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1	Introduction
In this contribution we discuss the remaining aspects of the design for reciprocity-aided FDD CSI enhancement, as identified by the agreements in RAN1#104-e [2], namely
1. Study of CSI-RS configurations to support low CSI-RS overhead and/or CSI-RS processing complexity
2. Study of  configurations with additional FD components
3. Remaining aspects related to the structure of  and 
For multi-TRP CSI enhancement, we focus on single-DCI M-TRP CSI reporting, and discuss the following
1. Remaining aspects in the CSI Reporting Setting configuration
2. CRI extension
3. Extension of the CSI priority and omission rules

[bookmark: _Ref54347807]2	FDD CSI reporting with partial reciprocity

[bookmark: _Ref54348033]2.1	Study of CSI-RS configurations
In RAN1#104-e it was agreed to study some CSI-RS configurations for Rel-17 PS enhancement, with the aim at reducing CSI-RS overhead and/or processing complexity.
Agreement

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

The main motivation for this study is to consider options to lower CSI-RS overhead when scheduling multiple UEs for CSI reporting, as CSI-RS resources for Rel-17 PS codebook are UE specific, hence overhead scales with the number of scheduled UEs. Another related objective is to ensure enough UE-specific resources can be scheduled in the same slot, such that CSI reports can be triggered for multiple UEs in the same slot. Multi-slot scheduling complicates scheduler implementation, reduces PDSCH throughput and increases latency to collect CSIs from enough UEs.
Let us consider the representative case of 32-port CSI-RS. Currently, i.e., under Option 0, there are three possible patterns, according to Table 7.4.1.5.3-1 of 38.211, generating the two types of time-frequency resource allocation illustrated on the left-hand side of Figure 1, where different colours represent different CSI-RS resources. In both cases, the maximum number of CSI-RS resources that can be accommodated in a slot is , where  is the CSI-RS density, defined as
	
	[bookmark: _Ref534994984][bookmark: _Ref534994990](1)


With Option 2, we can introduce a single new pattern per resource or multiple new patterns. The right-hand side of Figure 1 shows that the maximum number of CSI-RS resources in a slot can be increased to  by introducing a single new pattern occupying 4 subcarriers and 8 symbols per RB. This new configuration, which can be obtained with any of the three cdm-type currently used for 32-ports (FD-CDM2, CDM4-FD2-TD2, or CDM8-FD2-TD4), allows to schedule 50% more UEs per slot for CSI reporting compared to the existing configurations. It also has the advantage of spreading the CSI-RS processing over a larger number of symbols, compared to the existing patterns, hence it allows for lower complexity implementations at both gNB and UE, as the number of ports per symbol is halved, from 8 to 4.
Observation 1. [bookmark: _Ref68636895]Option 2 with new single pattern for 32-port CSI-RS resources can increase the maximum number of resources per slot by 50% compared to Option 0. It also halves the number of CSI-RS ports processed per slot, from 8, under Option 0, to 4, thereby allowing lower complexity implementations at both gNB and UE.
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[bookmark: _Ref68029639]Figure 1. Comparison between maximum number of CSI-RS resources that can be scheduled per slot for Option 0 (left) and Option 1 – single pattern (right), for density . Different CSI-RS resources are drawn in different colours.
 
Let us consider Option 2 with multiple patterns per resource. Multiple patterns can be obtained by splitting ports in  groups and assigning a different RB offset to each group. Therefore, this configuration only applies for density . For 32-port resources and density , the maximum number of resources scheduled per slot is 6, i.e., the same as with single pattern shown on the right of Figure 1. However, for density , Option 2 with multiple patterns allows to squeeze 15 32-port CSI-RS resources per slot, compared to 12 for Option 2 with single pattern and 8 with Option 0. The configuration with multiple patterns and density ¼ is shown in Figure 2, where the four patterns can be obtained with cdm-type FD-CDM2 or CDM4-FD2-TD2, and RB offset 0,1,2 and 3.
Option 3 allows to combine ports from multiple CSI-RS resources in the same Reporting Setting. This option yields the same flexible configurations as Option 2, with both single and multiple patterns. However, it has the drawback of configuring multiple resources for a single Type II CSI measurement. This complicates handling of UE capabilities for maximum number of resources/ports in relation to CPU occupation. Also, currently Type II CBs can only be configured with a single resource, so an exception would be needed for Rel-17 PS codebook.
Both Option 2 with multiple patterns and Option 3 support configurations where port groups are mapped to different RB combs by applying RB offsets. We think this explains some performance degradation we observe in simulation results, shown in Figure 4, because different port groups experience different frequency selective channel conditions. Conversely, when all ports are mapped in the same RB comb, as in Option 0 and 2, the same channel frequency response applies to all ports.
Table 1 summarises the maximum number of 32-port resources that can be scheduled per slot for different CSI-RS configurations 
Observation 2. [bookmark: _Ref68636970]Option 3 achieves the same scheduling flexibility as Option 2 but with the drawback of configuring multiple resources for a single CSI calculation, which complicates handling of UE capabilities for maximum number of resources/ports in relation to CPU occupation.

[bookmark: _Ref68081610]Table 1. Maximum number of 32-port CSI-RS resources per slot for different configuration options and densities
	
	Configuration
	Option 0
	Option 2 – single pattern
	Option 2 – multi pattern
	Option 3

	Density 
	
	
	
	
	

	
	2
	3
	-
	3

	
	4
	6
	6
	6

	
	8
	12
	15
	15
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[bookmark: _Ref68077258]Figure 2. CSI-RS configuration with multiple patterns per resource

Regarding Option 1, i.e., the possibility to configure a lower CSI-RS density of , this offers the benefit of a 50% reduction in overhead compared to density 1/2, at the expense of restricting the minimum granularity of the PMI subband, controlled by parameter .
In general, we observe throughput performance depends in a complex way on PMI subband size and CSI-RS density. For a fixed value of , lowering the CSI-RS density tends to increase throughput performance, on one hand, if one includes the effect of CSI-RS overhead in the UPT calculation, but on the other, UE’s channel measurements on PMI subbands are noisier because fewer RBs carry CSI-RS. For a fixed CSI-RS resource density, , increasing , i.e., reducing the PMI subband size, on one hand improves the PMI accuracy for highly frequency-selective channels, but on the other results in noisier channel measurements by a UE on PMI subbands.
Moreover, as  increases, the minimum configurable CSI-RS density also increases, because there must be at least 1 RB per PMI subband carrying CSI-RS. In general, the relationship between the two parameters, PMI subband size, , where  is the number of RBs per CQI subband, and CSI-RS density, , must satisfy the inequality
	.
	[bookmark: _Ref68113422](2)


Note that the number of RBs carrying CSI-RS in a PMI subband is given by .
Therefore, for a given value of , and for CSI-RS densities not smaller than ¼, the minimum configurable CSI-RS density, , given by
	, for 
	(3)


We observe that, at least for the simulated scenarios, the best throughput performance is achieved with parameters  and  satisfying equality in (2), i.e., when the configuration is such that there is only one RB per PMI subband carrying CSI-RS. Other scenarios, including different inter-site distance or channels with different frequency-selectivity may yield optimum performance for more than one RBs per PMI subband carrying CSI-RS.
[image: ]
Figure 3. Comparison between different CSI-RS configurations with one RB per PMI subband carrying CSI-RS ().
[image: ]
[bookmark: _Ref68633729]Figure 4. Comparison between different CSI-RS configurations with one RB per PMI subband carrying CSI-RS ().

Observation 3. [bookmark: _Ref68636996]The minimum configurable CSI-RS density depends on the value of , according to the inequality: , which states that the number of RBs carrying CSI-RS in a PMI subband, , must be larger than 1. In the simulated scenarios, we observe that throughput performance is best with equality, for , i.e., when only one RB per PMI subband carries CSI-RS.

Proposal 1. [bookmark: _Ref68637317]Support Option 1 and Option 2 with a new single pattern for 32-port CSI-RS resources occupying 4 subcarriers and 8 symbols per RB carrying the RS, such that the maximum number of 32-port resources that the network can accommodate per slot is increased to , for density .
Proposal 2. [bookmark: _Ref68637346]Support a minimum configurable CSI-RS density depending on the value of , given by , for .

2.2	Additional FD components for 
In RAN1#104-e the Rel-17 PS codebook structure was agreed as described in the following agreement:
Agreement

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

Regarding the structure of , it was agreed to support  and at least one additional parameter value , i.e., at least one configuration with one or more FD components in addition to FD component 0.
Configuring a UE to calculate additional FD components can be beneficial regardless of whether the FD precoding vectors applied to the CSI-RS are DFT-based or eigen-based. In one use case example illustrated in Figure 5, the gNB calculates the FD precoding weights from a DFT-based codebook. The gNB optimises the position of windows of length  in the delay domain and the candidate FD precoding vectors correspond to the initial delays of these windows. The UE is configured to measure the two FD components in the window for each selected port. In the example 3 ports are shown and the UE measures 6 delays.
Observation 4. [bookmark: _Ref68637066]A configuration with  FD components allows the network to increase the resolution of the CSI-RS precoders in the delay domain by a factor of 2.


[image: ]
[bookmark: _Ref68165820]Figure 5. Use case example for configuring a window of  FD components at the UE. The FD precoding bases calculated by the gNB are DF-based.

In general, by applying the appropriate FD precoding to the CSI-RS, the gNB can shift any delay window to a fixed predefined position, as seen by a UE, hence there is no need for configuring a UE with multiple windows.
Observation 5. [bookmark: _Ref68637085]Configuring a single window of  FD components is enough as the gNB can shift any delay window to a fixed predefined position, as seen by a UE, by applying FD precoding to the CSI-RS ports

Another use case for configuring a window of  FD components at the UE is the effect of a timing offset, common across the CSI-RS ports, on Rel-17 PS measurements at the UE. In Rel-15/16 CBs, the presence of a timing offset does not impact the CSI calculation for the part relative to the FD components, because either all  or  (if ) components are measured and the UE selects the strongest . It should also be noted that the FD components are reported to the gNB up to a circular shift. In Rel-17, the gNB precodes the ports in frequency such that the FD component of interest is located at FD component 0. A timing offset common to all ports would shift this component away from the DC and a better measurement at the UE would be obtained at this shifted FD component. However, this shift does not need reporting if it is common to all ports. In fact, in a Rel-17 configuration with , a zealous UE may already measure the CSI-RS ports on multiple FD components and report the nonzero coefficients corresponding to the strongest component, which may not be FD component 0, without need to report the index of this component. However, this behaviour is down to UE implementation as a UE is not required to measure more than one FD component if . Therefore, setting a window of  FD components with  configures a UE to report measurements of the strongest FD component in the window, across all ports. Note that a configuration ,  has the same overhead as , because the index of the strongest component does not need reporting.
Observation 6. [bookmark: _Ref68637104]A configuration with  and  allows to compensate for a timing offset common across the ports. In this case a UE is configured to report nonzero coefficients corresponding to the strongest FD component in the window.
Observation 7. [bookmark: _Ref68637145]A configuration with  and  requires the same overhead as the case  because the index of the selected component does not need to be reported.

In a third use case the gNB may use a single FD precoder per SD beam and ensure that the dominant delays of all beams are located, for example, in the first  or  delays. A UE could then be configured to select  FD components in this window. This configuration can be seen as an enhancement of Rel-16 PS with larger values of , where a single frequency precoding is applied per beam to focus the energy of the delay profile in a fraction of the  FD components. However, UE complexity and feedback overhead of this configuration would not be lower than that of Rel-16 PS.
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Figure 6. Comparison between multiple FD components configured at the UE,  and window size . The precoder at the gNB is jointly selected as combination of eig-based SD and DFT-based FD components.

Proposal 1. 
Proposal 2. 
Proposal 3. [bookmark: _Ref68637367]Regarding the network configuration of , support RRC configuration of a single window of  FD components, i.e., a UE is configured to measure the  FD components in the window for the selected ports. 
Proposal 4. [bookmark: _Ref68637383]Regarding candidate values of  and , consider the combinations ,  and  for .



2.3	Remaining aspects for  and 
In RAN1#104-e, it was agreed that  is a port selection matrix whereby a UE selects  out of  configured ports, in case of polarisation-specific port selection, or  out of  ports for polarisation-common port selection.
Agreement

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).

It should be noted that polarisation-common port selection at the UE implies that the UE expects half the precoded CSI-RS ports to be in each polarisation, and to be precoded by the same SD-FD precoding pairs. Therefore, in this case it makes sense for the choice of SD-FD bases at the gNB to be also polarisation-common. In practice, this is not a restriction from a network perspective as this is a typical assumption in the calculation of the CSI-RS precoders. In fact, besides the polarisation-common assumption at the gNB, we also assume the SD and FD components of the CSI-RS precoders are separable, such that the precoder  can be expressed, in general, as
	, with   
	(4)


where  is s the number of transmit antenna ports,  is the number of frequency units of the CSI-RS precoders and , for , are the  SD-FD precoding vectors, obtained from two sets of SD and FD candidate precoding vectors: . The SD-FD pairs of vectors can be selected based on the strongest combined eigenvalue (for eigen-based precoders) or squared projection magnitude (for DFT-based precoders).
As the  ports are selected freely a UE, the most efficient signalling mechanism is a combinatorial indicator of size:  for polarisation-common port selection, or:  for polarisation-specific port selection.
[image: ]
Figure 7. Comparison between polarisation-common and polarisation-specific port selection. Two different precoders at the gNB are simulated: joint and sequential selection of eig-based SD and FD components.

Proposal 1. 
Proposal 2. 
Proposal 3. 
Proposal 4. 
Proposal 5. [bookmark: _Ref68637421]Support polarisation-common port selection of  out of  CSI-RS ports.
Proposal 6. [bookmark: _Ref68637433]Support combinatorial indication of the  out of  selected ports for .

Another aspect that needs consideration is a special configuration where  is the identity. This option corresponds to a configuration with parameter value , and a UE can report nonzero coefficients for any of the  ports. In this case,  is not reported.
Proposal 1. 
Proposal 2. 
Proposal 3. 
Proposal 4. 
Proposal 5. 
Proposal 6. 
Proposal 7. [bookmark: _Ref68637448]Regarding the candidate values for , consider the same value set as for , i.e.,  with .

A third aspect is related to the indication of the  bitmap, for which there are two alternatives: polarisation-specific, like in Rel-16, or polarisation-common. The bitmap size for reported rank  is:  , for polarisation-common bitmap, or  for polarisation-specific bitmap.
Proposal 8. [bookmark: _Ref68637465]Regarding the indication of the  bitmap, further evaluate the two alternatives: polarisation-common bitmap, of size  , and polarisation specific bitmap, of size .

A fourth aspect concerns the maximum number of NZC (nonzero coefficients) per layer, . The same mechanism as in Rel-16 can be reused with parameter  defining  as a fraction of the total number of coefficients available in a rank-1 report, .
Proposal 9. [bookmark: _Ref68637481]Regarding the maximum number of NZC per layer, , reuse the definition from Rel-16, such that . Further study additional candidate values for .
 
3	M-TRP CSI reporting enhancement
In RAN1#104-e [2], it was agreed that a CSI Reporting Setting (CSI-ReportConfig) for multi-TRP CSI reporting can be configured with  CMRs in the CSI-RS resource set, arranged in two CMR groups, with  and  resources each, such that .  CMR pairs, one from each group, are higher layer configured for NCJT measurement from all possible pairs, such that a UE can be configured to measure certain pairs of resources under NCJT hypothesis and individual CMR resources under single-TRP transmission hypothesis. Note that there is no need for TRP association to each CMR group. In fact, in case of TRP clusters with more than 2 TRPs, the CMRs in each group may be transmitted by more than one TRP.  
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

In RAN1#104-e [2], it was also agreed that a single CSI Reporting Setting can configure a UE to report more than one CSIs, according to the following 4 possible configuration options:
1. One CSI
a. Best NCJT. The UE reports the best of NCJT hypotheses.
b. Best {NCJT, group 1, group 2}. The UE reports the best of all configured NCJT and single-TRP hypotheses
2. Two CSIs.
a. Best NCJT + best {group1, group 2}. The UE reports the best of NCJT hypotheses and the best of single-TRP hypotheses.
3. Three CSIs.
a. Best NCJT + best group 1 + best group 2. The UE reports the best of NCJT hypotheses, the best of single-TRP hypotheses from group 1 and the best of single-TRP hypotheses from group 2.

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

In the remainder of this section we discuss the remaining issues in the CSI Reporting Setting configuration, including the associated CPU occupancy, the mechanism for a UE to indicate the CMR resource(s) associated with a reported CSI and an extension of the CSI omission rules to multi-TRP CSI reporting.
3.1	Remaining issues in the CSI Reporting Setting configuration
One outstanding issue is whether  CMR resources should be allowed in a CSI-RS resource set and, if so, whether the single-TRP measurements hypotheses should be  or fewer, when a UE is configured for a report requiring single-TRP CSI measurements.
There are several use cases for which configuring different CMR resources for NCJT and single-TRP measurement hypotheses is beneficial, for example:
1. [bookmark: _Hlk67575227]The gNB may apply different beamforming to the CSI-RS resources intended for NCJT and single-TRP measurement. For example, the CMR resources to be measured for NCJT may be beamformed such that interference between two TRP is minimised for cell-edge UEs, whereas the CMR resources intended for single-TRP measurement are beamformed to maximise beamforming gain.
2. [bookmark: _Hlk67506664]In FR2, a UE may use different receive spatial filters to measure NCJT and single-TRP hypotheses. For example, when measuring a CMR resource for an NCJT hypothesis, the receive spatial filters may be optimised for single-panel reception, with two different panels measuring each CMR resource in the NCJT pair. Conversely, for a single-TRP measurement hypothesis the spatial filters may be optimised for two-panel reception, as both panels can receive a single TRP. Therefore, CMR measurement may be impacted if a single CMR resource is configured for both single-TRP and NCJT measurements if only one spatial filter can be used per measurement. In this case, it would be beneficial to configure different CMR resources for single-TRP and NCJT measurement hypotheses.

Therefore, it is beneficial for both network and UE to be able to configure  CMR resources in a set and restrict single-TRP measurements, when applicable, to only a subset of the  resources.
Observation 1. 
Observation 2. 
Observation 3. 
Observation 4. 
Observation 5. 
Observation 6. 
Observation 7. 
Observation 8. [bookmark: _Ref68637517]For a multi-TRP CSI Reporting Setting, configuring  CMR resources in a set and restricting single-TRP measurements to a subset, , of CMR resources allows the flexibility to configure different resources for NCJT and single-TRP measurements.
Observation 9. [bookmark: _Ref68637544]For a multi-TRP CSI Reporting Setting, configuring different CMR resources for NCJT and single-TRP measurements allows the network to optimise transmit beamforming to minimise interference between TRPs (NCJT) or maximise beamforming gain (single-TRP). It also allows a UE to optimise receive spatial filters when measuring a CMR resource for NCJT or single-TRP hypothesis.
A third use case illustrates the benefit of dynamically configuring the NCJT pairs and, when applicable, adjusting the number of single-TRP measurements, via MAC-CE, for semi-persistent and aperiodic multi-TRP reporting.
3. [bookmark: _Hlk67575211]The gNB may dynamically update the NCJT pairs by MAC-CE, in case of aperiodic and semi-persistent reporting, based on some prior information of the channel propagating conditions or some other CSI scheduling constraints. For example, the gNB may decide to remove an NCJT hypothesis that is unlikely to be selected and increase the number of single-TRP measurements. In another example, if another periodic CSI report is configured, a gNB may want to schedule an aperiodic multi-TRP report with reduced number of CSI calculations to avoid CPU overbooking. This can be done by reducing the number of single-TRP measurements or removing some NCJT pairs.
This dynamic configuration of NCJT pairs and the number of single-TRP measurements can be based on channel conditions known a priori by the gNB or simultaneous scheduling of other CSI reports to avoid CPU overbooking. On the other hand, for periodic reporting, RRC configuration of the NCJT pairs and the number of single-TRP measurements is enough.
Observation 10. [bookmark: _Ref68637561]For semi-persistent and periodic multi-TRP CSI reporting, a combination of RRC and MAC-CE indication of the NCJT pairs and the number of single-TRP measurements allows the network to adjust the number and type of measurement hypotheses based, for example, on a priori knowledge of channel conditions and CPUs occupied by other scheduled CSI reports to avoid CPU overbooking.
A simple mechanism to achieve this flexible configuration is to support both RRC and MAC-CE indication of NCJT pairs and introduce a higher layer parameter indicating the number of CMR resources configured for single-TRP measurements, say , such that , with a fixed rule establishing which resources from each CMR group should be considered for single-TRP hypotheses.
Proposal 1. 
Proposal 2. 
Proposal 3. 
Proposal 4. 
Proposal 5. 
Proposal 6. 
Proposal 7. 
Proposal 8. 
Proposal 9. 
Proposal 10. [bookmark: _Ref68637624]Support RRC and MAC-CE indication of  NCJT pairs by means of a bitmap of size .
Proposal 11. [bookmark: _Ref68637639]Support RRC and MAC-CE indication of the number of CMR resources configured for single-TRP measurements, , with , such that the number of CPUs occupied by the M-TRP report is .

In combination with this network restriction on the number of configured CMR resources for single-TRP measurement, there is also a need to flexibly configure the number of reported single-TRP measurements according to the four possible combinations agreed in the last meeting. This parameter, , can be higher-layer configured by RRC and modified by MAC-CE indication such that the network can adjust the number of reported CSIs to the available PUSCH resources and CPU calculations. In particular, if  and the number of configured single-TRP measurements is also zero, , then a UE is configured to report only the best of  NCJT measurements. If  and , then a UE is configured to report a single CSI which is the best between the  NCJT measurements and  single-TRP measurements.
Proposal 12. [bookmark: _Ref68637660]Support RRC and MAC-CE indication of the number of single-TRP CSIs, , to be reported in addition to the NCJT CSI. In particular,  configures a UE to report only the best of  NCJT measurements.  configures a UE to report a single CSI, which is the best between the  NCJT measurements and  single-TRP measurements.

[image: ]
Figure 8. CSI Reporting Setting configuration for multi-TRP CSI measurement and reporting with a flexible mechanism to extend the CRI definition and define the CPU occupancy.

3.2	CRI extension
Another issue related to the CSI reporting for multi-TRP is to establish how a UE indicates the measurement hypotheses associated with the reported CSIs. One obvious choice is to extend the CRI definition. Introducing separate CRIs for NCJR and single-TRP hypotheses is not efficient as it requires  bits to indicate an NCJT pair and  bits to indicate a single-TRP measurement resource, where  is the number of CMR resources configured for single-TRP measurement. A more efficient extension is to define a single CRI codebook for both NCJT and single-TRP hypothesis indication with bit width . The map between the CRI codepoints and the measurement hypotheses can be defined incrementally such that adding  single-TRP hypotheses to  NCJT hypotheses does not change the codepoints for the NCJT hypotheses. The same principle can be followed for mapping the single-TRP hypotheses, such that, for a fixed , the CRI defined for  measurement hypotheses share the first  codepoints with the CRI defined for  measurements.
Observation 1. 
Observation 2. 
Observation 3. 
Observation 4. 
Observation 5. 
Observation 6. 
Observation 7. 
Observation 8. 
Observation 9. 
Observation 10. 
Observation 11. [bookmark: _Ref68637582]Using a single CRI codebook for both NCJT and single-TRP hypotheses saves some overhead compared to separate CRI codebooks. The mapping of CRI codepoints to measurement hypotheses can be defined to maintain the old codepoints when increasing or decreasing the number of configured single-TRP measurements.

The mapping of single-TRP measurement hypotheses should be such that the associated  CMR resources configured for single-TRP measurements are selected from both CMR groups:  from CMR group 1 and  from CMR group 2. Figure 9 illustrates two possible options: in option 1, consecutive codepoints are reserved to the first  CMR resources of group 1 followed by the first  resources of group2. Option 2 interleaves CMR resources from the two CMR groups. One advantage of option 2 over option 1 is that the mapping function from CMR resources to CRI codepoints does not depend on the number of configured single-TRP measurements, . Therefore, with option 2, CMR resources do not need to be remapped for different values of .

[image: ]
[bookmark: _Ref67945025]Figure 9. Mapping options for CRI extension.

Proposal 13. [bookmark: _Ref68637675]Support extending the CRI with bit width , where  is the number of CMR resources configured for single-TRP measurement.  codepoints are associated to CMR resources from group 1 and  from group 2.

We note that, by configuring an odd number  of single-TRP measurement it is possible to map one more CMR resource from group 1 than group 2, without need to support  CMR resources for the two groups. Besides, we do not see a need to allow configurations with , which would complicate the CRI definition.
Proposal 14. [bookmark: _Ref68637688]Support configurations with the same number of CMR resources in the two groups, i.e., .

3.3	CSI priority and omission rules
In the current specifications [TS 38.214, 5.2.5], the priority value of a CSI report depends on the reportConfigID, the serving cell index, whether the reports include L1-RSRP or L1-SINR, as reporting quantities, or not, the time-domain reporting behaviour and the uplink channel used for reporting. 
For a UE configured with a CSI reporting setting, associated with a multi-TRP/panel NCJT measurement hypothesis and supporting option 1 with X=1,2, multiple CSIs would be reported with the same reportConfigID. As measurement hypothesis does not have any impact on a CSI report priority, single-TRP and NCJT CSIs will have the same priority, if both CSIs are configured with the same reporting quantities.
This means that, in case of CSI omission, the UE does not distinguish between reports based on their assumed transmission hypotheses. If omission is decided for a given  reportConfigID, all associated CSIs would be impacted.  
While the problem of CSI omission can be reduced by optimizing CSI reporting configuration so that instances of colliding reports are minimized as much as possible, a prioritization based on the CSI measurement hypothesis would be beneficial. Indeed, it could enable to salvage parts of multi-TRP/panel NCJT CSI reports, in case PUCCH or PUSCH reporting resource allow that.
Additionally, enabling the gNB to dynamically control the number of reported CSIs per CSI reporting setting can further reduce the impact of CSI omission. Indeed, an intelligent network can deduce the relevance of specific transmission hypothesis for a given UE based on a priori information, e.g., previous CSI reports, SRS measurements, location, etc. Subsequently, the network could dynamically adapt the number of CSIs per CSI report setting, using MAC-CE indication of ,  and the NCJT bitmap to retain the most relevant hypothesis and avoid the omission due to insufficient UL resources and CPUs overbooking.
Observation 1. 
Observation 2. 
Observation 3. 
Observation 4. 
Observation 5. 
Observation 6. 
Observation 7. 
Observation 8. 
Observation 9. 
Observation 10. 
Observation 11. 
Observation 12. [bookmark: _Ref68637600]Defining a prioritization between single-TRP and NJCT CSIs would be needed to specify efficient omission rules for multi-TRP/panel NCJT CSI reporting.

Both fixed and flexible prioritization could be studied. Indeed, for a given UE, the best performing transmission hypotheses between single-TRP and NCJT transmission, depends on its implementation, location and channel conditions. Consequently, which transmission hypothesis should be given priority is UE-specific and can change with UE mobility. Additionally, further considerations should be made based on whether CSIs are transmitted over a single or multiple PUSCH or PUCCH resources. 
Proposal 15. [bookmark: _Ref68637701]Support different priority levels for CSIs with single-TRP and NCJT transmission hypothesis, respectively. Study whether priority levels should be fixed or flexible.

4	Conclusion
Hereafter is a summary of observations and proposals for FDD CSI enhancement
Observation 1. 	Option 2 with new single pattern for 32-port CSI-RS resources can increase the maximum number of resources per slot by 50% compared to Option 0. It also halves the number of CSI-RS ports processed per slot, from 8, under Option 0, to 4, thereby allowing lower complexity implementations at both gNB and UE.
Observation 2. 	Option 3 achieves the same scheduling flexibility as Option 2 but with the drawback of configuring multiple resources for a single CSI calculation, which complicates handling of UE capabilities for maximum number of resources/ports in relation to CPU occupation.
Observation 3. 	The minimum configurable CSI-RS density depends on the value of , according to the inequality: , which states that the number of RBs carrying CSI-RS in a PMI subband, , must be larger than 1. In the simulated scenarios, we observe that throughput performance is best with equality, for , i.e., when only one RB per PMI subband carries CSI-RS.
Observation 4.	A configuration with  FD components allows the network to increase the resolution of the CSI-RS precoders in the delay domain by a factor of 2.
Observation 5.	Configuring a single window of  FD components is enough as the gNB can shift any delay window to a fixed predefined position, as seen by a UE, by applying FD precoding to the CSI-RS ports
Observation 6.	A configuration with  and  allows to compensate for a timing offset common across the ports. In this case a UE is configured to report nonzero coefficients corresponding to the strongest FD component in the window.
Observation 7.	A configuration with  and  requires the same overhead as the case  because the index of the selected component does not need to be reported.

Proposal 1.	Support Option 1 and Option 2 with a new single pattern for 32-port CSI-RS resources occupying 4 subcarriers and 8 symbols per RB carrying the RS, such that the maximum number of 32-port resources that the network can accommodate per slot is increased to , for density .
Proposal 2.	Support a minimum configurable CSI-RS density depending on the value of , given by , for .
Proposal 3.	Regarding the network configuration of , support RRC configuration of a single window of  FD components, i.e., a UE is configured to measure the  FD components in the window for the selected ports.
Proposal 4.	Regarding candidate values of  and , consider the combinations ,  and  for .
Proposal 5.	Support polarisation-common port selection of  out of  CSI-RS ports.
Proposal 6.	Support combinatorial indication of the  out of  selected ports for .
Proposal 7.	Regarding the candidate values for , consider the same value set as for , i.e.,  with .
Proposal 8.	Regarding the indication of the  bitmap, further evaluate the two alternatives: polarisation-common bitmap, of size  , and polarisation specific bitmap, of size .
Proposal 9.	Regarding the maximum number of NZC per layer, , reuse the definition from Rel-16, such that . Further study additional candidate values for .Regarding the maximum number of NZC per layer, , reuse the definition from Rel-16, such that . Further study additional candidate values for .

Hereafter is a summary of observations and proposals for M-TRP CSI enhancement.
Observation 8.	For a multi-TRP CSI Reporting Setting, configuring  CMR resources in a set and restricting single-TRP measurements to a subset, , of CMR resources allows the flexibility to configure different resources for NCJT and single-TRP measurements.
Observation 9.	For a multi-TRP CSI Reporting Setting, configuring different CMR resources for NCJT and single-TRP measurements allows the network to optimise transmit beamforming to minimise interference between TRPs (NCJT) or maximise beamforming gain (single-TRP). It also allows a UE to optimise receive spatial filters when measuring a CMR resource for NCJT or single-TRP hypothesis.
Observation 10.	For semi-persistent and periodic multi-TRP CSI reporting, a combination of RRC and MAC-CE indication of the NCJT pairs and the number of single-TRP measurements allows the network to adjust the number and type of measurement hypotheses based, for example, on a priori knowledge of channel conditions and CPUs occupied by other scheduled CSI reports to avoid CPU overbooking.
Observation 11.	Using a single CRI codebook for both NCJT and single-TRP hypotheses saves some overhead compared to separate CRI codebooks. The mapping of CRI codepoints to measurement hypotheses can be defined to maintain the old codepoints when increasing or decreasing the number of configured single-TRP measurements.
Observation 12.	Defining a prioritization between single-TRP and NJCT CSIs would be needed to specify efficient omission rules for multi-TRP/panel NCJT CSI reporting.

Proposal 10.	Support RRC and MAC-CE indication of  NCJT pairs by means of a bitmap of size .
Proposal 11.	Support RRC and MAC-CE indication of the number of CMR resources configured for single-TRP measurements, , with , such that the number of CPUs occupied by the M-TRP report is .
Proposal 12.	Support RRC and MAC-CE indication of the number of single-TRP CSIs, , to be reported in addition to the NCJT CSI. In particular,  configures a UE to report only the best of  NCJT measurements.  configures a UE to report a single CSI, which is the best between the  NCJT measurements and  single-TRP measurements.
Proposal 13.	Support extending the CRI with bit width , where  is the number of CMR resources configured for single-TRP measurement.  codepoints are associated to CMR resources from group 1 and  from group 2.
Proposal 14.	Support configurations with the same number of CMR resources in the two groups, i.e., .
Proposal 15.	Support different priority levels for CSIs with single-TRP and NCJT transmission hypothesis, respectively. Study whether priority levels should be fixed or flexible.
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Appendix

	Parameter
	Value

	Scenario
	Dense Urban (Macro only)

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

	Inter-BS distance
	200m 

	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 for 20MHz

	Simulation bandwidth 
	20 MHz for 15kHz

	Channel model for reciprocity
	Alt1: based on Section 5.3 of TR 36.897

	CSI-RS overhead 
	All DL RS overhead is included in the DL throughput calculation

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	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

	SRS error model and configuration
	SRS error model in Table A.1-2 in 36.897 with Δ=9 dB
(SRS period, comb, # OFDM symbols, # UEs) = (5ms, 4, 4, 8)

	Calibration error model
	
Amplitude error (expressed in decibel of ) and phase error have normal distribution with 0.7dB and 5 degrees standard deviation, respectively.
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