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1. [bookmark: _Ref4683067] Introduction 
The objective for this agenda item, stated in [1], is given by
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 this contribution, we continue the discussion of CSI enhancement based on the outcome of the RAN1#103e and #104e meetings [2][3].

2. CSI Enhancement: Multi-TRP 
In the RAN1#104e meeting, we have the following agreement on CMR pairing configuration [3]:
	Agreement
For CSI measurement associated to a reporting setting CSI-ReportConfig for NCJT, the UE can be configured with Ks ≥ 2 NZP CSI-RS resources in a CSI-RS resource set for CMR and N ≥ 1 NZP CSI-RS resource pairs whereas each pair is used for a NCJT measurement hypothesis 
· Configure UE with two CMR groups with Ks=K1+K2 CMRs. CMR pairs are determined from two CMR groups by following method(s). 
· K1 and K2 are the number of CMRs in two groups respectively. FFS K1=K2 or different K1/K2.
· Note that CMRs in each CMR group can be used for both NCJT and Single-TRP measurement hypotheses
· N CMR pairs are higher-layer configured by selecting from all possible pairs
· signalling mechanism can be discussed further, e.g. using a bitmap
· FFS: Whether MAC-CE or RRC+MAC CE indication is needed
· FFS: how to support NCJT measurement hypotheses in FR2
· Support N=1 and Ks =2, FFS other maximal values of N>1 and Ks>2  
Note: for CPU/resource/port occupation, NCJT hypothesis is considered separately from single TRP hypothesis




Since  CMR pairs are higher-layer configured by selecting from all possible  pairs, rather than one-to-one mapping, it would be more flexible to allow  so that one TRP can have more candidates than the other TRP. As for the pairs of , , considering the performance and implementation complexity, we can have (2, 3), (3, 4), (4, 4) in the specification, in addition to (1, 2). However, the supported ,  pairs should be up to UE capability. For , both  and  can be supported.

Proposal 1: Support that the number of CMRs in two groups can be different, i.e., .
Proposal 2: In addition to (1, 2), support , (2, 3), (3, 4), (4, 4) up to UE capability. For , both  and  can be supported.

We are open that RRC can configure  NZP CSI-RS resources. However, in this case MAC-CE should be introduced to limit the number of single-TRP measurement hypotheses , e.g., . 

Proposal 3:  is configurable and MAC-CE indicates which of  single-TRP measurement hypotheses should be performed by the UE and which of  NCJT measurement hypotheses should be considered by the UE.

For FR2, indeed there can be room for performance enhancement if different receive spatial filters can be applied for NCJT and the associated single-TRP hypotheses. Since it can be considered as optimization, we should aim for the best performance by applying Option 1, i.e., reporting the best NCJT measurement hypothesis and the best single-TRP hypothesis. However, in this case different CMRs need to configured and thus we cannot have the overhead saving by reusing CMRs. Thus, we may well just configure Option 1 with X = 0 and separately configure another CSI report for the best single-TRP hypothesis.

Proposal 4: For CSI reporting for NCJT, FR2 optimization is not further considered in R17. 

In the RAN1#103e meeting, we have the following agreement on CMR/IMR configuration/association [2]:
	Agreement
For NCJT CSI measurement configured with single reporting setting, study following measurement resource configuration/association mechanism
· Whether/how to support interference measurement based on NZP CSI-RS given by nzp-CSI-RS-ResourcesForInterference or based on CSI-IM given by csi-IM-ResourcesForInterference
· Whether/how to interpret measurement based on CMRs associated with different TRPs/TCI states respectively for a NCJT measurement hypothesis
· CMR/IMR resource configuration restrictions/associations, e.g. for reference resource/time domain behavior/frequency domain behavior   
Note that RAN1 shall strive for commonality of CSI measurement/reporting mechanisms for NCJT CSI measurement configured by single or two reporting settings



We do not see a strong need of joint operation of multi-TRP with NCJT and MU-MIMO, so it suffices to support interference measurement based on CSI-IM given by csi-IM-ResourcesForInterference in order to tackle inter-cell interference.

Proposal 5: For NCJT CSI measurement configured with single reporting setting, only support interference measurement based on CSI-IM.

TS 38.214 says that “For CSI measurement(s) other than L1-SINR, a UE assumes each NZP CSI-RS port configured for interference measurement corresponds to an interference transmission layer.” That is, UEs assume the measured interference as is without any additional assumption, e.g., on precoders. Since for NCJT a UE can assist the gNB determining precoders for each TRP, technically all layers from an NCJT transmission are desired signals, rather than interference. With or without IMR, so long as UEs reports an RI larger than one, there is naturally inter-layer interference. How to interpret CMRs associated with different TRPs/TCI states should be up to UE implementation, similar to R15/R16 on inter-layer interference. 

Proposal 6: How to interpret the two CMRs configured for an NCJT measurement hypothesis can be up to UE implementation.

TS 38.214 says that “The UE may assume that the NZP CSI-RS resource(s) for channel measurement and the CSI-IM resource(s) for interference measurement configured for one CSI reporting are resource-wise QCLed with respect to 'typeD'.” Although the existing R15/R16 design on CSI-IM resource mapping can be reused, it is somewhat restrictive since an NCJT measurement hypothesis and the associated single-TRP hypothesis are forced to share the same CSI-IM resource. Reusing the existing R15/R16 design fails to support the following scenario where the IMRs for the two hypotheses should be different: For an NCJT measurement hypothesis, UE 1 assumes NCJT from TRPs 1 and 2. For a corresponding single-TRP hypothesis, UE 1 assumes MU-MIMO where TRP 1 serves UE 1 and TRP 2 serves UE 2. Furthermore, for the accompanying single-TRP hypotheses, it is desirable to configure NZP IMR in order to facilitate MU-MIMO.

Proposal 7:  For an NCJT interference hypothesis, the corresponding CRI is associated with two CMRs, whereas the mapping from CRI to IMR remains one-to-one.
Proposal 8: NZP IMR can be configured for single-TRP measurement hypotheses in a CSI reporting setting with NCJT CSI measurement.

To address the QCL assumption of a CSI-IM resource associated with a NCJT CMR pair, the following can be considered as a starting point: “The UE may assume that when performing interference measurement with respect to a CMR in a CMR pair, the associated IMR and the CMR are QCLed with respect to ‘typeD’.”

In the RAN1#104e meeting, we have the following agreement on UE reporting mechanism [3]:
	Agreement
For a CSI report associated with a Multi-TRP/panel NCJT measurement hypothesis configured by single CSI reporting setting, support following two options:
· Option 1: the UE can be configured to report X CSIs associated with single-TRP measurement hypotheses and one CSI associated with NCJT measurement hypothesis
· X = 0, 1, 2
· If X=2, two CSIs are associated with two different single-TRP measurement hypotheses with CMRs from different CMR groups
· Support of X=1,2 is UE optional for the UE supporting option 1
· FFS omission of CSI associated with NCJT measurement hypothesis
· Option 2: the UE can be configured to report one CSI associated with the best one among NCJT and single-TRP measurement hypotheses
· FFS how to report recommended measurement hypothesis associated with that CSI report



Considering omission of CSI associated with NCJT measurement hypothesis, we only need to discuss the cases of X = 1, 2. For X = 1, there are at least the following three alternatives:

Alt. 1: Only report the CSI associated with the best single-TRP measurement hypothesis
Alt. 2: Only report the CSI associated with the best NCJT measurement hypothesis
Alt. 3: Fall back to Option 2, i.e., report one CSI associated with the best one among NCJT and/or single-TRP measurement hypotheses

We note that the payload of Alt. 1 cannot be larger than Alt. 2 and 3, so there is no need to further consider the case where the CSI associated with the best NCJT measurement hypothesis cannot be accommodated but the CSI associated with the best single-TRP measurement hypothesis can. Thus, Alt. 1 is simpler and the gNB can at least get a CSI assuming no additional rules for Alt. 2 and 3.

Proposal 9: For Option 1 with X = 1, the CSI associated with the best NCJT measurement hypothesis has a lower reporting priority than the CSI associated with the best single-TRP measurement hypothesis.

For the case X = 2, the second best single-TRP hypothesis is less critical and thus should have the lowest priority.

Proposal 10: For Option 1 with X = 2, the following priority order should be adopted: best single-TRP → best NCJT → 2nd best single-TRP.

To tackle the issue that the payload sizes for single-TRP and NCJT are different, the CSI can comprise of two parts, similar to the current NR design: Part 1 has a fixed payload size and is used to identify the number of information bits in Part 2. Then, if one of the RIs can be reported as zero, we know that the reported CSI is associated with the best single-TRP measurement hypothesis.

Proposal 11: For Option 2, the second RI can be reported as 0 to signal the best single-TRP measurement hypothesis.

In the RAN1#98 meeting, we have the following agreements:
	Agreement
For single-DCI based NJCT transmission, at least for eMBB, with regarding to following design principles for DMRS entries: 
· Principle 1: No consensus to support 1+3 and/or 3+1 layer combinations from two TRPs indicated by antenna port field.
· Principle 2: No consensus to have additional specification support for MU cases
· Principle 3: No consensus to have additional specification support for two CWs




The reported RIs should be restricted such that there exist the corresponding layer combinations for the DMRS entries. For example, the reported RIs cannot be (1, 3) or (3, 1) since the current DMRS entries do not support these layer combinations. The allowed RI pairs for an NCJT measurement hypothesis assuming the maximal transmission layers less than or equal to 4 should be (1, 1), (1, 2), (2, 1), (2, 2). The same principle should be followed when considering maximal transmission layers larger than 4.

Proposal 12: The allowed RI pairs for an NCJT measurement hypothesis assuming the maximal transmission layers less than or equal to 4 should be (1, 1), (1, 2), (2, 1), (2, 2).

Non-PMI based port-selection should be supported for NCJT to benefit from channel reciprocity, where the precoding matrices are determined based on SRS. To do so, each rank can be associated with two CSI-RS resources with different TCI states. For simplicity, the two CSI-RS resource can have the same number of ports. Then, the port association can be determined by introducing a sub-rank indicator indicating number of layers for the first CSI-RS resource. For example, with the sub-rank indicator 2 and the port index sequence (0, 1, 4, 5), we know that ports 0, 1 of the first CSI-RS resource and ports 4, 5 of the second CSI-RS resource should be used. With the current restriction on RI pairs where the difference between two RIs is at most one, the association can be further simplified: If the rank is even, the first half of indices are of the first CSI-RS resource and the second half are of the second CSI-RS resource. If the rank is odd, then it suffices to have a 0-1 indicator telling which CSI-RS resource is associated with more layers.

Proposal 13: Non-PMI based port-selection is supported for a CSI report associated with an NCJT measurement hypothesis configured by single CSI reporting setting.


3. CSI Enhancement: FR1 FDD Reciprocity

In RAN1 #104-e, the following agreements were made for Rel-17 port selection codebook enhancement in FR1 FDD [3]:
	[bookmark: _GoBack]Agreement
1. For PS codebook enhancements utilization DL/UL reciprocity of angle and/or delay, support codebook structure W=W1W2 WfH where 
· W1 is a free selection matrix, with identity matrix as special configuration
· FFS polarization-common/specific selection
· Wf is a DFT based compression matrix in which N3 = NCQISubband*R and Mv>=1
· At least one value of Mv>1 is supported
· Decide on the value(s) of Mv, e.g. Mv=2,  in RAN1# 104bis-e
· Working assumption:  Support of Mv>1 is a UE optional feature if the UE supports Rel-17 PS codebook enhancement, taking into account UE complexity related to codebook parameters
· FFS candidate value(s)  of R, mechanism for configuring/indicating to the UE and/or mechanism for selecting/reporting by UE for Wf
· Wf can be turned off by gNB. When turned off, Wf  is an all-one vector (FFS; the length of all-one vector)
· FFS other signaling/CSI reporting mechanism for trade-off among signaling overhead, UE complexity and UPT gain
2. For PS codebook enhancements utilization DL/UL reciprocity of angle and/or delay,
· W1 ∈ N^{P×K1} (K1≤P) is a port selection matrix in order to freely select K1 ports out of P CSI-RS ports or K1/2 ports out of P /2 CSI-RS ports 
· Note that P is the number of CSI-RS ports for port selection (whose value depends on the outcome of the CSI-RS related study).  
3. For PS codebook enhancements utilization DL/UL reciprocity of angle and/or delay, study following options (or combinations) for CSI-RS configurations associated with Rel-17 PS codebook for supporting low CSI-RS overhead and/or CSI-RS processing complexity considering the impact on UPT performance under realistic CSI-RS measurement:  
· Option 0: No further CSI-RS enhancement as the baseline
· Option 1: Support configuring a lower CSI-RS density per CSI-RS resource, e.g. 0.25
· Option 2: Support configuring one or multiple CSI-RS patterns per CSI-RS resource associated with Rel-17 PS codebook
· Option 3: Support configuring multiple CSI-RS resources per CSI reporting configuration associated with Rel-17 PS codebook



2 
3 
3.1 Polarization common vs. polarization specific port selection
With regard to the polarization specific versus polarization common port selection, our simulation results show that polarization specific port selection can provide a better performance-overhead tradeoff compared to polarization common port selection. This is shown in Figure 1.
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Figure 1
The simulation assumption follows the agreed EVM assumption in 102e meeting [4]. The detailed assumptions are shown in Appendix. The baseline performance is R16 Type II PS codebook with 16 precoded CSI-RS ports.  precoded CSI-RS ports ( SD-FD pairs) and  FD basis are assumed for Rel-17 design. Traffic load with 70% RU and SU/MU-MIMO adaptation with up to rank 2 is adopted in the simulation. The  precoder for the  layer reported by the UE is of the form , where  is a free port selection matrix of dimension ,  is a  vector of linear combination coefficients and  with  being the reported rank.  is the port selection ratio, and the values β=[0.25, 0.5, 0.75, 1] are considered for simulation. The  precoder applied by the gNB for PDSCH transmission of layer  in subband  is given by , where  is the total number of antenna ports at the gNB,  is the number of frequency subbands and  is the  SD-FD precoder for a  port CSI-RS in subband  The SD-FD precoder is estimated jointly from oversampled DFT basis for SD and regular DFT basis for FD using the uplink channel measured from SRS. We consider layer specific port selection, as is indicated by the matrix . The feedback overhead calculation then, is as shown in the below table.
	Port selection mechanism
	Polarization Specific
	Polarization Common

	Feedback overhead (bits)
	
	



In the overhead calculation, the first term in the summation represents the selection of  ports out of  ports in a polarization specific or common manner. The second term in the summation represents the  feedback coefficients quantized with 4 bits for amplitude and 3 bits for phase. Figure 1 shows that the Rel-17 codebook with polarization specific port selection can provide 5~8 % UPT gain over R16 Type II PS codebook at the same feedback overhead, whereas the gain is only about 2 % for polarization common port selection.
Observation 1: Rel-17 codebook with polarization specific port selection can provide up to 8 % UPT gain with respect to R16 Type II PS codebook in the low feedback overhead regime.
Proposal 14: Polarization specific port selection codebook utilizing UL/DL reciprocity of angle and delay should be supported in Rel-17. 
3.2 Structure of Wf and configuration of Mv > 1 FD basis
From the RAN1 104 agreement, the  Rel-17 precoder reported by the UE for a particular layer across  frequency subbands is given by , where  is a free port selection matrix, is the matrix of linear combination coefficients, and  is a DFT compression matrix. When ,  is a column vector of all 1s, so that the  precoder reported by the UE for a particular layer  is , where  is the  precoder for a particular layer. This implies that the UE reports a frequency independent precoder  for each layer. The frequency selectivity in the precoder is accounted for at the gNB by means of the SD-FD precoder .
Observation 2: When  the UE reports a frequency independent precoder of the form , and the frequency selectivity of the precoder is accounted for at the gNB by means of SD-FD precoding.
Proposal 15:  implies that  has been turned off by the gNB and the UE reports a frequency independent precoder . In this case,  is a column vector of all 1s.
With , it is possible for the UE to measure and report a part of the frequency selectivity in the precoder, while the remaining frequency selectivity is accounted for at the gNB as explained above. The frequency selective part of the precoder reported by the UE is in the form of the  DFT matrix . The columns of  can either be indicated to the UE by means of downlink signaling, or be computed by the UE, as we explain later below.
In the following figure, we show a simple example of how  can benefit performance.
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Figure 2
In this figure, gNB precodes a 4-port CSI-RS using the SD-FD basis pairs B2, C1, E2, and E3 (red colored). When  the UE measures these CSI-RS ports and reports a frequency independent  precoder for each layer. When a single extra FD basis is configured to the UE (), it is possible for the UE to measure additional SD-FD components B5, C4, E5, and E6 (yellow colored). If DFT FD basis is used at the gNB for CSI-RS precoding, the additional FD basis is located at an offset of 3 units from the ones used at the gNB. This implies that the additional FD basis can be denoted by , where  is the FD basis used at the gNB for the  CSI-RS port in the  subband. The extra FD basis can be configured to be measured by the UE in one of the two ways – (i) indicate the extra FD basis to the UE by means of downlink signaling or (ii) allow the UE to compute the optimal FD basis as in Rel-16 Type II codebook. The second method has the disadvantages of higher UE computational complexity (to evaluate multiple FD hypotheses and select the optimal one) and higher feedback overhead (to report the optimal FD hypothesis). These disadvantages are avoided in the first method. However, the first method has the drawback that when channel reciprocity is weak, the optimal FD bases (measured from the uplink channel) indicated to the UE need not necessarily be the optimal in the downlink. Irrespective of the method, UE feedback overhead increases when  is configured. This can be seen from the above example, wherein the UE can potentially report up to 8 coefficients when  is configured, as compared to 4 coefficients when . In Figure 3, we show the simulation results of the Rel-17 codebook when  is configured.
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Figure 3
The simulation assumptions are the same as that for Figure 1, with  precoded CSI-RS ports being used for Rel-17 codebook. We use the first method to configure i.e., the extra DFT FD bases are indicated to the UE by means of downlink signaling. This avoids UE complexity and reporting overhead as explained earlier. Polarization specific port selection is used, and the feedback overhead is calculated as
,
where the first term in the summation represents the port selection overhead for  precoded CSI-RS ports, and the second term represents the overhead due to reporting  coefficients. We see from the simulation results that the performance benefit of  is at the expense of increased feedback overhead. We also see that for the same port selection ratio , the performance advantage diminishes as  is increased. For example, at ,  achieves ~15 % better UPT than , whereas  only achieves 7~8 % better UPT compared to . This is due to the fact that although configuring  enables UE to measure and report extra FD components, these FD components are confined to the SD bases used for CSI-RS precoding. Referring to our example above, the 8 port coefficients are confined to SD bases B, C, and E. Since the measured SD bases (beams) remain the same, the performance gains diminish as  is increased. Also, the DL signaling overhead increases as  is increased.
Observation 3: When , UE can measure and report more FD components for the same SD bases measured by precoded CSI-RS, thereby improving performance.
Observation 4: The performance gain obtained by configuring  saturates as  is increased due to the fact that multiple FD components in the same beam is measured. Further, the increase in feedback overhead and downlink signaling overhead for a high value of  do not justify the diminishing performance gain.
Proposal 16: Support the configuration of  by means of RRC signaling, and indicate the  candidate DFT FD basis vectors to the UE via MAC-CE signaling. Support candidate values of  between 2 to 4.


4. Conclusion
In summary, based on the above discussion we have the following observations and proposals:
Observation 1: Rel-17 codebook with polarization specific port selection can provide up to 8 % UPT gain with respect to R16 Type II PS codebook in the low feedback overhead regime.

Observation 2: When  the UE reports a frequency independent precoder of the form , and the frequency selectivity of the precoder is accounted for at the gNB by means of SD-FD precoding.
Observation 3: When , UE can measure and report more FD components for the same SD bases measured by precoded CSI-RS, thereby improving performance.
Observation 4: The performance gain obtained by configuring  saturates as  is increased due to the fact that multiple FD components in the same beam is measured. Further, the increase in feedback overhead and downlink signaling overhead for a high value of  do not justify the diminishing performance gain.

Proposal 1: Support that the number of CMRs in two groups can be different, i.e., .

Proposal 2: In addition to (1, 2), support , (2, 3), (3, 4), (4, 4) up to UE capability. For , both  and  can be supported.

Proposal 3:  is configurable and MAC-CE indicates which of  single-TRP measurement hypotheses should be performed by the UE and which of  NCJT measurement hypotheses should be considered by the UE.

Proposal 4: For CSI reporting for NCJT, FR2 optimization is not further considered in R17. 

Proposal 5: For NCJT CSI measurement configured with single reporting setting, only support interference measurement based on CSI-IM.

Proposal 6: How to interpret the two CMRs configured for an NCJT measurement hypothesis can be up to UE implementation.

Proposal 7:  For an NCJT interference hypothesis, the corresponding CRI is associated with two CMRs, whereas the mapping from CRI to IMR remains one-to-one.

Proposal 8: NZP IMR can be configured for single-TRP measurement hypotheses in a CSI reporting setting with NCJT CSI measurement.

Proposal 9: For Option 1 with X = 1, the CSI associated with the best NCJT measurement hypothesis has a lower reporting priority than the CSI associated with the best single-TRP measurement hypothesis.

Proposal 10: For Option 1 with X = 2, the following priority order should be adopted: best single-TRP → best NCJT → 2nd best single-TRP.

Proposal 11: For Option 2, the second RI can be reported as 0 to signal the best single-TRP measurement hypothesis.

Proposal 12: The allowed RI pairs for an NCJT measurement hypothesis assuming the maximal transmission layers less than or equal to 4 should be (1, 1), (1, 2), (2, 1), (2, 2).

Proposal 13: Non-PMI based port-selection is supported for a CSI report associated with an NCJT measurement hypothesis configured by single CSI reporting setting.

Proposal 14: Polarization specific port selection codebook utilizing UL/DL reciprocity of angle and delay should be supported in Rel-17. 

Proposal 15:  implies that  has been turned off by the gNB and the UE reports a frequency independent precoder . In this case,  is a column vector of all 1s.
Proposal 16: Support the configuration of  by means of RRC signaling, and indicate the  candidate DFT FD basis vectors to the UE via MAC-CE signaling. Support candidate values of  between 2 to 4.
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Appendix
SLS assumptions for FR1 FDD reciprocity
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense urban macro 

	Frequency Range
	2 GHz with duplexing gap of 200 MHz between DL and UL

	Inter-BS distance
	200 m 

	Channel model
	Based on TR 38.901 with the reciprocity model of DL/UL channel in Section 5.3 of TR 36.897 

	Antenna setup and port layouts at gNB
	32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 
100 deg subarray downtilt (zenith angle)

	Antenna setup and port layouts at UE
	4RX: (2,1,2,1,1,1,1)


	BS Tx power 
	44 dBm

	BS antenna height 
	25 m 

	UE antenna height & gain
	According to TR36.873 

	UE receiver noise figure
	9 dB

	Modulation 
	Up to 256QAM 

	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
	SU/MU-MIMO adaptation with up to 2 rank 

	CSI feedback 
	CSI feedback periodicity:  5 ms 
Scheduling delay: 4 ms

	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 

	Baseline for performance evaluation
	Rel-16 PS eTypeII 

	SRS modeling for UL channel estimation
	SRS periodicity = 5 ms
SRS error modelling according to Table A.1-2 in TR 36.897 with Δ = 9 dB
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