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Introduction 
In RAN1#102-e, the following agreements [1] were made for the enhancements on Rel. 16 Type II PS codebook and multi-TRP.
  
	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.  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 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




	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 the performance of Rel. 17 PS codebook and enhancements on multi-TRP CSI based on the agreements. 


Enhancements on Type II PS codebook 
In Rel. 15 and Rel. 16, Type II port selection (PS) codebooks are supported. These codebooks are designed by exploiting the reciprocity of the radio channel in the spatial domain. The dominant spatial beams calculated from the uplink channel are used by the gNB for beamforming CSI-RS ports in the downlink. In a first step, by a port selection matrix  beamformed ports per polarization are selected from a number of beamformed ports, where each port is beamformed in a specific direction and in a second step the beamformed ports are linearly combined. The idea of the Rel. 17 PS CB is to exploit the partial reciprocity of the channel in the spatial and delay-domains, and to beamform the CSI-RS ports with multiple estimated spatial beams and delays. Note that the reciprocity in the delay domain may not always be satisfied as shown in our companion contribution [2].
The rationale behind Rel. 17 PS codebook is that when each port is beamformed with an SD-FD pair i.e., with a spatial beam  (SD) and a frequency domain (FD) component   i.e., a delay, the UE can select a number of SD-FD pairs (i.e., ports) and feedbacks the corresponding calculated precoder coefficients to the gNB. The computational complexity of the precoder can be reduced as a single wideband SVD suffices to calculate the precoder coefficients instead of performing an SVD operation per subband. The UE thus selects a number of coefficients, , associated with a subset of SD-FD pairs and reports the same to the gNB. Also, the constraint on the neighboring port selection as in Rel. 15 and Rel. 16 Type II PS codebooks shall be relaxed as such a constraint may restrict the spatial beam selection of the UE. Throughout this contribution, a port and SD-FD pair are used interchangeably unless specified. 

Proposal: The constraint of neighboring beamformed port selection as in the Rel. 15 and Rel. 16 Type II PS codebooks shall be relaxed for the Rel. 17 PS codebook.

The precoder for the Rel. 17 PS codebook for -th layer can be expressed as 



where  is a port selection vector, associated with an SD-FD pair, of size  containing a single ‘1’ and  ‘0’s, and  is a precoder coefficient associated with the selected port, and  is the normalization factor. Each port selection vector is indicated by an entry in the codebook. In this case, the codebook is an identity matrix. Assuming free selection of the ports by the UE, a -bit indicator or a P-bit sized bitmap may be used to report the selected ports. The above formulation is similar to Rel. 15 Type II PS codebook in a way that the ports are selected using the matrix  and indicated using a single indicator. 

Observation: Similar to Rel. 15 Type II PS codebook, a single-stage indication of the selected ports could be used for the Rel. 17 PS codebook.  

According to Rel. 16 PS codebook, each spatial beamformed port is associated with a number of FD components i.e., delays. Using the same logic,  ports can be associated with the same SD beam and are grouped into an entity called a port group. In such a port group, each port is associated with the same SD component, but a different FD component. Assuming the same number of ports (i.e., delays) per port group, and the same number of port groups per polarization, the total number of ports is given by . 

Accordingly, the precoder for the Rel. 17 PS codebook for -th layer can be expressed as 
,

where  is a vector of size  containing a single one and zeros elsewhere,  is a vector of size   containing a single one and zeros elsewhere,  is the precoder coefficient associated with the selected port and  is the normalization factor. Consequently, instead of a single indicator, the selected ports may be indicated by two indicators, a -bit indicator for the indication of selected port groups selected from a number of  port groups  and a -bit indicator for the indication of  selected ports among  selected port groups across the two polarizations. 

Such a use of the two-stage indication for reporting  selected ports may result in less feedback compared to the single indication as the  ports are selected from  ports for the two-stage indication instead of  ports as used for the single-stage indication. 

Observation: Two-stage indication of the selected ports according to Rel. 16 Type II PS codebook results in a less feedback overhead compared to a single-stage indication according to Rel. 15 Type II PS codebook. 

For the following evaluations, free selection of  port groups is assumed for the Rel. 17 PS codebook. The performance is evaluated assuming a single-layer transmission.  In addition, the performance of a variant of the Rel. 16 PS codebook called Rel. 16 PS free selection codebook (henceforth referred to as Rel. 16 PS FS codebook) is also considered, with the only difference being the free selection of the port groups (SD ports) in the  matrix, unlike the Rel. 16 PS codebook. The simulation parameters are provided in the Table in the appendix. 

Figure 1 shows the performance gain and feedback overhead of the Rel. 16 PS and Rel. 16 PS FS codebooks for parameter combinations {PC3, PC4, PC5, PC6} [3]. For the sake of convenience,  for PC3, PC5 and PC5 are (4,4,8), (4,4,16), (4,4,24), respectively. For PC6, is (4,7,28). On the other hand, the performance gain and overhead of the Rel. 17 PS codebook is also shown for different number of selected ports. For a fair comparison,  ports are used for evaluating the performance of all codebooks and the performance gain is calculated by setting the performance achieved using the Rel. 16 PS codebook - PC3 as a reference. For the Rel. 17 PS codebook,  port groups are used for each polarization with each port group comprising  ports.  

It can be seen that the Rel. 17 PS codebook results in a performance loss when the number of selected ports is less than or equal to half of the total number of ports, whereas a negligible gain is achieved when the selected ports is greater than half of the total number of ports. The performance loss of Rel. 17 PS codebook can be largely attributed to the non-reciprocity of the delays in the uplink and downlink channels, in addition to the calibration errors introduced at the gNB. On the other hand, the impact of the SRS estimation error is minor on the estimated spatial beams and delays. Moreover, the Rel. 16 PS FS codebook achieves a significant performance gain compared to both Rel. 16 PS and Rel. 17 PS codebooks by relaxing the port selection constraint in . 
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Figure 1: Performance of the Rel. 16 PS, Rel. 16 PS FS codebook for different parameter combinations and the Rel. 17 PS codebook for different values of  for  ports with respect to the performance of Rel. 16 PS codebook for PC3 and rank 1.

Observation: The gain achieved by the Rel. 17 PS codebook is insignificant compared to the Rel. 16 PS codebook primarily due to the non-reciprocity of the delays in the uplink and downlink channels and the calibration error. 

Figure 2 shows the performance gain achieved by the Rel. 17 PS codebook for different number of ports . Here,  denotes the number of port groups per polarization,  denotes the number of selected port groups per polarization and  denotes the number of delays per port group. For ) = (4,4,4) the total number of ports is given by . Regardless of the total number of ports used, a total of only  ports is selected for all configurations including the Rel. 16 PS codebook. It can be seen that when the total number of ports is increased from 32 to 48 and 64, the Rel. 17 PS codebook achieves a minor performance gain compared to the Rel. 16 PS codebook however with a reduction in feedback overhead. Moreover, compared to the Rel. 17 PS CB with 32 ports, when the total number of ports is given by 48 and 64, the Rel. 17 precoder achieves a gain of 0.9% and 1.7% with an overhead increment of 4 and 7 bits, respectively, 
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Figure 2: Performance gain and feedback overhead of the Rel. 16, Rel. 16 PS FS and Rel. 17 PS codebooks for  coefficients or selected ports with respect to the performance of Rel. 16 PS codebook for PC3 and rank 1 transmission.  For the Rel. 17 codebook, ) denotes the number of port groups per polarization, number of selected port groups per polarization and the number of delays per port group, respectively. 
Observation: Performance of Rel. 17 PS CB can be enhanced by increasing the number of ports. 

Note that the NR framework supports a maximum number of 32 ports. Therefore, when considering more than 32 SD-FD pairs, instead of beamforming each port with a single SD-FD pair, a port can be beamformed with multiple SD-FD pairs. In other words, instead of beamforming all resources of a port with a single SD-FD pair, different resources of a port can be beamformed with multiple SD-FD pairs. In this way, the number of ports is only virtually increased. However, beamforming a port with multiple SD-FD pairs may result in SNR loss as the number of resources available for channel estimation reduces. Therefore, from Figure 2, the gain achieved using 48 and 64 ports may not be achieved when each port is beamformed with multiple SD-FD pairs. 

Observation: Beamforming a port with multiple SD-FD pairs may result in SNR degradation for channel estimation.
Proposal: Due to the sub-optimal performance of Rel. 17 PS codebook compared to Rel. 16 PS and Rel. 16 PS free selection, further discussions are essential to justify its need.
Regarding higher rank transmissions (rank >1), as the number of ports in each port group cannot be further increased due to the limitations on the maximum number of ports, the effect of using identical ports/port groups for a subset of transmission layers shall be studied. 
Proposal: Study identical port selection for a subset of transmission layers.
CSI enhancements for Multi-TRP
The current R15/R16 CSI framework does not support CSI reporting for single DCI-triggered SDM multi-TRP NC-JT. For such multi-TRP transmissions, the transmission layers are associated with the same codeword and possibly with different TRPs. Each TRP may use its own precoding scheme. Hence, a CSI report for SDM multi-TRP NC-JT should at least indicate the CQI, and one or more PMIs/RIs for the different TRPs. 

In the current R15/R16 CSI framework, the UE can be configured with multiple channel measurement resources (CMRs), and the UE reports the CSI quantities for a selected CMR. The reported CSI always corresponds to one CMR associated with a single TRP. To enable CSI reporting for SDM multi-TRP NC-JT, the UE should be configured with multiple NZP CSI-RS resources, where the different CSI-RS resources are associated with different TRPs (i.e., different TCI states), and a single NZP CSI-RS resource is associated with a single TRP. Here, one option is that the UE decides which resource is for channel or interference measurement and freely selects a subset of NZP CSI-RS resources for channel measurement. The UE reports a single CSI containing the CSI quantities for the selected NZP CSI-RS resources. Another option is that the UE is configured with one or more CMR(s)/IMR(s) sets, and it reports a single CSI for a selected CMR(s)/IMR(s) set. 

Proposal: For SDM multi-TRP NC-JT, a CSI report is associated with multiple NZP CSI-RS resources whereas each NZP CSI-RS resource is associated with a different TRP (i.e., TCI state), and a CSI report contains a single CSI (one CQI, one or more PMIs/RIs) for a selected set of CMR(s)/IMR(s). 
Conclusions
Based on the above discussions, we have the following observations and proposals. 

Proposal: The constraint of neighboring beamformed port selection as in the Rel. 15 and Rel. 16 Type II PS codebooks shall be relaxed for the Rel. 17 PS codebook.

Observation: Similar to Rel. 15 Type II PS codebook, a single-stage indication of the selected ports could be used for the Rel. 17 PS codebook.  

Observation: Two-stage indication of the selected ports according to Rel. 16 Type II PS codebook results in a less feedback overhead compared to a single-stage indication according to Rel. 15 Type II PS codebook. 

Observation: The gain achieved by the Rel. 17 PS codebook is insignificant compared to the Rel. 16 PS codebook primarily due to the non-reciprocity of the delays in the uplink and downlink channels and the calibration error. 

Observation: Performance of Rel. 17 PS CB can be enhanced by increasing the number of ports. 

Observation: Beamforming a port with multiple SD-FD pairs may result in SNR degradation for channel estimation.
Proposal: Due to the sub-optimal performance of Rel. 17 PS codebook compared to Rel. 16 PS and Rel. 16 PS free selection, further discussions are essential to justify its need.
Proposal: Study identical port selection for a subset of transmission layers. 
Proposal: For SDM multi-TRP NC-JT, a CSI report is associated with multiple NZP CSI-RS resources whereas each NZP CSI-RS resource is associated with a different TRP (i.e., TCI state), and a CSI report contains a single CSI (one CQI, one or more PMIs/RIs) for a selected set of CMR(s)/IMR(s). 
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Appendix

A.1 Spatial beam and delay estimation beamforming
The dominant spatial beams and delays estimated from the uplink channel are mapped to the entries of DFT codebooks. A value of  is used for the delay to port mapping. The estimated spatial beam vectors , and delays vectors  of size , are used for beamforming the ports as shown in Figure 3, where for simplicity, one polarization is considered. Here,  is the total number of resources associated with each CSI-RS port. Each resource  is associated with a port  and beamformed with vector  as shown in the Figure 3. 
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Figure 3: Beamforming operation using the estimated spatial beam and delay vectors at the gNB assuming one polarization with  ports. 

A.2 Precoder calculation at the UE:
Based on the beamforming operation shown in Figure 3, in a first step the UE receives and estimates the beamformed channel of dimension . As the beamforming with respect to spatial and delay-domains is already performed at the gNB, the UE calculates a covariance matrix as

 

In a second step, the UE performs a wideband eigen-decomposition of the covariance matrix . The precoder for  layers is then given by  dominant eigen-vectors associated with the covariance matrix . 

A.3 Simulation parameters 

Table 1: Simulation parameters
	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

	Inter-BS distance
	200m 

	Channel model
	The reciprocity model of DL/UL channel is based on Section 7.6.5 of TR 38.901 with different DL/UL frequency. 


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


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


	BS Tx power 
	44dBm 

	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 

	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


	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. 


	SRS modeling for UL channel estimation
	SRS periodicity with 5ms/10ms
SRS error modeling in Table A.1-2 in 36.897. 

	FDD DL/UL calibration error model at gNB
	[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.  
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