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1. Introduction
In 3GPP TSG RAN Meeting #86, CSI measurement and reporting has been agreed as one of NR MIMO objectives for further enhancement in Rel-17 [1], 
Enhancement on CSI measurement and reporting:
· 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
· 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

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 
[image: ]
· 
 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

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

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 discuss the enhancement of CSI measurement and reporting for M-TRP and FDD reciprocity.  
2. Discussion
FR1 FDD reciprocity
In Rel. 16 type II codebook, spatial basis and frequency basis are DFT vectors. In port selection codebook, spatial basis is transparent to UE and the gNB could transmit beamformed CSI-RS by exploiting angular reciprocity, while the FD basis are still DFT vectors. As described in the new objective for Rel-17, the reciprocity of angle and/or delay can be utilized for further enhancement. With that gNB may beamform CSI-RS in spatial and/or frequency domain. In our understanding, gNB may construct angle and or delay precoder based on uplink channel estimated from SRS transmission. For example, the gNB can obtain long term correlation in both frequency and spatial domain filtering out the randomness caused by instantaneous uplink channel, and convert them to downlink channel by compensating the offset caused by DL-UL frequency gap for angular components. Then the gNB can transmit beamformed CSI-RS with the sorted eigen vectors. Detailed procedure can be found in appendix 1.
First of all, promising precoding gain is expected if angular and delay reciprocity are utilized by gNB and channel could be represented by a UE-specific orthogonal basis with sparser coefficients. Potential benefit is the CSI reporting overhead can be reduced: fewer coefficients may be needed in CSI reporting, the number of non-zeros coefficients could be smaller than that of the Rel-16 and the overhead of FD-basis can be smaller too. Furthermore, the overhead of bitmap/FD basis could be reduced if gNB just form CSI-RS ports which align coefficients in transformed domain.
SLS evaluation for Rel-17 Port Selection codebook shows in Figure 1. Simulation condition follow agreed EVM in appendix 2. In addition, SRS error and antenna calibration error (constant across band) is considered. Resource utilization is around 70% for max rank-2 transmission. We used eigen beamforming for evaluation as appendix 1. For R17 PS, UE report Knz = {4, 8, 16, 32} per layer with freely selection from 32 ports, 3bits amplitude and 4bits phase quantization per coefficient follows R16. R=4 is considered for finer PMI granularity reporting. It observed significant performance gain can be achieved by exploiting both angle and delay reciprocity. There is about 15% performance gain for R17 PS codebook compared with R16 PS codebook when overhead is large. Meanwhile, it observed calibration/estimation error does not decrease performance severely, performance loss is about 1%. Since channel estimation error is independent across port and frequency, after long term averaging only diagonal term of frequency-spatial correlation matrix are impacted, which does not change the beamforming weight. Frequency independent calibration error is similar to constant error. The dominate error for PMI comes from quantization and the limitation of #beamformed CSI-RS port.  
[image: ]
Figure 1, performance enhancement of Rel-17 port selection codebook.
Based on the evaluation result, we made following observation and proposal,
Observation 1:  Precoding on both angle and delay provides 15% gain compared with Rel-16 PS, and 23% gain compared with Rel-16 regular Type II.
Observation 2: Channel estimation of SRS results in negligible performance loss. 
Observation 3: Calibration error decreases performance by  ~1%.
Proposal 1: Support to specify new Port selection to exploit both angle/delay reciprocity in Rel-17 MIMO.

In last meeting, companies discuss the codebook structure of Rel-17 codebook. We are open for either Alt 1 or Alt 2. There may be ambiguity for the SD/FD basis, one may refer SD/FD basis to the beam vector at gNB, and another possible understanding is port selection vector at UE. If the meaning is beam vector at gNB, we do not see the necessity of defining SD-FD pair or distinguishing SD/FD basis. How to beamforming CSI-RS shall be up to gNB’s implementation, which is transparent to UE. Moreover, if precoding is based on both delay and angle, the precoder is unnecessarily generated from delay and angle domain separately. We try following three implementations at gNB,
1. separate SD/FD:  find wideband spatial basis first, then frequency basis are calculated conditioned on the whole wideband spatial basis, to form pairwise SD-FD basis
2. SD-specific FD: find wideband spatial basis first, then frequency basis are calculated for each spatial basis
3. Joint SD/FD: spatial basis and frequency basis are found jointly (as appendix).
Transmitted spatial/frequency beam (assume common beam across polarization, N1N2 SD-FD beams in total) are chosen according to the ordered power.
Both separate SD/FD and SD-specific FD can be written as a or , where  are precoding weight for delay and angle respectively, but jointly SD/FD is unnecessary to be such form. Since bandwidth are limited and the measured multipath are correlated, in general beamforming vector for spatial /frequency are not decomposed as  or  perfectly. In the figure 2, joint angle/delay beamforming may be implemented at gNB achieving obviously better performance compared with separately SD/FD beamforming. 

[image: ]
Figure 2, comparison of angle/delay beamforming implementation 
Observation 4: decomposing beamforming vector for spatial basis and frequency basis separately as  or  may decrease system performance compared with jointly generation:
· Separate SD/FD beamforming has no gain compared with R16 PS for high overhead
· SD-specific FD beamforming provides 7% performance gain compared with R16 PS for high overhead
Regarding whether apply restriction on the port selection, since free port selection is simple, and the gain of applying further restriction on port selection may be marginal, we slightly prefer to the free port selection. Based on the observation, we propose:
Proposal 2: Spatial/frequency beam shall be transparent to UE, no need to specify spatial and frequency weighting structure.  

Another issue is CSI-RS resource utilization. Since beamformed CSI-RS is UE-specific, downlink overhead for CSI-RS may be significantly increased. In literature, RS overhead can be reduced by share/multiplex among UEs, or multiplexing multiple beams in one CSI-RS port, e.g., in FDM manner. For instance, gNB can form coarse beam for a group of UE have similar angle/delay condition. In another example, shortening the range of frequency precoding with rate  (e.g, segment reporting band into O wider subbands), UE may report coefficients for each wider subband like Rel-15 type II, or select a part of subbands for reporting, or analogue to Rel-16 type II UE may perform -point DFT and report coefficients after DFT. It’s equivalent to design a lower density CSI-RS pattern and/or associate more ports for a reporting. 



Figure 3, illustration of comb frequency unit 
A possible solution is partitioning PMI subband into O segments, so that whole band comprise comb-O frequency unit. For simplicity we consider O to be a factor of  in power of 2, frequency unit can be also selected from  groups. The total number of ports and frequency unit selected from  beamformed CSI-RS may be larger than  at cost of channel estimation accuracy. As illustrated in figure 3, where F1 and F2 are two comb-2 frequency unit. Considering frequency unit selection, FD basis can be formulated as  , where  is N3-length DFT vector as Rel-16 and  is column of identity matrix to indicate selected frequency group. Alternatively, gNB could trigger multiple CSI reporting for the whole band, for example, one reporting for odd subband, another for even subband. If the number of port to be selected is limited in this case, gNB could trigger multiple reporting with changed beamformed CSI-RS, then combine NZC for each reporting in differential manner. The later method is UE transparent but with larger frequency granularity compared with the former. From UE perspective, it’s desired to keep  as small as possible for low channel estimation/buffer complexity, gNB can allocate SD/FD beam frequency firstly then antenna port with the maximum value of . 
Since CSI-RS resource is UE-specific for both Rel-16 and Rel-17 PS codebook, it’s preferred to enhance for the both.
Regarding port selection with frequency unit selection, in our view, UE may report SD selection and FD selection separately, or report SD-FD selection jointly. Basically UE can freely select antenna port for each group, e.g, ,  or  assuming similar method as Rel-16 codebook.
Proposal 3: Partitioning PMI (CQI) subband into O segments, UE may select antenna port and frequency unit freely. 
Orthonormal basis makes Rel-16 type II robust. For Rel-17 PS, beamforming weight and channel maybe not match very well due to reciprocity failure. For example, UE may receive few power on the beamformed CSI-RS due to movement in reality even with large CSI overhead reserved, but gNB does not know the quality of beamformed CSI-RS from the content of CSI reporting. Thus, we think it’s important to improve the robustness of Rel-17 port selection codebook.
CSI enhancement for M-TRP
Two Categories were agreed to be studied for CSI enhancement for multi-TRP. For Category 1, the CSI-RS associated with different TRPs are configured within a CSI-ReportConfig, and the CSIs for different TRPs are report within a single CSI report. For Category 2, multiple associated CSI-ReportConfig can be configured, respectively associated to different TRPs, and multiple CSIs are reported via multiple CSI reports considering possible NC-JT between TRPs. For both categories, multiple CSIs for different TRPs considering NC-JT between these TRPs can be calculated based on the same channel and interference hypotheses. The difference between Category 1 and Category 2 is the signaling design, for example, the CSI-RS for different TRPs is configured within one resource, or one resource set or one CSI-ReportConfig, or multiple CSI-ReportConfig. No matter which category is adopted, the expected CSI for single DCI based M-TRP or multi-DCI based M-TRP can be reported via appropriate signaling design and gNB configuration. 
Observation 5: There is no functional difference but only signaling difference between Category 1 and Category 2.
For Category 1, additional association between CSI-RS ports/resources/resource sets or CSI resource settings for different TRPs should be introduced. Multiple CSIs can be reported based on the associated CSI-RS at least for channel measurement, e.g. multiple RIs or multiple PMIs or multiple CQIs. Since one CSI report configuration can already include multiple associated CSI resource settings, the current signaling can be mostly reused for Category 1 with additional resource/resource set/resource setting and corresponding association. For Category 2, association between different CSI report configurations is needed, which is difficult to be supported via current CSI feedback framework. Furthermore, CSI report configuration includes an amount of other information other than resource settings, e.g. report resource configuration, measurement configuration, codebook, etc. Category 1 can avoid collided configuration between associated CSI report configurations and significantly reduce the signaling overhead.
Proposal 4: Support only Category 1 to avoid redundant specification effort and simplify signaling design.

For Category 1, the CSI-RS for CSI measurement can be configured via more than one CSI-RS port groups in a resource associated to different TRPs/TCI states, or more than one resource or resource set associated to different TRPs/TCI states. Resource (set) based configuration can reuse current CSI feedback framework and CSI-RS configuration with additional association between CSI-RS resources/resource set. Instead, for ports basis configuration, multiple CSIs are calculated based on single CSI-RS resource for channel measurement, and the measurements are based on CSI-RS port set. The required specification effort includes CSI calculation, CSI report based on CSI-RS port set, configuration of CSI-RS resource with multiple port sets (e.g. how to support two TRPs with 32 ports), support of one CSI-RS resource with multiple TCI states etc. Furthermore, with ports based configuration, it is difficult to extend to coordination among more TRPs in future release. 
Observation 6: For Category 1, resource based configuration (configuration of more than one resource or resource set associated to different TRPs/TCI states) can achieve all the function of ports based configuration (more than one CSI-RS port groups in a resource associated to different TRPs/TCI states), but with minimal specification impact and better frontward compatibility. 
Proposal 5: For Category 1, support only resource based configuration (configuration of more than one resources or resource sets associated to different TRPs/TCI states).
In Rel-16, the CSI for different TRPs is individually reported to gNB via different CSI report configurations. For example, to support multi-DCI based M-TRP transmission, gNB may configure 4 CSI-ReportConfig for UE to report 4 different types of CSI report:
· CSI report 1 for TRP1 without interference from TRP2, to support single TRP transmission from TRP1 or non-overlapped PDSCH transmission from TRP1 and TRP2.
· CSI report 2 for TRP1 with interference from TRP2, to support overlapped PDSCH transmission from TRP1 and TRP2. A NZP CSI-RS resource can be configured as IMR to measure the interference from TRP2. 
· CSI report 3 for TRP2 without interference from TRP1, to support single TRP transmission from TRP1 or non-overlapped PDSCH transmission from TRP1 and TRP2.
· CSI report 4 for TRP2 with interference from TRP1, to support overlapped PDSCH transmission from TRP1 and TRP2. Another NZP CSI-RS resource can be configured as IMR to measure the interference from TRP1. 
It is observed the required CSI report configurations and UCI overhead is significant to support dynamic scheduling of single TRP transmission, non-overlapped PDSCHs and overlapped PDSCHs for each TRP based on Rel-15 CSI framework. Actually, the difference between CSI report 1 and 2 or CSI report 3 and 4 is only the IMR to measure inter-TRP interference. If UE can use one CSI report to inform the CSI for all the transmission assumptions of one TRP, the number of CSI report configuration and UCI overhead can be reduced. As shown in Fig.1, the CSI with and without interference from the other TRP can be reported via one CSI report. Since the NZP CSI-RS resource for channel estimation and CSI-IM for interference measurement is the same for the two CSIs, some mechanism for UCI overhead reduction can be further studied for the joint CSI. 


[bookmark: _GoBack]Figure 4: Joint CSI reporting for S-TRP and overlapped PDSCHs
Proposal 6: Consider joint CSI report to support overlapped PDSCHs, non-overlapped PDSCH and S-TRP.
3. Conclusion
In this contribution, we presented our view on CSI measurement and reporting. The following proposals are provided:
Observation 1:  Precoding on both angle and delay provides 15% gain compared with Rel-16 PS, and 23% gain compared with Rel-16 regular Type II.
Observation 2: Channel estimation of SRS results negligible performance loss.
Observation 3: Calibration error decrease performance about 1%.
Observation 4: Decomposing beamforming vector for spatial basis and frequency basis separately as  or  may decrease system performance compared with jointly generation:
· Separate SD/FD beamforming has no gain compared with R16 PS for high overhead
· SD-specific FD beamforming provides 7% performance gain compared with R16 PS for high overhead
Observation 5: There is no functional difference but only signaling difference between Category 1 and Category 2.
Observation 6: For Category 1, resource based configuration (configuration of more than one resource or resource set associated to different TRPs/TCI states) can achieve all the function of ports based configuration (more than one CSI-RS port groups in a resource associated to different TRPs/TCI states), but with minimal specification impact and better frontward compatibility. 
Proposal 1: Support to specify Rel-17 Port selection exploiting both angle/delay reciprocity in Rel-17 MIMO.
Proposal 2: Spatial/frequency beam shall be transparent to UE, no need to specify spatial and frequency weighting structure.  Support freely port selection.
Proposal 3: Partitioning PMI (CQI) subband into O segments, UE may select antenna port and frequency unit freely. 
Proposal 4: Support only Category 1 to avoid redundant specification effort and simplify signaling design.
Proposal 5: For Category 1, support only resource based configuration (configuration of more than one resources or resource sets associated to different TRPs/TCI states).
Proposal 6: Consider joint CSI report to support overlapped PDSCHs, non-overlapped PDSCH and S-TRP.
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Appendix 1
1. 
 is a arbitrary fixed vector combining frequency channel, assuming  for averaging;  is  channel on the frequency k; W is  spatial/frequency precoder for P csi-rs ports.
2. Obtain correlation R of   for long term:

where  is spatial/frequency correlation (hence DFT of per cluster spatial correlation matric), =, m , n is vertical/horizontal antenna distance per polarization, DL spatial correlation may be sampled from UL by interpolation; for angular reciprocity only, only wideband spatial correlation  is used. R can be estimated from SRS
3. , precoding with eigenvectors corresponding to largest-P eigenvalues, 
*Note that w are not in form of  or  in general.

Appendix 2

	Parameter
	Value

	Duplex, Waveform 
	FDD (TDD is not precluded), OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense Urban (Macro only) is a baseline. 
Other scenarios (e.g. UMi@4GHz 2GHz, Urban Macro) are not precluded.

	Frequency Range
	FR1 only, 2GHz with duplexing gap of 200MHz between DL and UL, optional for 4GHz

	Inter-BS distance
	200m 

	Antenna setup and port layouts at gNB
	Companies need to report which option(s) are used between
· 32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 
· 16 ports: (8,4,2,1,1,2,4), (dH,dV) = (0.5, 0.8)λ
Other configurations are not precluded.

	Antenna setup and port layouts at UE
	4RX: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for rank > 2
2RX: (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ for (rank 1,2) 
Other configuration is not precluded.

	BS Tx power 
	41 dBm for 10MHz, 44dBm for 20MHz, 47dBm for 40MHz

	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 for 15kHz as a baseline (optional for 10 MHz with 15KHz), and configurations which emulate larger BW, e.g., same sub-band size as 40/100 MHz with 30kHz, may be optionally considered

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

	MIMO scheme
	For low RU, SU-MIMO with rank adaptation are assumed 
For medium/high RU, SU/MU-MIMO with rank adaptation is assumed 

	MIMO layers
	For all evaluation, companies to provide the assumption on the maximum MU layers (e.g. 8 or 12)

	CSI feedback 
	Feedback assumption at least for baseline scheme
· CSI feedback periodicity (full CSI feedback) :  5 ms, 
· Scheduling delay (from CSI feedback to time to apply in scheduling) :  4 ms

	Overhead 
	Companies shall provide the downlink overhead assumption

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes
Other FTP model is not precluded.

	Traffic load (Resource utilization)
	· 70% for SU/MU-MIMO with rank adaptation
· 20% for SU-MIMO with rank adaptation
Companies are encouraged to report the MU-MIMO utilization.

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

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	Evaluation Metric
	Throughput and CSI feedback overhead as baseline metrics. 
Additional metrics, e.g., ratio between throughput and CSI feedback overhead, can be used.
Maximum overhead (payload size for CSI feedback)for each rank at one feedback instance is the baseline metric for CSI feedback overhead, and companies can provide other metrics.

	Baseline for performance evaluation
	Rel-16 PS eTypeII Codebook is the baseline for performance and overhead evaluation. (Type I Codebook can be considered at least for performance evaluation)
· Note that it is encouraged to disclose further details of beamforming mechanism/ordering over CSI-RS ports/resources.
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