coefficients computed at the UE and the coefficients calculation in Figure 5.
Note that only one specific delay position is assumed on each port for simple elaboration, which is only an example. In fact, extension to multiple specific delay positions (e.g. two) per ports as Rel-16 PS codebook is also possible. In such a general case, depending on the gNB implementation and channel conditions, the detailed configuration of the specific delay positions can be adjusted flexibly to balance the number of beamforming CSI-RS ports and performance gain. 
Observation 4: By applying reciprocal delay information on CSI-RS, it is equivalent that gNB may shift the delay of each angle-delay pair to a specific delay position, so that the UE can be restricted to calculate combination coefficients efficiently according to the specific delay/FD basis(s).
[image: ]
Figure 5. Illustration of coefficient calculation.
2.2.3 Codebook design based on FDD angle and delay reciprocity
According to the WID, there are two options for enhanced Type II port selection codebook design, which are based on Rel-15 and Rel-16 port selection codebook respectively. According to the discussion in Section 2.2.2, configurable (e.g. one or multiple) specific delay position is helpful to gNB implementation and system flexibility on the channel conditions, which can be achieved by  in Rel-16 port selection codebook. Therefore, compared Rel-15 port selection codebook, Rel-16 port selection codebook is preferred as a starting point. Similar to Rel-16 port selection codebook,  can be used for common port selection for all the layers, so is also needed in the codebook structure.
Based on the above discussion, Rel-17 Type II port selection codebook can be represented as follows:
      					  	(4)
where  is a port-selection matrix with dimension of ,  is a compressed coefficient matrix whose dimension is  , and  is a matrix of  consisting of  selected frequency domain bases in the restricted frequency domain basis set. Each basis in the restricted frequency domain basis set is corresponding to one specific delay position described in Section 2.2.2.  denotes the number of the CSI-RS ports,  denotes the number of spatial beams for each polarization and  is the number of the frequency units. 
As discussed in Section 2.2.2, by utilizing angle and delay reciprocity, UE may only needs to calculate and feedback the linear combination coefficients corresponding to one or multiple specific delay positions, e.g. τ=0. Thus, as described in Appendix A.1, UE only needs to do a simple summation operation (which is according the specific delay τ=0) followed by a SVD computation for wideband. On the contrary, channel SVD computation per sub-band is required in Rel-16 codebook, and then search suitable frequency basis is also needed from all candidate frequency basis (oversampling DFT basis set). So compared with Rel-16 Type II port selection codebook, CSI acquisition based on angle and delay reciprocity can reduce the UE complexity. As a summary, Table 2 gives the UE complexing comparison between R17 Type II PS codebook and R16 Type II PS codebook from a high level view, in which  means the frequency domain oversampling factor. 
Table 2 UE complexing comparison between R17 Type II PS codebook and R16 Type II PS codebook
	
	SVD Operation Num.
	Candidate frequency basis size

	R17
	1
	1

	R16
	
	


As a result, the achieved lower UE complexity and CSI feedback overhead provide good foundation to relax the restrictions of Rel-15/Rel-16 Type II port selection codebook to achieve better performance and also enable better trade-off among UE complexity, reporting feedback overhead and performance. 
Based on above discussion, the enhancements of the codebook are listed as follows:
·  is enhanced so that UE complexity and CSI feedback overhead of Rel-17 PS codebook can provide a better trade-off by relaxing restrictions of to improve performance, e.g. more than 4 ports can be selected freely.
·  can be limited with very few vector(s) (e.g. one or two) since UE only needs to obtain linear combination coefficients corresponding to specific spatial-delay information, which reduces the complexity of UE 
·  can be enabled with a larger value of R (numberOfPMISubbandsPerCQISubband) , e.g. R=4, which could improve the performance further.
Proposal 3: Rel-17 Type II port selection codebook can be enhanced by utilizing reciprocity of propagation angle and delay using 

which can be further enhanced or relaxed on top of Rel-16 codebooks as following and PMI quantization/reporting can be further discussed 
·  is enhanced by relaxing restrictions of to improve performance, e.g. more than 4 ports can be selected freely;
·  can be limited with very few vector(s), e.g. one or two;
·  can be enabled with a larger value of R (numberOfPMISubbandsPerCQISubband) , e.g. R=4.
Performance of CSI acquisition based on angle and delay reciprocity
2.3.1 The CSI feedback payload calculation
In this part, we presents a possible way to calculate the CSI feedback payload and focus on the case with rank 1. According to the codebook described in the Section 2.2.3, the payloads to report  and  are  and , respectively, where  is the number of the frequency domain vectors in the restricted frequency domain basis set. Same as R16 PS codebook, we use 3 bits and 4 bits for amplitude quantization and phase quantization, respectively. Furthermore, to reduce feedback overhead, only y elements of  is reported, where the value of y can be configured by gNB. Therefore, 7y bits are needed for the quantization of linear combination coefficient and  bits are needed to indicate the set of those y elements. In summary, total  bits are needed for CSI feedback.
In the following evaluation and discussion, we consider an example of the codebook shown in (4). Specifically, we set  and . As a result, there is no payload to report  and . Note that, in the following evaluation, the parameter configuration of the proposed scheme is denoted as xSy, which means that  and y elements of  is reported for single layer. For example, the scheme with 32S32 will lead to payload with   bits and the scheme with 32S24 leads to payload with  bits.
2.3.2 The performance with different enhancements of codebook
In this part, we evaluate the performance under different enhancements of codebook without SRS estimation error. Simulation assumption can be found in Table A.2-1 of Appendix A.2. 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 6-a gives the performance of R16 enhanced Type II port selection codebook and the scheme with free port selection. Note that free port selection also enables non-DFT-based channel decomposition at frequency domain, which could provide significant performance gain. Besides, according to the CSI feedback payload calculation in Section 2.3.1, there are more reported coefficients in Rel-17 PS codebook compared with Rel-16 PS codebook if the same reporting overhead is assumed. For example, there are 32 coefficients in R17 with 32S32 whilst there are 28 coefficients in R16 with paramCombination-r16=6. Therefore, it can be observed that with free port selection, about 10% performance gain over R16 can be achieved at low overhead  if the same reporting overhead is assumed; at high overhead, about 6% performance gain can be achieved if the best performance is assumed.
Furthermore, the performance of the scheme with R=4 is presented in Figure 6-b. Since larger R enables finer precoding granularity, it can be found that compared with R=2, larger R (R=4) can provides 2% performance at low overhead if the same reporting overhead is assumed; at high overhead, larger R (R=4) can provides 3% performance if the same reporting overhead is assumed.
In summary, with all the enhancements (free port selection and R=4) and assuming the same reporting overhead,  about 12% performance gain over R16 PS can be achieved at low overhead, and about 9% performance gain over R16 PS can be achieved at high overhead.
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(a) The performance improvement under free port selection
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(b) The performance improvement under R=4
Figure 6. Performance with different enhancements of codebook

Observation 5: Compared to Rel-16 type II port selection codebook, 
· With free port selection, 10% mean UPT gain at low overhead and 6% mean UPT gain at high overhead if the same reporting overhead is assumed;
· Compared with R=2, the enhancement with R=4 can provide 2% mean UPT gain at low overhead and 3% mean UPT gain at high overhead if the same reporting overhead is assumed;
· With free port selection and R=4, 12% mean UPT gain at low overhead and 9% mean UPT gain at high overhead if the same reporting overhead is assumed.
In Figure 7, we evaluate the performance of different CSI acquisition schemes under rank adaption with maximum rank 2. It can be observed that the R17 PS codebook yields significant performance gain over R16 PS codebook, about 18% performance gain can be achieved at low overhead and about 17% performance gain can be achieved at high overhead if the same reporting overhead is assumed.

As discussed above, by taking advantage of non-DFT-based channel decomposition/precoding at frequency domain, more reported coefficients and finer granularity of PMI, etc, R17 PS codebook enhancement could provide more accurate CSI quantization. Therefore proposed codebook will eventually increase the portion 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. Meanwhile, more accurate CSI acquisition has also enabled better interference suppression among users, which leads to better system performance. 
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Figure 7. Performance of CSI acquisition schemes (MU-MIMO with rank adaptation up to rank 2)

[bookmark: OLE_LINK8]Observation 6: For MU-MIMO with rank adaption up to rank 2, Rel-17  port selection codebook can provide significant performance gain over Rel-16 port selection codebook, e.g., 18% mean UPT gain at low overhead and about 17% mean UPT gain at high overhead if the same reporting overhead is assumed.
2.3.3 The impact of SRS estimation error
The impact of SRS estimation error is evaluated in this part. Figure 8 shows the performance of R16 enhanced type II PS codebook and the proposed scheme with SRS estimation error. From this figure, it can be observed that at the high overhead and assuming the same reporting overhead, about 8.5% performance gain over R16 PS can be observed under SRS estimation error. Compared with the error-free case shown in Figure 6, it can be found that the SRS error has small impact on the performance gain of R17 over R16 PS. The reason behind this is as follows: 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. 
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Figure 8. Performance of different CSI schemes with SRS error
Observation 7: Since only the angle and delay information are estimated and filtered at time domain, the SRS error has marginal impact on the performance gain of R17 over R16. 
· At high overhead and assuming the same report overhead, 8.5% performance gain over R16 with SRS error whilst 9% performance gain over R16 without SRS error.
CSI enhancement for multi-TRP
For DL multi-TRP transmission, in order to provide better performance, dynamic channel/interference hypotheses for CSI measurement and reporting is needed, which includes independent CSI measurement and reporting for each TRP and joint CSI measurement and reporting for multi-TRP. In Rel-15 and Rel-16, CSI configuration and triggering for different TRPs is independent. With results of independent CSI configuration and triggering, independent CSI measurement and reporting is assumed basically for multi-TRP transmission and joint CSI measurement and reporting isn’t supported friendly. 
However, for multi-TRP transmission, especially for NCJT, joint CSI measurement and reporting is very important for the performance, due to it can be provide more accurate CSI. For example, for independent CSI measurement and reporting, in order to avoid total rank exceeding UE capability, the gNB may set hard limit per CSI reporting, e.g. rank 2 for a 4Rx UE. This hard limit ensures total rank isn’t larger than UE capability, but may rule out some “perfect” rank combinations, which affects the performance. By utilizing joint CSI measurement and reporting, UE can do joint Rank calculation based on different CSI-RS resources related to different TRPs at the same time and feedback the “perfect” rank combinations. In addition to joint RI measurement and report, joint CQI and PMI measurement and report are also very helpful to the multi-TRP transmission. The two reported PMIs are used for simultaneously transmission. When they are used to transmit different data layers, they may cause mutual interference. Joint PMI measurement and report considers the interference between the two reported PMIs at UE side and ensure that the two reported PMIs have limited mutual interference. At the same time, joint CQI measurement and report considers interference between TRPs and get more accurate SINR. 
In order to support dynamic channel/interference hypotheses, especially support joint CSI measurement and reporting friendly. The following joint CSI measurement and reporting shown in Figure 9 can be considered. In this example, one CSI reporting triggering state can trigger one or two CSI reporting. If two CSI reporting are triggered by one trigger state, UE will do joint CSI measurement and reporting based on the CSI-RS resources related to the two CSI reporting. And if only one CSI reporting is triggered, UE will do CSI measurement and reporting following the triggered CSI reporting. By this way, it can do joint CSI measurement and reporting well and avoid huge spec changing to the CSI framework in Rel-17.
[image: ]
Figure 9. Illustration of joint CSI measurement and reporting
Proposal 4: Joint CSI measurement and reporting for multi-TRP transmission can be supported in Rel-17.

 Conclusion
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: Opt.1 based on Section 5.3 of TR 36.897 is designed specifically for FDD reciprocity and preferred for evaluating CSI enhancements in Rel-17.
Proposal 2: Consider SLS parameters for CSI feedback enhancement as following:
· Frequency range: FR1, 2.1GHz with duplexing distance 200MHz.
· SRS modelling for UL channel estimation: 
· SRS periodicity with 5ms/10ms
· SRS error model in Table A.1-2 in 36.897 with 
· The antenna calibration error shown in R1-144943 can be considered. The standard deviation of and  could be 0.35dB and 2.5 degrees, respectively. 
Proposal 3: Rel-17 Type II port selection codebook can be enhanced by utilizing reciprocity of propagation angle and delay using 

which can be further enhanced or relaxed on top of Rel-16 codebooks as following and PMI quantization/reporting can be further discussed 
·  is enhanced by relaxing restrictions of to improve performance, e.g. more than 4 ports can be selected freely;
·  can be limited with very few vector(s), e.g. one or two;
·  can be enabled with a larger value of R (numberOfPMISubbandsPerCQISubband) , e.g. R=4.
Proposal 4: Joint CSI measurement and reporting for multi-TRP transmission can be supported in Rel-17.

Observation 1:  the delay  of each path for multipath propagation is reciprocal for DL and UL channel in FDD.
Observation 2: Reciprocity in delay exists between FDD DL and UL channels in various environments.
Observation 3:  Due to the high measurement complexity and large feedback overhead, some restrictions were introduced to Type II port selection codebook of Rel-15/Rel-16, which can be relaxed with considering the reciprocity of propagation angle and delay in Rel-17. 
Observation 4: By applying reciprocal delay information on CSI-RS, it is equivalent that gNB may shift the delay of each angle-delay pair to a specific delay position, so that the UE can be restricted to calculate combination coefficients efficiently according to the specific delay/FD basis(s).
Observation 5: Compared to Rel-16 type II port selection codebook, 
· With free port selection, 10% mean UPT gain at low overhead and 6% mean UPT gain at high overhead if the same reporting overhead is assumed;
· Compared with R=2, the enhancement with R=4 can provide 2% mean UPT gain at low overhead and 3% mean UPT gain at high overhead if the same reporting overhead is assumed;
· With free port selection and R=4, 12% mean UPT gain at low overhead and 9% mean UPT gain at high overhead if the same reporting overhead is assumed.
Observation 6: For MU-MIMO with rank adaption up to rank 2, Rel-17  port selection codebook can provide significant performance gain over Rel-16 port selection codebook, e.g., 18% mean UPT gain at low overhead and about 17% mean UPT gain at high overhead if the same reporting overhead is assumed.
Observation 7: Since only the angle and delay information are estimated and filtered at time domain, the SRS error has marginal impact on the performance gain of R17 over R16. 
· At high overhead and assuming the same report overhead, 8.5% performance gain over R16 with SRS error whilst 9% performance gain over R16 without SRS error.
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Appendix
A.1 Process of CSI acquisition based on FDD partial reciprocity 
In this appendix, we will present a possible process of CSI acquisition based on angle and delay reciprocity so that gNB can obtain linear combination coefficients by utilizing such reciprocity more efficiently in FDD. Assume that the number of frequency units is , the antenna number port at gNB is , and the antenna port number at UE is . In the following discussion, as mentioned in Section 2.2.2 and Section 2.3.1, we will consider an example where ,  and the restricted frequency domain basis set only includes a frequency basis with all the elements being 1. 
A.1.1 Beamformed CSI-RS based on FDD partial reciprocity at gNB
Step 1: The gNB estimates uplink channels based on SRS or UL DMRS, and then decompose estimated UL channel in teams of spatial unitary matrix  and frequency unitary matrix  as follows:
    (A-1)
where  is the index of UE antenna port of UL reference signal;  is the estimated uplink channel matrix at antennas port  at UE;is coefficient matrix;  and   are correspond to the angle information and delay information mentioned in section 2.2.2, respectively.
Step 2: For P CSI-RS port, the gNB selects  angle-delay pairs, which are denoted by , where  is the -th column of  and  is the -th column of . Based on the selected angle-delay pairs, the Figure A.1-1 shows the CSI-RS precoder over each frequency unit/port pair, where  is the n-th element of vector .
[image: ]
Figure A.1-1. Illustration of CSI-RS precoder over each frequency unit/port pair
A.1.2 Calculation of coefficients at UE
In this part, we will describe one possible way to calculate the coefficients at UE.
Step 1: Based on the beamformed CSI-RS shown in A.1.1, UE will receive and measure the beamformed downlink channel matrix of   at frequency unit n and r-th antenna port of UE. 
Step 2: Based on the principle of section 2.2.2, UE can obtain the coefficient according to some specific delay positions. In our example, UE gets the coefficient vector  by summing the beamformed downlink channel as shown in (A-2), which equals to according to the specific delay position .
  (A-2)
where  is a vector consisted of the coefficients of P angle-delay pair at r-th antenna port of UE.
Step 3: UE constructs . For layer l, UE will report the l-th eigenvector of    using  (that is because ,  are assumed in the discussion and  as well as  will be used in more general case).
A.1.3 Re-construction of precoder at gNB
For brevity, we only focus on the first layer in this part. The discussion is similar for other layers.
Based on the  reported by UE for the first layer, gNB can re-construct the best precoder vector for the first layer as follows
	(A-3)
where , where  is the precoder vector at frequency unit n;  is the i-th element of ;  is a function to map the index in  into the index of angle-delay pairs ( in our example); assume  when the associated element is not reported.
Note that   and  will also be used in more general case, i.e., 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 [21] 

	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[20].

	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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