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Introduction
In [1], two work-item were scoped for Rel-17 further CSI enhancement:
4. Enhancement on CSI measurement and reporting:
a. Evaluate and, if needed, specify CSI reporting for DL multi-TRP and/or multi-panel transmission to enable more dynamic channel/interference hypotheses for NCJT, targeting both FR1 and FR2
b. Evaluate and, if needed, specify Type II port selection codebook enhancement (based on Rel.15/16 Type II port selection) where information related to angle(s) and delay(s) are estimated at the gNB based on SRS by utilizing DL/UL reciprocity of angle and delay, and the remaining DL CSI is reported by the UE, mainly targeting FDD FR1 to achieve better trade-off among UE complexity, performance and reporting overhead.
In this contribution, we discuss aspects related to these two topics.
Discussion on CSI enhancement for mTRP
Rel. 16 multi-TRP supports different modes and different schemes. For single-DCI based multi-TRP, SDM (scheme 1a), FDM (schemes 2a / 2b), and TDM (schemes 3/ 4) have been specified. For multi-DCI based multi-TRP, two PDSCHs can be non/partially/fully-overlapping. “NCJT” mentioned in the WID often referred to either single-DCI based SDM scheme (scheme 1a) or multi-DCI based multi-TRP transmission in the discussions / agreements during Rel. 16.
In our understanding, the focus of this WI is on the single-DCI based SDM scheme. This is because for multi-DCI based multi-TRP transmission, the two PDSCHs may not be always fully overlapping in time and frequency, and there is no mode / RRC configuration that ensures network may schedule the two PDSCH with a certain overlapping assumption, and hence, joint CSI calculation and / or reporting may not be very useful for multi-DCI based multi-TRP compared to separate CSI calculation and reporting, which is already possible in Rel. 16.      
Proposal 1: For multi-TRP CSI enhancements, RAN1 should focus on joint CSI for SDM scheme (scheme 1a). 
In the reminder of this section, we discuss the following aspects for SDM / NCJT CSI 
· Channel and interference measurements
· CSI computation and UE complexity
· CSI reporting
Channel and Interference Measurements
[bookmark: _Hlk47380303]For the SDM scheme in Rel. 16, different DMRS ports of the PDSCH correspond to different TCI states. Also, DMRP ports with a first TCI state belong to a different CDM group compared to CDM group of the DMRS ports with the second TCI state. Hence, there is no interference on DMRS REs for the purpose of channel estimation but the PDSCH still experiences inter-layer interference on data REs. Hence, the interference introduced from the other TRP is not the same as CSI-IM or NZP-CSI-RS for interference (while interference from other TRPs, e.g. a third TRP, is similar to CSI-IM or NZP-CSI-RS for interference). Furthermore, joint precoding is not used across the two TRPs. Otherwise, a DMRS port / data layer would correspond to both TCI states, which is not the case in Rel. 16 SDM scheme (hence the name NCJT). Therefore, the inter-layer interference is not the same as single-TCI state PDSCH with multiple layers as two PMIs corresponds to TRPs are required. SDM operation is illustrated in Figure 1, where  and  represent the layers transmitted from TRP1 and TRP2, respectively, and   and  represent the precoding used at TRP1 and TRP2, respectively. 
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[bookmark: _Ref47372664]Figure 1: SDM Scheme in Rel. 16.
[bookmark: o1]Observation 1: CSI for SDM PDSCH scheme with two TCI states (corresponding to two TRPs) is different than Rel. 15/16 CSI with respect to the following aspects:
· Inter-layer interference from the other TRP is not the same as CSI-IM or NZP-CSI-RS for interference measurements.
· Inter-layer interference from the other TRP is not the same as inter-layer interference in single-TCI state PDSCH with multiple layers as two PMIs corresponding to the two TRPs are required. 
The main limitation in Rel. 15/16 CSI framework is that one CSI report corresponds to one TCI state. In Rel. 15/16, DPS is supported in which case different CMRs can have different TCI states, and the UE reports the CSI along with the corresponding CRI for the best hypothesis. However, the reported CSI corresponds to one CMR associated with one TCI state. In order to enable proper CSI report for SDM scheme, one CSI hypothesis should correspond to two TCI states. There can be different approaches to achieve this goal as explained below and illustrated in Figure 2.
· Approach 1: Support two TCI states for one CSI-RS resource for CMR, where the CSI-RS ports consists of two port groups associated with the two TCI states.
· Approach 2: Support two CMRs corresponding to two CSI-RS resources for a NCJT CSI hypothesis.
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[bookmark: _Ref47509022]Figure 2: Two approaches for enabling one CSI hypothesis with two CSIs.
In Approach 1, different port groups (associated with different TCI states) should belong to different CDM groups. Also, it should be possible that some CSI-RS resources of a CSI-ReportConfig have one TCI state (correspond to single-TCI state hypotheses) while other CSI-RS resources of the same CSI-ReportConfig have two TCI states (correspond to NCJT hypotheses). Similar to Rel. 15, UE can simply report the CRI corresponding to a CMR for a reported CSI hypothesis.
In Approach 2, UE should be provided with the “pairing” configurations so that one or more NCJT hypotheses are defined within a given CSI-ReportConfig. If number of CMR’s in the CSI-ReportConfig is large, there should be some careful pairing configurations to control the UE complexity and limit the number of NCJT hypotheses. In addition, some pairs may not correspond to a valid NCJT hypothesis especially in FR2, where the two corresponding beams may not be simultaneously receivable / transmittable. Furthermore, additional CRI codepoints should be defined as the reported CRI for a NCJT hypothesis corresponds to two CMRs. Overall, Approach 2 may have more specification impact.  
Proposal 2: Study the pros and cons of the following two approaches to enable CSI report for SDM scheme:
· Approach 1: Support two TCI states for one CSI-RS resource for CMR, where the CSI-RS ports consists of two port groups associated with the two TCI states.
· Approach 2: Support two CMRs corresponding to two CSI-RS resources for a NCJT CSI hypothesis.
With respect to interference measurements (e.g. out-of-cluster interference in the case of multi-TRP), the same principle as in Rel. 15 / 16 should be followed. For example, in Rel. 15 / 16, there is a one-to-one mapping between CMR and CSI-IM. In other words, for each CSI hypothesis, a separate CSI-IM can be configured. In the case of CSI for SDM scheme, a CSI hypothesis may not directly map to a CMR depending on Approach 1 vs Approach 2 and the details within each approach. Nonetheless, there should still be a one-to-one mapping between a CSI hypothesis (whether it is a single-TRP hypothesis or multi-TRP hypothesis) and CSI-IM. A CSI hypothesis should be uniquely determined by the corresponding CRI. Hence, following the same principle as in Rel. 15 / 16, one-to-one mapping between CSI-IM and CRI codepoint should be supported.
Proposal 3: Support one-to-one mapping between CSI-IM and CRI codepoint for a given CSI-ReportConfig. 
CSI Computation and UE Complexity
In Rel. 15/16, CPU and active CRI-RS resource/port occupation are specified to address the UE complexity related to CSI computation. For example, for CPU occupation, a report config with M CMR resources occupies M CPUs, or if a CSI-RS appears in N report configs, it is counted as N times toward the CPU budget. For a NCJIT hypothesis (with either approach 1 or approach 2 above), the number of CPUs should correspond to the number of PMI calculations, which is two. In addition, it should be considered as two active resources, and total number of ports should be considered for the NCJT hypothesis. Note that these numbers are separate than single-TRP hypotheses, i.e., if there are two single-TRP hypotheses and one NCJT hypothesis using the same resources / ports as the single-TRP hypotheses, the numbers should be separately counted toward CPU and active CRI-RS resource/port occupations as illustrated in Figure 3. This is because there are separate CSI computations corresponding to different CSI hypotheses.
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[bookmark: _Ref47519235]Figure 3: CPU and active CSRI-RS resource / port occupation for NCJT CSI.
Proposal 4: An SDM CSI hypothesis occupies two CPUs, two active resources, and a number of active ports corresponding to both TCI states. These numbers are separate from single-TRP hypotheses.
CSI Reporting
As in Rel. 15, the CSI report should consist of one CRI (in case there are more than one CSI hypotheses in the corresponding CSI-ReportConfig) to identify the corresponding hypothesis. Also, as discussed before, in Rel. 16 SDM scheme, different layers of the same codeword correspond to different TCI states. Hence, the corresponding CSI report should consist of only one CQI. However, as the two TRPs do not use joint precoding, separate PMIs / RIs should be reported by the UE. In addition, the UE should report separate layer indicators (LIs) as the strongest layer is used at the network side for PTRS transmission given that two PTRS ports is specified for SDM scheme in Rel. 16.
Proposal 5: SDM CSI report should consist of one CRI, one CQI, two RIs, two LIs, and two PMIs.
In Rel. 15, UE reports only one CSI for a given CSI-ReportConfig even when there are multiple CMRs, by selecting the best hypothesis and indicating the corresponding CRI. This is because all CSI hypotheses have the same type, i.e., they are all single-TCI state hypotheses. However, if there are different CSI hypothesis types in a given CSI-ReportConfig (i.e., some hypotheses are single-TCI state and other hypotheses are SDM / multi-TCI states hypotheses), then it may make sense to allow two CSI reports for a given CSI-ReportConfig. That is, instead of UE reporting one CSI corresponding to the best hypothesis, UE reports the best hypothesis among the single-TRP hypotheses as well as the best hypothesis among the multi-TRP hypotheses. Even though this may increase the reporting overhead, the two CSI reports can be very helpful for gNB to make proper scheduling decisions. For example, even though an SDM / multi-TRP CSI hypothesis can result in higher CQI from UE’s perspective, it utilizes more resources from network side and the trade-offs may be different. Hence, it would be more useful if the UE reports the two corresponding CSIs instead of selecting one CSI to report for both single-TRP hypotheses and multi-TRP hypotheses. This is illustrated in Figure 4.   
[image: ]
[bookmark: _Ref47526146]Figure 4: UE reports two CSIs corresponding to the best single-TRP hypothesis and the best multi-TRP hypothesis.
Proposal 6: If a CSI-ReportConfig consist of both single-TCI state and multi-TCI state hypothesis types, UE reports two CSIs corresponding to the best hypothesis within a given type and the corresponding CRIs.
Discussion on CSI enhancement for FR1 FDD reciprocity
In Rel-15/16, there are two schemes for CSI acquisition. The first scheme is via SRS and the second scheme is via CSI reporting. SRS based CSI acquisition is useful in TDD system where the DL and UL channel are on the same band so that first order reciprocity exists. The gNB may derive advanced precoders for DL MIMO transmission based on the instantaneous channel measured from UL. In FDD system, since DL and UL channel are on different band, 1st order reciprocity in terms of instantaneous channel does not exist, so only CSI acquisition has to be based on CSI reporting. Various codebooks can be used, such as Type I CSI as basic codebook for CSI reporting (mainly used for SU and upto rank-8 is supported), and (enhanced) Type II CSI as advanced codebooks with larger overhead and better PMI reporting, thus benefiting MU performance. 
In addition, although 1st order reciprocity does not exist in FDD system, 2nd order reciprocity in terms of long-term statistics (spatial correlation and frequency correlation) may exist to some extent. In Rel-15/16, (enhanced) Type II port-selection are this kind of codebooks that exploit 2nd order spatial reciprocity at network side. Specifically, the gNB may determine spatial beams based on SRS, then transmit beamformed CSI-RS for UE to report a CSI as a linear combination of the beamformed CSI-RS ports. This kind of codebook may benefit performance by using more advanced spatial beams (e.g., eigen-beams) rather than DFT beam used in regular (enhanced) Type II CSI. However, whether reciprocity in frequency correlation (a.k.a., delay reciprocity) can be also exploited by network remains open, and this becomes one of the focus of Rel-17 CSI enhancement.
Although exploiting spatial/delay reciprocity at network side may provide flexibility, it seems sensitive to the level of reciprocity assumed between DL and UL. Hence, before going into detailed specification enhancement, careful study on the performance and reciprocity assumption are essential. In the following, we discuss issues related to these aspects.
Discussion on evaluation methodology
There have been extensive discussions on evaluation methodology prior to the meeting, and a nice summary has been provided in [2]. Among the remaining issues, the most controversial issues lie in FDD channel model and Tx-Rx calibration error model.
FDD channel model
Based on the discussion in [2], there are two options for FDD channel model:
· Option 1: The reciprocity model of DL/UL channel is based on Section 5.3 of TR 36.897 [4]
· Option 2: The reciprocity model of DL/UL channel is based on Section 7.6.5 of TR 38.901 [5] with different DL/UL frequency
Table 1. Comparison between FDD channel model generation in TR38.901 and TR36.897
	
	38.901
	36.897

	Step 3: path loss calculation
	Frequency dependent
	Frequency dependent

	Step 4: large scale parameters (e.g., DS, ASA, ASD, ZSA, ZSD)
	Frequency common (because using 2GHz as reference for sub 6)
	Frequency common

	Step 5: cluster delays
	Frequency common
	Frequency common

	Step 6: cluster powers
	Frequency dependent (because cluster shadowing Zn is frequency dependent)

	Frequency common

	Step 7: arrival/departure angles
	Frequency dependent (because angle is a function of cluster powers)
	Frequency common

	Step 9: XPR
	Frequency dependent
	Frequency common

	Step 10: initial random phase
	Frequency dependent
	Frequency dependent

	Step 11: phase between antennas and doppler shift
	Frequency dependent
	Frequency dependent


A comparison between option 1 and option 2 is summarized in Table 1. As shown, both options generate specific path loss, initial random phase, steering phase between antennas and doppler shift per UL/DL center carrier frequency, and both options generate common large-scale parameters and per-cluster delays for UL and DL. Their main differences lie in per-cluster power, per-cluster angle and cross-polarization ratio generation. In our view, the permittivity and permeability of a medium are frequency dependent. These two factors determine the properties of the refracted EM waves. Thus, it is natural that power and angle are frequency dependent. The concern of Option 1 is that it is too optimistic on the reciprocity assumption, which may lead to significant difference compared to the result in the field. From this perspective, considering option 2 as channel model will yield more robust studies and more solid schemes compared to option 1. Hence, based on the discussion, we observe and propose
Observation 2: Reciprocity model based on section 7.6.5 of TR38.901 generate frequency dependent per-cluster power, angle and XPR, while reciprocity model based on section 5.3 of TR 36.897 assumes more optimistic reciprocity by generating common per-cluster power, angle and XPR for all frequencies.
Proposal 7: RAN1 should consider section 7.6.5 of TR38.901 as channel model for FR1 FDD reciprocity study. 
Tx-Rx calibration error model
Antenna calibration is a key factor that impacts the reciprocity in TDD and FDD system. In real system, the actual channel observed at baseband in DL and UL can be written as 
, and 
where  with size  and  with size denote the wireless channel in DL and UL, respectively,   with size  and  with size  denote the effective transfer function resulted by UE Rx chain plus FDD duplexer and UE Tx chain plus FDD duplexer respectively, while  with size  and  with size  denote the effective transfer function resulted by BS Tx chain plus FDD duplexer and BS Rx chain plus FDD duplexer respectively.  and  represent the number of antennas at UE side and BS side, respectively. The second order statistic in spatial domain are written as


Where the expectation is taken over time domain (i.e., multiple observations in time domain). To obtain second order statistic in spatial domain, it is required that  and . However, due to hardware implementation, it is not possible to have same characteristics in Tx and Rx circuitry, especially considering that they are working on different carrier frequency in FDD system. Instead, in real system, it is possible measure the difference between Tx and Rx circuitry, e.g.,  and , then compensate back.


Figure 5. Illustration of Tx-Rx calibration circuit in FDD system
Typical method for Tx-Rx calibration is using a reference Tx/Rx module to measure the ratio between each Tx (resp. Rx) chain to the reference Tx (resp. Rx) chain. A toy example is illustrated in Figure 5. By connecting Tx_ref and Rx_ref to Tx and Rx1, it is possible to obtain  and . Then, the ratio between Tx1 and Rx1 can be obtained as , where  is known because of the knowledge reference Tx, reference Rx and other circuit components (e.g., frequency duplexer, coupler). Repeating the same procedure for other Tx-Rx pairs yields the Tx-Rx ratio for other Tx-Rx pairs.
Due to the non-ideal frequency response of circuitry components and thermal noise, it is not hard to see the above procedure will result in per Tx-Rx pair residual error and per-subcarrier residual error. From this perspective, similar to the error model proposed in [5], a diagonal matrix can be added for antenna calibration error as
, with 
Where the amplitude can be modeled as uniform or log-normal distribution, while phase can be modeled as uniform distribution. The calibration error should be added independently per-subcarrier. Hence, based on the discussion, we observe and propose
Observation 3: FDD reciprocity requires Tx-Rx calibration at least at network side. The antenna calibration error model is per Tx-Rx pair and per-subcarrier due to non-ideal frequency response of circuitry components and thermal noise.
Proposal 8: Consider the diagonal error model proposed in R1-144943 for FDD reciprocity. The error should be added per Tx-Rx pair and per-subcarrier. 
Schemes for exploiting FDD reciprocity and evaluation results
Before discussing schemes exploiting FDD reciprocity, let us step back and obtain insight from Rel-16 eType II CSI. In eType II, the precoder for a certain layer across N3 subbands is illustrated in Figure 6. The spatial compression bases are used to compress the spatial domain dimension from Nt to 2L by exploiting 2nd order correlation in spatial domain. The frequency domain compression bases are used to compress the frequency domain dimension from N3 to M, by exploiting 2nd order correlation in frequency domain. Then, the coefficient matrix left in the middle is a sparse matrix. In this way, reporting a few non-zero coefficients suffices to provide solid performance. In FDD system, since the gNB may obtain 2nd order statistics from the UL channel measured using SRS, it is possible for gNB to obtain the spatial bases and frequency domain compression bases.
[image: ]
Figure 6. Illustration of eType II codebook
After obtaining the SD and FD bases, there are two ways for gNB to convey the information to the UE.
· Alt1 (transparent to UE): The gNB transmits precoded CSI-RS via SD and/or FD bases. Each CSI-RS port is precoded by a pair of SD and FD bases. An illustration is shown in Figure 7, where in the precoder on FD unit n is dependent on the n-th entry of the corresponding FD basis
[image: ]
Figure 7. Illustration of CSI-RS precoding using SD and FD bases
· Alt2 (non-transparent to UE): The gNB explicit indicate the SD and/or FD bases to UE. 
In Alt1, the benefits are four-fold. First, the gNB may use different type of bases other than DFT, e.g., SVD bases; second, the granularity of FD bases can be finer than the subband size, e.g., per-RB (This means that the size of the FD bases obtained at gNB side is equal to the total number of RBs); third, UE complexity may be reduced as UE only needs to calculate and report a coefficient for each port across the CSI reporting band; fourth, CSI overhead can be reduced as there is no need to report SD and FD bases (but this benefit is minor as bases reporting is not the most considerable part in CSI reporting payload). The downside of Alt1 are two-fold. First, it may require large number of UE-specific CSI-RS ports (e.g., 32 ports), which consumes large DL overhead; second, the precoding of CSI-RS may become frequency-selective which degrades channel estimation performance.
In Alt2, the benefit is overhead saving because there is no need to provide bases (but this benefit is minor as bases reporting is not the most considerable part in CSI reporting payload), and requiring same CSI-RS ports overhead and achieving same channel estimation performance as Rel-16 eType II port-selection. The drawback lies in that the FD bases type and granularity should be same as Rel-16 eType II port-selection. From this perspective, it is hard to see performance enhancement compared to Rel-16 eType II port-selection.

Figure 8. Performance comparison between R17 32-port (selecting 8, 16, 24 and 32 ports), 16-port (selecting 4, 8, 12 and 16 ports) and eType II port-selection under high traffic loading with SU/MU adaptation

Figure 9. Performance comparison between R17 32-port (selecting 8, 16, 24 and 32 ports), 16-port (selecting 4, 8, 12 and 16 ports) and eType II port-selection under low traffic loading with SU
Evaluation results are shown in Figure 8 and 9 to compare Alt1 with baseline scheme (Rel-16 eType II port-selection) under TR38.901 model. In the baseline scheme, eigen beamforming is used to transmit beamformed CSI-RS and the eigen beamforming is calculated based on a long-term filtering of the 2nd order statistics of the UL channel. For Rel-17 Alt1, the four points on the curve is based selecting  per layer, while the total number of ports selected across all layers is . For Rel-17 Alt1, the beamforming for each CSI-RS port is based on an eigen-vector for SD basis and an eigen-vector for FD basis obtained from long-term filtering of 2nd order statistics of the UL channel. Other detailed simulation setup is provided in the Appendix. As shown by figure 8 and 9,
· There is no gain at high overhead regime (parameter combinations with L=4). This is because the baseline scheme already provides good performance and Alt1 may suffer from poor reciprocity in UL due to mismatched pre-cluster power/angle, XPR, SRS error and calibration error.
· There is marginal gain (less than 4%) at low overhead regime (parameter combinations with L=2). The reason is that selecting L=2 ports does not provide good performance, while gNB may emulate CSI-RS ports with more SD bases and UE may perform a free-selection of CSI-RS ports.
Based on the discussion, we observe and propose
Observation 4: Transmitting beamfored CSI-RS via SD-FD bases give higher flexibility for bases type and granularity, but consumes large number of CSI-RS ports and degrades channel estimation performance.
Observation 5: Transmitting beamformed CSI-RS via SD-FD bases and UE free-selection of ports yield marginal gain at low overhead regime compared to eType II port-selection with L=2, but achieves worse performance at high overhead regime compared to eType II port-selection with L=4.
Proposal 9: RAN1 should carefully study the performance of FDD reciprocity before specifying potential enhancements.
[bookmark: _GoBack]Conclusion
In this contribution, we discuss issues related to CSI enhancement for mTRP and FR1 FDD reciprocity. Based on the observation
Observation 1: CSI for SDM PDSCH scheme with two TCI states (corresponding to two TRPs) is different than Rel. 15/16 CSI with respect to the following aspects:
· Inter-layer interference from the other TRP is not the same as CSI-IM or NZP-CSI-RS for interference measurements.
· Inter-layer interference from the other TRP is not the same as inter-layer interference in single-TCI state PDSCH with multiple layers as two PMIs corresponding to the two TRPs are required. 
Observation 2: Reciprocity model based on section 7.6.5 of TR38.901 generate frequency dependent per-cluster power, angle and XPR, while reciprocity model based on section 5.3 of TR 36.897 assumes more optimistic reciprocity by generating common per-cluster power, angle and XPR for all frequencies.
Observation 3: FDD reciprocity requires Tx-Rx calibration at least at network side. The antenna calibration error model is per Tx-Rx pair and per-subcarrier due to non-ideal frequency response of circuitry components and thermal noise.
Observation 4: Transmitting beamfored CSI-RS via SD-FD bases give higher flexibility for bases type and granularity, but consumes large number of CSI-RS ports and degrades channel estimation performance.
Observation 5: Transmitting beamformed CSI-RS via SD-FD bases and UE free-selection of ports yield marginal gain at low overhead regime compared to eType II port-selection with L=2, but achieves worse performance at high overhead regime compared to eType II port-selection with L=4.
We propose
Proposal 1: For multi-TRP CSI enhancements, RAN1 should focus on joint CSI for SDM scheme (scheme 1a). 
Proposal 2: Study the pros and cons of the following two approaches to enable CSI report for SDM scheme:
· Approach 1: Support two TCI states for one CSI-RS resource for CMR, where the CSI-RS ports consists of two port groups associated with the two TCI states.
· Approach 2: Support two CMRs corresponding to two CSI-RS resources for a NCJT CSI hypothesis.
Proposal 3: Support one-to-one mapping between CSI-IM and CRI codepoint for a given CSI-ReportConfig. 
Proposal 4: An SDM CSI hypothesis occupies two CPUs, two active resources, and a number of active ports corresponding to both TCI states. These numbers are separate from single-TRP hypotheses.
Proposal 5: SDM CSI report should consist of one CRI, one CQI, two RIs, two LIs, and two PMIs.
Proposal 6: If a CSI-ReportConfig consist of both single-TCI state and multi-TCI state hypothesis types, UE reports two CSIs corresponding to the best hypothesis within a given type and the corresponding CRIs.
Proposal 7: RAN1 should consider section 7.6.5 of TR38.901 as channel model for FR1 FDD reciprocity study. 
Proposal 8: Consider the diagonal error model proposed in R1-144943 for FDD reciprocity. The error should be added per Tx-Rx pair and per-subcarrier. 
Proposal 9: RAN1 should carefully study the performance of FDD reciprocity before specifying potential enhancements.
Appendix – simulation setup
	Parameter
	Value

	Scenario
	UMa

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

	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. 
· Generate independent per-cluster power and angle for UL and DL. 
· Generate independent cross polarization ratio for UL and DL.

	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
	4RX: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for rank > 2

	Simulation bandwidth
	10 MHz with 15KHz

	CSI feedback
	CSI feedback periodicity (full CSI feedback) :  5 ms,
Scheduling delay:  4 ms

	Traffic load (Resource utilization)
	80% for SU/MU-MIMO with rank adaptation upto rank-4
20% for SU-MIMO with rank adaptation up to rank-4

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

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

	FDD DL/UL calibration error model at gNB
	FDD DL/UL calibration error model, e.g. R1-144943
Amplitude error: uniform distribution within [-0.35dB, 0.35dB]
Phase error: uniform distribution within [-5degree, 5degree]
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901 model, rank-4, 10MHz, 15kHz, 80% RU, MU

R17 32-port	240	352	464	576	1.0997538744439783	1.2017541662972804	1.2391586094743867	1.2513424794918218	R17 16-port	120	176	232	288	0.97791499148050354	1.0678747809196181	1.1166556536219208	1.1227955403109426	eT2 PS	172	229	265	378	567	623	1	1.1063927145129386	1.1815687632883884	1.247546558674852	1.242878429085893	1.2400575663882483	CSI overhead


Relative gain




901 model, rank-4, 10MHz, 15kHz, 20% RU, SU

R17 32-port	240	352	464	576	1.0667086518684519	1.0925452195760168	1.0925452195760168	1.1155775440114355	R17 16-port	120	176	232	288	1.005096582748179	1.0384653575798759	1.0541653200315073	1.0590135819010733	eT2 PS	172	229	265	378	567	623	1	1.0262028879155238	1.1016663988512438	1.130718659387508	1.1403175592447017	1.1421646568834078	CSI overhead


Relative gain
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