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1. INTRODUCTION
During the RAN1 #102e, RAN1 began discussing enhancements related to CSI enhancement for M-TRP and FDD reciprocity with port selection. Based on the discussions, following agreements for CSI enhancement for M-TRP were made, respectively,

	[bookmark: _Hlk53737336]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.




	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 W1 quantization, e.g., 
· With enhanced port selection in W1  
· With modified value range of L taking into account beamforming mechanism for CSI-RS;
· With layer-specific port selection
· Enhancements on Wf quantization, e.g., 
· With a smaller value of Mv 
· With a modified value range of R
· With multiple values of Mv for different SD basis
· With enhanced FD basis selection in  Wf 
· 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 W1 quantization, e.g.,: enhanced port selection, X out of P SD-FD pairs are selected 
· XP (if polarization independent) or P/2 (if polarization common) whereas P  PCSI-RS  only or P can be larger than PCSI-RS 
· How to map P SD-FD pairs into PCSI-RS CSI-RS ports and inform to UE
· Enhancement on W2 quantization: coefficients for the selected X pairs 
· etc.
· Enhancements on indication/reporting mechanism, e.g.: 
· Separate triggering for reporting of  W1 and Wf  (for Alt 1) or reporting of W1 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



In the first part of this contribution, we discuss the agreed CSI enhancement options, and later we present some relevant evaluation results for FDD reciprocity.

2. BACKGROUND 
The multi-TRP CSI enhancement has been considered as part of Rel-17 WID [1], with the main motivation to enable more dynamic channel/interference hypotheses for NCJT, targeting both FR1 and FR2. The multi-TRP/panel downlink transmission targeting a UE may impose some inter-TRP/panel interference, which should be captured in downlink channel estimations. 
In NR Rel-15/16, type II port selection codebook has been supported. To reduce UE computations and complexity, for FDD FR1, gNB can estimate information related to angle(s) and delay(s) based on SRS by utilizing DL/UL reciprocity of angle and delay. However, the accuracy, effectiveness and performance of such approach using a modified or new codebook is to be evaluated. 

3. CSI ENHANCEMENTS FOR MULTI-TRP
In the last meeting, two main categories of CSI enhancement for M-TRP were agreed. For each category, the UE will determine CSI reporting quantities based on gNB/UE-selected channel and interference hypotheses. 

[bookmark: _Hlk53742631][bookmark: _Hlk53741850][bookmark: _Hlk53779323]In the first category, i.e., Cat.1, a UE is configured with a CSI-ReportConfig setting, wherein more than one CSI-RS port groups in a resource or resources or resource sets are configured, and each CSI-RS port groups can be associated to a different TRP or TCI state. Therefore, the UE has the possibility of reporting the measured CSI quantities associated to one or more TRPs with a single CSI report. 

In the second category, i.e., Cat. 2, a UE is configured with a set of CSI-ReportConfig settings, where each setting can be associated to a different TRP or TCI state. Therefore, the UE has the possibility of reporting the measured CSI quantities associated to one or more TRPs with multiple CSI reports.




   
Figure 1 - Categories of CSI enhancements for M-TRP

Figure 1 shows a graphical presentation of each category. In either category, a gNB can support a UE to perform channel and interference measurements for a M-TRP deployment. In each case, the UE needs to be configured with a proper combination of CSI-RS resources, i.e., NZP CSI-RS or CSI-IM, to cover various hypothesis and perform the required measurements. However, as we will discuss in the following, there are other aspects that distinguishes the two categories.

Time domain behavior:
In Cat.1 operation, once the time domain behavior of the CSI-ReportConfig is configured, a same time domain behavior, i.e., periodic, semi-persistent and aperiodic, is applied for both CSI-RS port groups. However, in the case of Cat. 2, each CSI-ReportConfig requires to be configured independently where for example one CSi-ReportConfig may be periodic while the other aperiodic.  

Activation: 
In Cat.1 operation, once the time domain behavior of the CSI-ReportConfig is configured, the corresponding measurements activation mechanism (RRC for periodic, MAC CE for semi-persistent and DCI for aperiodic), for both CSI-RS port groups, i.e., TRPs are activated. However, in the case of Cat. 2, since each CSI-ReportConfig can be activated separately, independent activation mechanism is required.  

UE Computation complexity: 
[bookmark: _Hlk53778615]In Cat.1 operation, since the time domain behavior will be always the same for both CSI-RS port groups, a UE will be forced to perform CSI measurements on both groups simultaneously. But, in the case of Cat. 2, time domain behavior can be different and a gNB can spread the CSI processing according to UE processing capability. For example, the gNB can configure different offset per CSI-ReportConfig setting.

Configuration update: 
In Cat.1 operation, CSI configuration can be updated by updating 2 RRC IEs, i.e., CSI-ReportConfig and CSI-ResourceConfig. However, in the case of Cat. 2, a similar CSI configuration entails update of 4 RRC IEs, i.e., CSI-ReportConfig1 and CSI-ResourceConfig2 along with their corresponding CSI-ResourceConfig.


Reporting: 
In Cat.1 operation, uplink payload per report is larger than the individual report in Cat2. as all measurements is expected to be reported by a single CSI report. That said, the overall overhead for CSI report for Cat. 1 can be less.

CSI Staleness: 
In Cat.1 operation, it can be expected that the quality of CSI would be generally better, as CSI reports will be sent simultaneously. However, in Cat. 2, CSI will be reported separately, and a gNB may need to wait till all CSI report arrive before begin processing it. 


Based on the provided analysis, following observations can be made

Observation 1: Category 1 offers a more straightforward configuration, activation and update of CSI configuration, moreover it supports serving CSI report of both TRPs in a single-shot.  

Observation 2: Category 2 offers more flexibility in configuration of resources and possibility of managing UE processing workload.

Observation 3: Category 1 seems to have some specification impact due to single CSI report.

It is important to mention that based on gNB implementation, a gNB can configure multiple CSI report configurations with multiple CSI-RS resources from multiple TRPs. Therefore, by relying on the knowledge of CSI report configuration, a gNB can identify and distinguish CSI report for each TRP. As such, it may be possible that Category 2 can be already supported by gNB implementation. 

Observation 4: Based on the existing high-level agreement, Category 2 seems to be already supported by some gNBs.

Based on the discussion thus far, it is apparent that supporting Category 1 will have some specification impacts. On the other hand, despite the observation that Category 2, in its simplest form, can be already supported by certain gNB implementation, it may be too early to make a definite conclusion about its required specification impact, as a clear definition of requirements for Category 2 has not been discussed and agreed yet. 

Proposal 1: Further study each category prior to a down-selection.

4. CSI FOR FR1 FDD RECIPROCITY
In port selection feedback, to simplify and reduce UE processing, a UE assists a gNB by an initial SRS transmission. Assuming partial channel reciprocity in FDD, angles of departure and arrival and the delays of the propagation multipaths can be assumed reciprocal. As such, based on the angle and delay profile, the gNB can estimate an approximate direction of the UE, and transmits only a reduced number of beam-formed CSI-RSs for selection by the UE. Based on processing of the received beam-formed CSI-RSs, the UE can determine and indicate a PMI for downlink transmission.
In this section, the UL and DL channel reciprocity properties in the context of the power delay profile (PDP) is investigated. More specifically, the PDP for different layers is evaluated to verify if a same PDP can be assumed for different layers. The main motivation for this analysis is to determine feasibility of delay-compensated precoder. Applying a delay-compensated precoder at the gNB results in transforming a multi-tap channel to an almost single tap channel with a nearly flat frequency response. A nearly flat channel results in concentration of non-zero coefficients in the first frequency index, resulting in much lower CSI feedback overhead. 
In our evaluation, we investigate correlation between the channel PDP with the per-layer PDPs, as well as per layer DL-UL reciprocity of PDP. Details of averaged power delay profile (APDP) simulation assumptions are captured in Appendix. In summary, the carrier frequency of 4GHz with a duplexing distance of 100MHz is assumed. The results are provided for 32 antennas at the gNB and 2 antennas at the UEs. The evaluations are based on UMa channel, where a set up of 21 cells with 10 UEs per cell is used. 

Figures 2-3 show PDPs of two different snapshots of the downlink channel. In each figure, the channel’s PDP and the per-layer PDP are demonstrated. It can be observed that the per-layer PDPs and overall channel PDP follow a similar regime. 
Observation 5: Per-layer PDPs and overall channel PDP follow a similar regime. 

	

[bookmark: _Ref46900287]Figure 2 - Comparison of channel’s PDP vs. per-layer PDP
	

Figure 3 - Comparison of channel’s PDP vs. per-layer PDP


[image: ]
[bookmark: _Hlk53773661]Figure 4 - CDF of the correlation of channel’s PDP vs. per-layer PDP in UL and DL

The delay reciprocity in UL and DL channels is evaluated by measuring correlations between the PDPs in different configurations. The CDF of the measured correlations are shown in Figure 4. 
In Figure 4, the first set shows correlations of the PDP between the overall channel and different layers for both UL and DL. For example, corr(Ch,L1),DL represents the correlations between the PDP of the overall channel and the PDP of Layer 1 in DL. As shown in Figure 4, the overall channel’s PDP and per-layer PDPs demonstrate a high correlation. 
In the second set, for each layer, the correlation between PDP of UL and DL channels are shown. For example, corr(Ch-DL,Ch-UL) represents the correlation between the PDP of channel in DL and the PDP of channel in UL. As shown in Figure 4, PDPs of the DL and UL channels demonstrate a high correlation. 
Observation 6: It is observed that channel’s PDP and per-layer PDPs are highly correlated in UL and DL.
Proposal 2: Study delay-compensated precoding for Type II port selection enhancement.

5. CONCLUSIONS
This contribution discussed potential enhancement of CSI enhancements for the support of MTRP and FDD reciprocity. Based on the presented discussion, following observations and proposals are made,

Observation 1: Category 1 offers a more straightforward configuration, activation and update of CSI configuration, moreover it supports serving CSI report of both TRPs in a single-shot.

Observation 2: Category 2 offers more flexibility in configuration of resources and possibility of managing UE processing workload.

Observation 3: Category 1 seems to have some specification impact due to single CSI report.

Observation 4: Based on the existing high-level agreement, Category 2 seems to be already supported.

Observation 5: Per-layer PDPs and overall channel PDP follow a similar regime. 

Observation 6: It is observed that channel’s PDP and per-layer PDPs are highly correlated in UL and DL.

Proposal 1: Further study each category prior to a down-selection.

Proposal 2: Study delay-compensated precoding for Type II port selection enhancement.
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7. APPENDIX

7.1. APDP EVALUATION
In order to evaluate the FDD partial reciprocity, the averaged power delay profile (APDP) is used, that can be written as

where  is the number of beams at the gNB and  is the channel’s impulse response for the time slot . 
	
As for the per-layer PDP, first the SVD of the channel matrix is calculated to find the strongest eigen values and the corresponding layers. Then, the per-layer PDP is calculated. The procedure can be summarized as
· Consider the channel coefficient matrix: 
· Calculate the singular value decomposition: 
· Use the unitary matrix  as the precoder to model the rank precoded equivalent channel: 
· Compute the channel’s impulse response for each layer :  where  implies the layer and  denotes the beams at the gNB.
· Calculate the PDP for each layer : 

7.2. SIMULATION ASSUMPTIONS
Table 1. Simulation assumptions
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense Urban Micro and Macro 

	Frequency Range
	FR1, 4GHz

	UL carrier frequency
	DL carrier - duplexing distance of 100 MHz

	Duplexing gap
	100MHz

	Inter-BS distance
	200m 

	Channel model
	According to the TR 38.802 Table A.2.1-1 with reciprocity model of Section 5.3, TR 36.897

	Antenna setup and port layouts at gNB
	(M, N, P, Mg, Ng):
· 32 ports: (8,2,2,1,1), (dH,dV) = (0.5, 0.8)λ 
· 

	Antenna setup and port layouts at UE
	(M, N, P, Mg, Ng):
2RX: (1,1,2,1,1), (dH,dV) = (0.5, 0.5)λ for rank = 1


	BS Tx power 
	41 dBm

	BS antenna height 
	25m 

	UE antenna height & gain
	Follow TR36.873 

	UE receiver noise figure
	9dB

	BS receiver noise figure
	5dB

	Numerology
	Slot/non-slot 
	14 OFDM symbol slot

	
	SCS 
	15kHz 

	Number of RBs
	50 for 15 kHz SCS

	Simulation bandwidth 
	10 MHz for 15kHz SCS

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

	CSI feedback 
	CSI feedback periodicity:  10ms

	SRS feedback 
	SRS feedback periodicity:  10, 20, and 40ms

	Feedback assumption
	Realistic

	DL Channel estimation
	Realistic

	UL Channel estimation
	Realistic
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