Page 4
Draft prETS 300 ???: Month YYYY
3GPP TSG-RAN WG1 Meeting #105-e	R1-2105807
Online, May 10th-27th 2021

Agenda Item:	8.1.4
Source:	Ericsson
Title:	CSI enhancements for Multi-TRP and FR1 FDD reciprocity
Document for:	Discussion, Decision
1	Introduction
The WID [1] objective 4 states a task for evaluating (and, if needed, specifying) enhancements of NR CSI in two parts:
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

[bookmark: _Ref178064866]2        CSI for FR1 FDD reciprocity
2.1       Remaining issues and codebook parameters
Based on the RAN1#104bis-e agreements, a few issues and codebook parameters for the Rel.17 Type II codebook enhancement remains to be studied and decided, including 
· Values of  and 
· Values of  and 
· the number of PMI subbands per CQI subband, . 
· reporting of 
· quantization and reporting of 
· the maximum number of CSI-RS ports for a CSI resource 
· the maximum supported rank for the CSI feedback, including the design for rank>1
· the interpretation and spec impact of the agreement “Wf can be turned off by gNB”. 

We have performed simulations and analysis on each of these topics, as discussed in the following subsections. 
2.1.1 Simulation setup
Simulations have been conducted based on the agreed evaluation methodology assumptions in [2], see a detailed description of the used procedures in Appendix 3, and also the Appendix 2 for additional parameters. 
For comparison, both R16 regular and port-selection eType II with paramCombination-r16 #1-6 are simulated. R16 PS eType II with paramCombination-r16 #1 is used as benchmark. In the simulations, a 32-port antenna is used at the gNB and 2 antennas are used at the UE. 
The results below are shown for MU-MIMO with rank-1 per UE at a traffic load corresponding to the very high 70% resource utilization for the benchmark case. For R17 PS, results are calculated based on the procedure described in Appendix 3.
In all simulated cases, CSI-RS is transmitted every 5 ms whenever there is an active user. An average CSI-RS overhead per cell per slot is calculated by normalizing the total number of CSI-RS ports, which is given by the total number of active users times the number of CSI-RS ports per user, by the number of cells and CSI-RS periodicity. The obtained average CSI-RS overhead is taken into account for throughput calculation. 
For R17, the UL overhead may consist of bits for indicating the selected ports, the selected FD basis vectors, the NZC bitmap, the strongest coefficient, and for reporting the quantized NZCs. The actual overhead depends on the scheme that is used. In our simulations, we performed layer-common and polarization-common port selection therefore the number of bits for indicating the selected ports equals , where  is the number of precoded CSI-RS ports by gNB, while  is the number of selected CSI-RS ports by UE. For FD basis vectors selection, UE selects  out of  FD bases that are configured by the gNB, which requires  bits for reporting. For reporting of , a bitmap of size  is used for indicating the locations of NZCs, with  being the number of FD basis vectors in  for laver . Quantization of NZCs follows the same way as in Rel-16 Type II.

2.1.1 On the values of  and 
A previous agreement states
Agreement
At least for rank 1, regarding the value(s) of K1 for port selection matrix W1 in NP*K1, study and down-select from the following candidate values of K1 and the maximal value of P in RAN1 105e
· K1 in {2,4,8,12,16,24,32} with K1 <= P
· The maximal value of P as Pmax, e.g.  32
· FFS: possible parameter combinations/dependence for K1 with other PS CB parameters, e.g. whether different candidate values of K1 should be configured for different ranks (if rank>1 is supported).
· FFS: Whether any value of K1 up to P can be supported for some codebook parameters 
· Note: for Polarization-common based free-selection, it means to select the same L=K1/2 ports out of P/2 ports for both polarizations.
Note: for polarization-specific based free-selection, it means select K1 ports out of P ports
Note: P is the number of CSI-RS ports for port selection (whose value depends on the outcome of the CSI-RS related study)

Based on the above agreement, the set of values for  (the number of CSI-RS ports) and  (The number of selected ports) are to be studied and down-selected in RAN1 #105-e. 
Simulation results are presented here for different values of  and  in Figure 1. In these results, it is assumed that UE selects all the FD bases that are configured by gNB, i.e., . We also assume that  is set to 1 so that all coefficients will be reported. The Rel-16 Type II PS with parameter combination 1 is the benchmark. In the figure, the blue, red and green curves correspond to ,  and , respectively, while the solid lines corresponds to  while the dash line corresponds to . Each point on these curves corresponds to a value of . 
Denote each pair of evaluated  and  values as . It is noted that for the same  value, having a larger  does not necessarily provide additional gain in user throughput (UPT). 
[image: ]In fact, in many cases there is a drop in UPT, for example comparing  with , this is due to that the increased CSI-RS overhead counterweighs the performance gain by having more precoded CSI-RS ports.
[bookmark: _Ref71666374]  Figure 1 Comparing user throughput (UPT) gain with different values of ,  and 

For , we also notice that the UPT gain tends to increase much slower after , especially for the robust scheme , which in our view is the more important scheme for practical implementation. This will be discussed in a later section. In addition, if we compare  with , there is about 7% gain for  and only 3% gain for , while the overhead is doubled. 
Based on the above observations, it is not appealing to support  CSI-RS ports, supporting up to  CSI-RS ports is sufficient. 
For a fixed number of , it is noted that there is a decent gain by having a large  relative to  (except  when ). For example,  gives about 8% higher UPT than  and 15-17% higher UPT than , for both  and . Similar is observed for  and  (for ). On the contrary, for  values that are small relative to , e.g., comparing  with  or comparing  with , a significant performance loss can be introduced. Based on the above results, we believe that supporting  values that are large relative to  is beneficial for the performance and overhead trade-off. 
To facilitate this, a proportionality factor, here denoted  , can be introduced to determine the value of , so that  is a proportion of , i.e., , where  is the ceiling operator. 
Actually,  having dependency on  makes sense for the Rel-17 Type II PS codebook, where the operational functionality is different from the Rel-16 Type II. In Rel-16 Type II,  (i.e.,  or ) are selected from some pre-defined fixed values, e.g., 2, 4, and 6. This could be a viable solution for Rel-16 Type II, since each selected port in Rel-16 Type II corresponds to a dominant spatial direction, and the number of dominant spatial directions can be limited. 
However, in Rel-17 Type II, each port is associated with a pair of spatial domain (SD) basis and a frequency domain (FD) basis, and it can always happen that a few ports are associated with the same spatial direction, but with different dominant taps. In light of this, more CSI-RS ports need to be selected to guarantee a good performance with the Rel-17 Type II. Based on our simulations results, candidate values of  can be 0.75 and 1.
The gain by using 32 CSI-RS ports is either marginal or incurring large overhead for modest benefit.
A large  value relative to  is needed for a good performance and overhead tradeoff, small values of  relative  introduces significant performance loss. 

[bookmark: _Toc71667623]Support up to 16. 
[bookmark: _Toc71667624]Use a proportion factor  to determine the value , where . Candidate values  can be 0.75 and 1. 

2.1.2 The length of the all-one vector when  is turned off
An open issue from a previous agreement is related to when  is turned off. 
· Wf can be turned off by gNB. When turned off, Wf  is an all-one vector (FFS; the length of all-one vector)

In our understanding, the length of this vector is N3.  Hence when  is turned off, this corresponds to =1. There is thus a need for an RRC parameter that controls whether >1 or =1 (the default). If =1, then there is no need to signal the parameter and this correspond to that  is turned off (or, actually, it is not turned on as the default is that it is off since supporting >1 is a UE capability).  
[bookmark: _Toc71667625]An RRC parameter controls the number of FD bases (e.g. =2), and the default value is a single basis (=1). In this default case,  Wf  is an all-one vector of length N3. 

2.1.3 On the issues related to window
Regarding this agreement:
Agreement 
At least for rank 1, the FD bases used for Wf quantitation are limited within a single window/set with size N configured to the UE, study and down-select one Alternative in RAN1 105e:
· Alt 1: FD bases in the window must be consecutive from an orthogonal DFT matrix
· Alt 2: FD bases in the set can be consecutive/non-consecutive, and are selected freely by gNB from an orthogonal DFT matrix
· FFS: applicable conditions: e.g. Wf turned ON/OFF and/or associated value of Mv
· FFS: Whether this applies when Wf is turned OFF

We prefer Alt 1 since configuring consecutive FD bases offers more robustness, such benefit may be lost when configuring non-consecutive FD bases. 
[bookmark: _Toc71667626] Support Alt.1: FD bases in the window must be consecutive from an orthogonal DFT matrix

A related agreement is this, where N is the number of selected FD basis vectors. 
Agreement 
At least for rank 1, for relationship between N and Mv, study and down-select one Alternative from following in RAN1 105e
· Alt 1: N= Mv always
· Alt 2: N >= Mv and FSS candidate value(s) of N, e.g. 2, 4
· FFS: applicable conditions: e.g. Wf turned ON/OFF and/or associated value of Mv
· FFS: Whether this applies when Wf is turned OFF
Note that “at least for rank 1” does not imply for the support of rank 1 only in Rel-17 or restrictions of supporting/ not supporting additional alternatives for higher rank.

In Figure 2, we compare the mean UPT for  and , where the UPT gain for  and  is normalized against that for . We assume that consecutive FD basis vectors are configured to the UE to choose from. Overhead has been neglected in this plot, since the difference is only due to indicating the selected FD basis vectors within the configured FD basis vectors, which is rather small. 
Comparing to configuring the UE with 1 and 2 additional FD basis vectors provides marginal gains of 1.4% and 1.6%, respectively. Only based on the performance gain it may be hard to justify the need for supporting , however, in reality, when there is non-ideal delay reciprocity or timing offset between UL and DL receivers, configuring  slightly larger than  provides additional robustness. Therefore, we support Alt 2, that . Regarding the values of  we think  can be supported for  and  can be supported for .
[image: ]
[bookmark: _Ref71623913]Figure 2 Performance gain with increased number of configured FD basis vectors, 

[bookmark: _Toc71667627]Support Alt.2: N >= Mv and furthermore, support  for  and  for  

Furthermore, there was a discussion around this issue:
Proposed agreement from RAN1#104bis-e
Whether Minit for the window shall be configurable:
· Alt 1: Minit can be configured by gNB
· Alt 2: Minit is fixed to be 0

In our view, there is no clear benefit of supporting Alt 1. Configuring different  to different UEs allows multiplexing multiple UEs, but such need is not justified. Hence, to keep the feature as simple as possible with minimum number of RRC parameters, we propose
[bookmark: _Toc71667628]Support Alt 2: Minit for the window is fixed to be 0.

2.1.4 On the importance of 
We would also like to further elaborate the importance of supporting . 
It is known that increasing the number of FD basis vectors  can combat impairments, for example non-ideal delay reciprocity, thus improving the robustness of Rel-17 Type II. Another practical use case that can benefit from using multiple FD basis vectors is when the SRS bandwidth is smaller than the CSI-RS bandwidth. In such a case, delay is estimated at gNB with lower resolution, so that some adjacent taps may merge as a single tap. If  is supported by the UE, then the time domain resolution can be doubled, hence the merged taps can be decoupled. 
The above behaviour is evaluated and the result is shown in Figure 3. In this simulation, we assume  and , and . CSI-RS is transmitted with full system bandwidth, i.e., 20 MHz, while SRS is transmitted with 20 MHz (blue curve) and 10 MHz (red curve). For full SRS bandwidth, 20 MHz, the UPT gain by having  FD basis vectors is about 4% comparing to ; while for half SRS bandwidth, 10 MHz, the corresponding gain is 10%. The result verifies that having larger  is more beneficial for the such practical uses cases. 
It can also be noted that selecting more than 2 FD basis vectors does not provide additional gain, for both full and half SRS bandwidth. 
[image: ]
[bookmark: _Ref71634506]Figure 3 Mean UPT vs overhead with full and half SRS bandwidth.

Supporting  is good for use cases where the SRS bandwidth is smaller than the CSI-RS bandwidth. Further increasing  to larger values than 2 does not provide additional gain. 

[bookmark: _Toc71667629]Support  and , larger value of  is not needed. 

2.1.5 On the value of  
Agreement
A bitmap for indication non-zero coefficients should be supported for W2 with a compression coefficient beta<=1 whereas
· FFS values of beta < =1, e.g. 1/8, 1/4, 1/2, 3/4, 1
· FFS: whether/how such a bitmap can be absent for specific codebook configuration parameters
· FFS: whether a bitmap is polarization-common or polarization-specific whereas polarization-specific bitmap is the baseline
· FFS: possible parameter combinations/dependence for beta with other PS CB parameters

[bookmark: _Hlt71659269]The impact of  is evaluated and the results are shown in Figure 4.. Each point on a given curve is for a  value, where .  We simulated rank 1 with  with . For all the simulated cases herein, we notice that increasing  can provide substantial UPT gain with moderately increase overhead (except for  and , where the overhead increases a lot, but the corresponding overhead is still much smaller than Rel-16). 
Even when increasing  to , in most cases a decent gain (3%-8%) is seen with small increase in overhead. We also notice that having small , e.g., 0.25, 0.5, results in significant performance loss. Therefore, we propose to support  and .
Note that the overhead increase from  to  is not as large as, say from  to . This is because we assume that when , all coefficients are reported and there is no need for reporting a bitmap. The saved bits from reporting bitmap can then be used to report more coefficients, which further improves the performance as we see in Figure 4. 
We know that even with , the UE is not mandated to report all coefficients, as  only regulates the maximum number of non-zero coefficients (NZCs) to be reported. But for the rank 1 results presented here, there is a clear benefit of reporting all coefficients as NZCs, instead of reporting part of the coefficients plus a bitmap. 

[image: ]
[bookmark: _Ref71641446]Figure 4 Impact of  on the mean UPT vs overhead tradeoff.

To further elaborate the reasoning for supporting reporting all coefficient when , we can start by explaining the reason why  is a good design in Rel-16. The interpretation of NZC in physical terms is as follows: the association of an NZC and the corresponding port (or SD basis) and FD basis reflects the presence of a dominant scattering cluster in the propagation channel, as the selected port (or SD basis) and FD basis can be translated to the spatial direction and the delay to that cluster in that direction, respectively. 
The mechanism of Rel-16 Type II configuration was designed without the assumption that the gNB is performing delay pre-compensation during CSI-RS precoding. As a result, the UE usually observes a frequency selective DL channel when measuring the channel for a port, meaning that for different ports (or spatial bases), the delays associated with the corresponding ports (or spatial bases) are different.
Since a port-common FD basis is used in Rel-16 Type II, it results in that, statistically, there are always some coefficients in  that are quite small and can be set to zero (i.e. no need to report them). Therefore,  shall always be smaller than 1 and a bitmap for indicating NZCs is needed. 
With Rel-17 Type II, however, CSI-RS precoding with delay pre-compensation is used. The CSI-RS precoder is designed based on UL channel measurement. Despite possible non-ideal reciprocal delay and other impairments, the best or the most reasonable the gNB can do is to select the most dominant clusters observed in UL, and then precodes CSI-RS towards those clusters. With delay pre-compensation, UE can filter out a small number of delay taps to preserve most of the channel knowledge, based on which the UE can calculate the Rel-17 Type II report. If a cluster becomes weak in DL due to small scale fast fading, UE can down select a subset of ports. Then, it can be expected that each of the selected ports and the associated filtered taps is associated with a cluster that is also strong in DL. This means that all the corresponding coefficients shall be strong enough to be reported as NZCs. That is why we still see a decent gain when increasing  from 0.75 to 1. 
However, generally speaking, the above only holds for rank 1. Since for rank 1 all the selected clusters (i.e., selected ports and taps) will be used for the only transmission layer. While for rank > 1, it may happen that different clusters are used for the transmission of different layers. Then, the gain by having  for rank > 1 may not be appealing. Therefore, for rank > 1, a bitmap is needed even when .

Finally, on polarization-common and polarization-specific bitmap. In our view, small scale fast fading can be quite different for the two polarizations, we foresee a performance loss by imposing a polarization-common bitmap. Hence, a polarization-specific bitmap shall be used. 

Small values of , e.g., 0.25, 0.5, results in significant performance loss, while large values of , e.g., 0.75 and 1, shows good performance and overhead tradeoff. 
Comparing  to , a decent gain can be obtained with small increase in overhead. 
For rank 1 transmission and , reporting all coefficient instead of reporting part of the coefficients with a NZC bitmap provides better performance and overhead tradeoff.
Polarization-common bitmap can introduce performance loss since the two polarizations experience different small scale fast fading.

[bookmark: _Toc71667630]Support  and .
[bookmark: _Toc71667631]For rank 1 transmission, when   is configured, then UE reports all  coefficients and the resulting NZC bitmap is all ones and is therefore not reported. 
[bookmark: _Toc71667632]Support polarization-specific bitmap, when bitmap is reported. 


2.1.6 On the value of R 
In Figure 5, we studied the impact by having different number of PMI subbands per CQI subband, denoted R. 
For the simulations considered herein, the CSI-RS density is 1 and the CQI subband size is 8 PRBs, for , the corresponding PMI granularity are thus  PRBs, respectively. The PMI subband size affects the PMI calculation via the number FD basis vector candidates, i.e., the number of basis vectors in . 
It is noted that when the number of FD basis vectors is , the UE calculates the PMI based on wideband filtering of the channel by applying the DC DFT FD component, whose size is the total number of PMI subbands, to the estimated DL channel, and such averaging is not affected by the  value. Therefore, we show only the case with  below. 
In our simulation, since UE follows gNB indication for FD basis selection, the  value will not have any impact on UL overhead. Based on the results shown in Figure 5, there is a marginal loss by decreasing  from 8 to 4, say around 1-2%, while further decreasing  from 4 to 1 will cause a performance loss of approximately 5%. The  value affects the UE complexity through averaging/equalizing the DL channel in FD domain, there is no significant complexity increase by having a  value that allows per PRB PMI granularity, at least for the 20MHz bandwidth case considered herein. 
If we denote  as the CQI subband size in PRBs, RAN1 should consider supporting larger  values, say . The reason why large  value for Rel-16 Type II is not feasible is that  will also affect the number of FD basis candidates, which increases UE complexity for selection. Such problem does not exist in Rel-17, since UE can either follow gNB indication, as what we assume here, or UE can choose FD basis from an indicated set of FD basis which contains fewer candidates and does not depend on . Thus, small  values are unnecessary and should not be considered in Rel-17. Also, to keep the feature simple without many parameters to configure the reporting, it is useful with a single R value. 
[image: ]
[bookmark: _Ref68649555]Figure 5 Performance with  and  PMI subbands per CQI subband. 
The  value does not affect overhead for Rel-17 Type II PS codebook. Having  as large as the CQI subband size gives the best performance without significantly increase UE complexity. I single R value is preferred to avoid unnecessary many options for this feature. 
[bookmark: _Toc71667633]Support a single and large  value, for example , where  is the CQI subband size.

2.1.7 Other issues on FDD CSI
Regarding the following agreement:
Agreement
For rank=1, polarization-common based free-selection should be supported for W1.
· FFS: Whether there is a need to restrict the number of CSI-RS ports for which this is supported.

In our view, polarization-common based free-selection should be supported regardless the number of CSI-RS ports. We don’t see such need which may complicate both the spec and UE implementation. Also, we think that this should also apply to higher rank, if supported. 
[bookmark: _Toc71667634]Support polarization-common based free selection for all supported number of CSI-RS ports and ranks. 

Regarding the following agreement:
Agreement
At least for rank 1, combinatorial coefficient is used for port selection for W1.
· FFS when Wf is turned off

In our understanding, Wf is turned off and  are the same (see , and we think combinatorial coefficient should be used regardless the number of .  Also, we don’t see the need for using other mechanisms to report selected ports for higher ranks. Therefore, combinatorial coefficient can be used for reporting  for all supported codebook configurations. 

[bookmark: _Toc71667635]Support combinatorial coefficient for reporting the port selection matrix  for all supported codebook configurations.  

Regarding the following agreement on quantization of :
Agreement 
For the quantization of W2 coefficient, study following Alternatives with Alt 1 as the baseline:
· Alt1: Reusing Rel-16 quantization mechanism for Rank 1 at least, which can be summarized as following:
· An indicator for the strongest coefficient
· Two polarization-specific reference amplitudes:
· for the polarization associated with the strongest coefficient, the reference amplitude is not reported
· for the other polarization, reference amplitude is quantized to 4 bits
· For coefficients other than the strongest coefficient
· differential amplitude is calculated relative to the associated polarization-specific reference amplitude and quantized to 3 bits
· phase is quantized to 16PSK
· Alt1-1: the ref amplitude = 0 reserved in R16 can be replaced with a new value, e.g. (1/2)^(1/8), (1/2)^(3/8)
· Alt2-0: Individual amplitude (e.g. 3 or 4 bits with Rel15/16 amplitude codebooks) and phase (e.g. 16PSK) quantization 
· FFS: amplitude codebook is uniform in db or linear scale
· FFS: support a strongest coefficient indicator, and individual quantization for other non-zero coefficients.
· Alt2-1: ref amp (e.g. 4 bits), Individual amplitude (e.g. 3 bits) and phase (e.g. 16PSK) quantization for each non-zero coefficient
· FFS: amplitude codebook is uniform in db or linear scale
· FFS: reference amplitude is polarization specific or polarization common, and corresponding codebook
· Note: Other quantization schemes or enhancement on top of Alt 1 or Alt 2 are not precluded.

We prefer to re-use the quantization mechanism of Rel-16 Type II, i.e., Alt1. But we are open to other alternatives, if sufficient gain is shown. 

[bookmark: _Toc71667636]Support Alt 1, i.e., reuse the Rel-16 quantization mechanism. 

Related to the range of supported rank in the CSI report, we believe that rank 1 and 2 are the most useful for this feature that is targeting MU-MIMO operation. Hence, we suggest that RAN1 prioritize to complete the specification work for rank 1 and 2 over spending time on discussing details for higher ranks. 

[bookmark: _Toc71667637]Prioritize rank 1 and 2 in RAN1 work on FDD CSI feature

2.2       On CSI-RS extensions
2.2.1 CSI-RS density
The impact of CSI-RS density  is studied in Figure 6. In this figure, we set ,  and , while  is the only variable. In the simulation, transmission power for CSI-RS is not boosted even for reduced CSI-RS density , since in our opinion using the saved resources to co-schedule other UEs is the intention of saving CSI-RS overhead. Based on these assumptions, reducing CSI-RS density will cause worse channel estimation, due to a power loss as well as channel interpolation for unsounded PRBs. Therefore, a performance loss is foreseen. On the other hand, however, reducing CSI-RS density can reduce the corresponding overhead and thus may increase the number of resource elements for data, which gives a higher throughput. Figure 6 shows the combined impacts that are discussed above, in which we can see that decreasing the CSI-RS density  from 1 to 0.5 introduces about 1-2% performance loss, while further decreasing  to 0.25 introduces about additional 2-3% loss. The results indicate that, when CSI-RS density is reduced, the performance loss due to worse channel estimation outweighs the performance gain by having lower CSI-RS overhead. Hence, we don’t see the need for supporting lower CSI-RS density .
[image: ]
[bookmark: _Ref68123441]Figure 6 Performance with CSI-RS density 1, 0.5 and 0.25.

When CSI-RS density is reduced, the performance loss due to worse channel estimation outweighs the performance gain by having lower CSI-RS overhead.
[bookmark: _Toc71667638]Do not support lower CSI-RS density, e.g., .

2.2.2 Multiple CSI-RS resources 
A main objective of this agenda is to reduce UE complexity. We think that UE complexity can be reduced even further by supporting distribution of the ports over multiple symbols. We make the following observation.
[bookmark: _Hlk71666921]For 16 and 32 port CSI-RS resources, each OFDM symbol contains at least 8 ports
This means that the UE need to process 8 ports in parallel when it comes to channel estimation. In addition, the gNB need to perform precoding and delay compensation for 8 ports in parallel. To reduce the implementation complexity and to lower the risk of high PAPR for CSI-RS as was observed in Rel.16,  for both UE and gNB, we suggest to support Option 3, where multiple CSI-RS is configured per CSI reporting configuration, and used as CMR. 
An example is shown in Figure 7, where a 32 ports CSI-RS resource (left) use 8 ports per OFDM symbol but is in Rel.17 extended to a merge of 8 four port resources (right). 
[image: ]
[bookmark: _Ref68166050]Figure 7 If Option 3 is supported, then the number of CSI-RS ports to be processed per OFDM symbol can be reduced from 8 to 4 for a 32 port resource.
The following table shows how the number of ports to be processed reduces when it is possible to spread the ports across more OFDM symbols by merging existing CSI-RS resources of lower number of ports to obtain a larger number of ports. It is assumed here that up to 8 symbols can be used for CSI-RS in a slot. 
[bookmark: _Ref71649796]Table 1 The maximum number of CSI-RS ports a UE and gNB need to process in an OFDM symbol in Rel.15 and for Rel.17 if Option 3 is agreed (assuming at most 8 symbols can be used for CSI-RS in a slot)
[image: ]

It is noted here that no new CSI-RS resources are introduced, so there is no need to change 38.211 specification on the definition of a CSI-RS resource and existing implementations for CSI-RS channel estimation can be reused. So for the 32 port example, 8 resources with 4 ports using FD-cdm2 is merged. 
We believe that Option 2 could also obtain the same benefit, but requires introducing new CSI-RS resource definitions in 38.211, which is a drawback of Option 2. Based on these motivations, we propose to support Option 3:

[bookmark: _Toc71667639]Support Option 3: Support configuring multiple CSI-RS resources per CSI reporting configuration associated with Rel-17 PS codebook



3	CSI for DL multi-TRP and/or multi-panel transmission
3.1 CSI measurement
The following agreements were made in RAN1#104-e:

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

And the following agreements were made in RAN1#104bis-e:
Agreement
With regarding to the maximal values of Nmax for N, Ks,max for Ks:
· Support of Nmax=2 is a UE optional feature
· Support of Ks,max=X is a UE optional feature
· X can be up to 8 and other candidate values can be discussed as part of UE features
· FFS: Default value of Nmax, Ks,max  
· FFS: Which combinations of N<=Nmax, Ks<=Ks,max are supported


Agreement
For CSI measurement associated with a CSI-ReportConfig for NC-JT, study following aspects: 
· whether to support dynamic updating, e.g. by MAC-CE,  for CMR pairs for NCJT measurement hypotheses, and/or CMRs for Single-TRP measurement hypotheses, and/or TCI states in CMRs, and/or the number of single-TRP CSIs (i.e. X=0/1/2) in a NCJT CSI report
· whether additional high layer signalling is needed to configure M (M≤ Ks) CMRs from the CSI-RS resource set for CMR for Single-TRP measurement hypotheses
· For CMRs configured in the CSI-RS resource set, whether support high layer signalling to enable/disable single-TRP measurement hypothesis using CMR configured within CMR pairs for NCJT measurement hypothesis



Agreement 
Whether a NZP CSI-RS resource m can be referred by two CMR pairs (m, a) and (m, b) configured for NCJT measurement hypotheses, study following Alternatives and down-select one Alternative in RAN1#105-e:
· Alt 1: It is feasible for FR1 but not for FR2.
· Alt 2: It is feasible for both FR1 and FR2 but subject to further UE capability for FR2.


Agreement 
Whether a NZP CSI-RS resource can be referred by both a CMR pair configured for NCJT measurement hypothesis and a CMR configured for Single-TRP measurement hypothesis, study following Alternatives and down-select one Alternative in RAN1#105e:
· Alt 2: It is feasible for FR1 but it is not for FR2. For FR2, the UE is expected to have different NZP CSI-RS resources configured for all CMRs of Single-TRP and NCJT measurement hypotheses respectively.
· Alt 3: It is feasible in both FR1 and FR2 but subject to UE capability for FR2. If a UE supports and the sharing is also enabled by gNB, two CMRs from a CMR pair configured for a NCJT measurement hypothesis can be used for Single-TRP measurement hypotheses, otherwise they cannot

For NC-JT CSI enhancement with single reporting setting, it was agreed in RAN1#104-e that the UE can be configured with Ks NZP CSI-RS resources in a CSI-RS resource set for CMR and where the Ks NZP CSI-RS resources can be divided in to two CMR groups where each CMR group consists of K1 and K2 CMRs respectively (and where Ks=K1+K2). Furthermore, it was agreed that the UE can be higher layer configured with N CMR pairs, where each CMR pair consist of one CMR from each CMR group, and where each CMR pair is used as a NCJT CSI measurement hypothesis (and possibly two single-TRP measurement hypotheses). In RAN1#104bis-e, it was further agreed that the maximum values for Ks and N is 8 and 2, respectively.  
In a serving cell with M TRPs, and where one CMR is configured per TRP, which N CMR pairs that the UE should calculate NC-JT CSI measurement hypotheses for is likely to change from time to time depending on UE position, traffic load (availability) of the different TRPs etc. One example of this is illustrated in Figure 8, where a coordination cluster consists of M=4 TRPs. In this example, a UE can be configured with a Multi-TRP CSI report setting wherein the CSI-RS resource set for CMR is configured with Ks = 4 CMR resources.  Each of the Ks = 4 CMR resources corresponds to one of the TRPs.  Let us assume that CMR1-CMR2 are in the 1st CMR group, and CMR3-CMR4 are in the 2nd CMR group.  Since each CMR pair should consist of one CMR from each CMR group, there exists the following candidate CMR pairs in this example
1. CMR1 & CMR3
2. CMR 1 & CMR4
3. CMR2 & CMR3
4. CMR2 & CMR 4
As mentioned above, which CMR pair among the candidate CMR pairs gets higher layer configured to the UE may change from time to time depending on UE position, etc.  If the N CMR pairs are RRC configured and the CMR pairing needs to be updated, then an RRC reconfiguration would be needed which is cumbersome.  Hence, there is a need to dynamically update the CMR pairs for NC-JT CSI measurement hypothesis.  We propose to indicate the CMR pairs to the UE via either MAC-CE or RRC+MAC CE.  The detailed signalling for the CMR pairs can be discussed further.
[bookmark: _Toc71667640]Support dynamic update of CMR pairs for NC-JT CSI measurement hypothesis using MAC-CE and/or RRC signalling
[image: ]
[bookmark: _Ref71663055]Figure 8.  Coordination cluster of M = 4 TRPs
In addition to dynamically indicating CMR pairs for NCJT measurement hypothesis using MAC-CE, it was agreed in last meeting to further study the need for indicating CMRs for sTRP measurement hypotheses. However, since sTRP measurement hypotheses are less computational heavy for the UE and a maximum of 8 sTRP measurement hypothesis (which will likely be a UE capability in NR Rel-17) can be configured for a UE, the UEs will most likely be capable of computing all the configured sTRP measurement hypotheses up to their capability. Therefore, there seems to be less motivation for including dynamic indication of a subset M (M<Ks) sTRP measurement hypothesis using higher layer signalling. On the other hand, in case Alt-3 in the above agreement, regarding if a NZP CSI-RS resource can be re-used by both a CMR pair configured for NCJT measurement hypothesis and a CMR configured for sTRP measurement hypothesis, then some higher layer signalling may be needed to enable/disable sTRP measurement hypothesis using CMR configured within CMR pairs for NCJT measurement hypothesis.
[bookmark: _Toc71667641]Do not support higher layer signalling to dynamically update CMRs for sTRP measurement hypotheses.
One of the open issues from RAN1#104bis-e is if it should be supported to re-use a NZP CSI-RS resource for multiple measurement hypotheses for FR1 and FR2, with respect to the following cases:
· re-using a NZP CSI-RS resource for two different NCJT measurement hypotheses, and 
· re-using a NZP CSI-RS resource for one sTRP measurement hypothesis and one NCJT measurement hypothesis. 
Since it is more flexible to allow sharing of CMRs for both FR1 and FR2, we propose the following:
[bookmark: _Toc71667642]Support sharing a NZP CSI-RS resource m by two CMR pairs (m, a) and (m, b) configured for NCJT measurement hypotheses for FR1 and FR2 (where the support is conditioned on UE capability signalling for FR2).
[bookmark: _Toc71667643]Support sharing a NZP CSI-RS resource configured in a CMR pair used for NCJT measurement hypothesis and a CMR configured for Single-TRP measurement hypothesis for FR1 and FR2 (where the support is conditioned on UE capability signalling for FR2).

3.2 CSI reporting mechanism
[bookmark: _Hlk71621899]The following agreement was made in RAN1#104-e:

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

And the following agreements were made in RAN1#104bis-e:
Agreement 
A 2-part CSI report is supported in Rel-17 for a CSI reporting configuration associated with NCJT measurement hypothesis with following clarifications:
· Within CSI part 1
· CRI, RI, WB CQI and SB CQI for the first CW are reported with consistent payload and zero padding (if needed). FFS further details
· FFS whether RI can be shared between NCJT CSI and single-TRP CSIs to reduce CSI feedback overhead
· FFS whether additional field is needed, at least for Option 2
· Within CSI part 2:
· FFS further compression/omission/Sharing of PMI among Single-TRP and NCJT hypotheses

Agreement 
For the UE configured to report X CSIs (at least when X>0) associated with single-TRP measurement hypotheses and one CSI associated with NCJT measurement hypothesis, study following issues for potential CSI omission/priority/updating rules:
· Issue 1: Prioritize CSI with different measurement hypotheses within the single CSI report, when the UE is configured with CSI Option 1 with X=1 or 2.
· Issue 2: Omission of NCJT CSI in CSI part 2 depending on the corresponding CRI or RI or CQI in CSI part 1.

Agreement
For the UE configured to report X CSIs associated with single-TRP measurement hypotheses and one CSI associated with NCJT measurement hypothesis (i.e. Option 1), 
· Alt 1: X+1 CRIs are reported, whereas X CRIs are for single-TRP measurement hypotheses and one CRI is for NCJT measurement hypothesis.  Each CRI bit size depends on the corresponding number of either valid CMR pairs for NCJT measurement hypothesis or valid CMRs for single-TRP measurement hypotheses
· FFS: Whether the X+1 CRIs are reported jointly as one CSI report or as separate CSI reports.

Agreement
Support the indication of following RI combinations by a joint RI field for a NCJT measurement hypothesis in CSI part 1, when the maximal transmission layers is less than or equal to 4:    
· {1, 1}, {1, 2}, {2,1}, {2,2}
· FFS: CBSR and/or RI restrictions per TRP or across TRPs

For enabling flexible scheduling between single TRP and NC-JT, the gNB should preferably, in addition to the reported NCJT CSI, have single TRP CSI for the two associated TRPs, which would correspond to setting X equal to 2 in Option 1 from the agreements above. However, one drawback with this solution is the large CSI feedback overhead (which we quantify below), since one NCJT and two single-TRP CSIs must be reported, which would require the UE to fed back the following:
● 2 RIs, 2 PMIs, and 1 CQI for NC-JT CSI
● 2 pairs of RI, PMI and CQI for the two single-TRP CSIs
Since in most practical scenarios, the best NC-JT CSI and the two best single-TRP CSIs would correspond to the two strongest TRPs, it is desirable to share RIs and PMIs between NC-JT CSI and the two single TRP CSIs.  One example of how RI and PMI can be shared is illustrated below, where the red colour indicates CSI associated to a first TRP, and the green colour indicates CSI associated to a second TRP:
● NC-JT CSI -> [RI1, RI2], [PMI1, PMI2], [CQI]
● 1st single TRP CSI -> [RI1], [PMI1], [CQI1]
● 2nd single TRP CSI -> [RI2], [PMI2], [CQI2]
In this case [RI1, RI2] and [PMI1, PMI2] can be shared between NC-JT CSI and single-TRP CSIs, while CQIs are reported separately for NC-JT CSIs and the two single-TRP CSIs. With this solution, CSI reporting overhead can be reduced significantly.  Table 1 shows an example of overhead reduction for a scenario with 2 ports per TRP, where 27% overhead is saved with RI/PMI sharing. Larger saving can be achieved when there are more than 2 ports per TRP.

Table 2: CSI savings with RI/PMI sharing, 2 ports per TRP, 10MHz BW, subband size = 4RBs, type-I CB.
	CSI type
	Bit width

	sTRP CSI (subband)
	57

	NCJT CSI (subband)
	84

	NCJT CSI + 2 x sTRP CSI (subband)
	198

	NCJT CSI + 2 x sTRP CSI, sharing RI/PMI (subband)
	144

	Overhead saving due to RI/PMI sharing 
	27%



Also, as can be seen in section 3.4, for a scenario with 2TX TRPs (which is the typical scenario where NCJT gives gains over single-TRP scheduling for UEs equipped with 4 Rx antennas), there is very little difference in performance when reusing RI/PMIs between NC-JT CSI and single-TRP CSI.  Hence, we make the following observations and proposals:
For the typical scenarios where NCJT is beneficial, performance evaluations show that there is very little performance difference between the following two cases: (1) RI/PMIs are shared between NC-JT CSI and single-TRP CSI, and (2) RI/PMIs are not shared between NC-JT CSI and single-TRP CSI.
There is significant CSI overhead savings with RI/PMI sharing when compared to the case where RI/PMI are not shared between NC-JT CSI and single-TRP CSI (e.g., 27% overhead reduction when TRPs are equipped with 2 ports).

[bookmark: _Toc71667644]For a CSI report containing both NC-JT CSI and single-TRP CSIs (e.g., Option 1 with X =1, 2) associated with the same CMRs, support  RI/PMI sharing between the NC-JT CSI and single-TRP CSIs

One of the open issues is whether and when NC-JT CSI measurement hypothesis can be omitted.  From our earlier contribution [3], we compared the performance of single-TRP vs NC-JT where each TRP has 4 Tx antenna ports and  the UE is equipped with 4 Rx antennas.   The results from [3] for the case with 4 Rx antennas at the UE are reproduced in Table 3.  For single TRP, up to rank 4 transmission is allowed.  For NC-JT, the UE can receive the following layer combinations from the two TRPs (1, 1), (1, 2), (2,1), or (2,2).  As can be seen from the results, when up to four layers is allowed for single TRP scheduling, NC-JT performs poorly when compared to single-TRP scheduling.  However, in the evaluations performed in Rel-16, it was demonstrated that if the single-TRP PDSCH is restricted to 2 layers or fewer, then NC-JT provided gains at low loads.  Hence, from these results, we can derive a reasonable criteria on when to omit the NC-JT CSI measurement hypothesis.  For instance, when the rank of at least one TRP is greater than 2, then NC-JT CSI can be omitted.  We, thus, propose the following: 
[bookmark: _Toc71667645]Support NC-JT CSI omission under certain conditions when X=1 or 2 is configured with omission indicated in a CSI report. 
[bookmark: _Ref71661798]
Table 3: NC-JT performance with 4Tx per TRP and 4Rx ports at UE.
	RU of single TRP
	Cell edge UE throughput gain
	Mean UE throughput gain

	
	Single TRP
	NC-JT 
	Single TRP
	NC-JT 

	10%
	0%
	-4%
	0%
	-3%

	20%
	0%
	-6%
	0%
	-6%

	30%
	0%
	-9%
	0%
	-7%

	40%
	0%
	-7%
	0%
	-8%



3.3 Interference measurement
Another open issue on NC-JT CSI with a single reporting setting is on interference measurement as described in the following agreement from RAN1#103-e:
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

The additional statement and agreement were made in RAN1#104bis-e:
For future meetings:
Companies to study whether a CSI-IM can be referred by both NCJT and Single-TRP measurement hypotheses. Consider following Alternatives and FR1/FR2 differentiation:
· Alt 1: CSI-IM can be shared by both NCJT and Single-TRP measurement hypotheses.
· Alt 2: A CSI-IM resource is configured to be associated with either a CMR for Single-TRP measurement hypothesis or a CMR pair for NCJT measurement hypothesis

Agreement
Whether to support interference measurement based on NZP CSI-RS outside the CMR pair configured for NCJT measurement hypothesis, in addition to CSI-IM, study following Alternatives and down-select one Alternative in RAN1#105e:
· Alt 1: Yes, it is supported, subject to limitations, e.g. N=1 CMR pair and Ks=2 CMR resources
· Alt 2: No, it is not supported


If the same Rx antennas are used to receive a PDSCH from two TRPs, typically in case of FR1, the UE received signal  can be expressed as 

where
·  and   are the channel matrix associated with TRP1 and TRP2, respectively;
·  and  are the number of transmit antennas at TRP1 and TRP2, respectively; 
· M is the number of UE receive antennas;
·  and   are the precoding matrices applied in TRP1 and TRP2, respectively;
·  and  are the number of MIMO layers from TRP1 and TRP2, respectively. 
·  and  are the data symbols transmitted from TRP1 and TRP2, respectively;
·   is the receive noise and interference from other cells; 

In this case, if two CSI-IM resources and associated ZP CSI-RS resources are configured, interference measured on the two CSI-IM resources represents two observations of , and thus the interference can be averaged. 
When same antennas are used to receive from two TRPs, the interference on two CSI-IM resources represents two observations of a same interference.
[bookmark: _Toc71667646]For NC-JT CSI with a single CSI reporting setting , if the NZP CSI-RS resources for channel measurement are configured without QCL-type D or with the same QCL-type D, a UE assumes that the interference on the CSI-IM resources represents two observations of a same interference.

On the other hands, if two different groups of Rx antennas, e.g.,  two Rx antenna panels typically in FR2, are used to receive a PDSCH from two TRPs, respectively, the UE received signal can be expressed as 

where
·  and  are the signals received on a first and a second antenna panels, respectively; 
·  and   are the channel matrices associated with (TRP1, Rx panel #1)  and (TRP2, Rx panel #2), respectively;
·  and   are the cross over channel matrices associated with (TRP2, Rx panel #1)  and (TRP1,Rx panel #2), respectively;
·  and  are the received noise and interference on the first and the second groups of antenna ports; 
·  and   () are  the number of UE receive antennas in the first and the second antenna group or panel;

[bookmark: _Hlk71636707]In this case, interference measured on each of the two CSI-IM resources represents interference observed with each of the two antenna panels, i.e.,  and  are measured on CSI-IM #1 and CSI-IM#2, respectively.  When different antenna panels are used to receive from two different TRPs, the interference on each of the two CSI-IM resources represent different interference.

[bookmark: _Toc71667647]For NC-JT CSI with a single CSI reporting setting, if the NZP CSI-RS resources for channel measurement are configured with different QCL-type D source RS, a UE assumes that the interferences on different CSI-IM resources correspond to different interference sources.
In this case, interference measured on each of the two CSI-IM resources represents interference observed with each of the two antenna panels, i.e.,   and  are measured on CSI-IM #1 and CSI-IM#2, respectively.  When different antenna panels are used to receive from two different TRPs, the interference on each of the two CSI-IM resources represent different interference. Depending on whether dynamic point blanking (DPB) or dynamic point selection (DPS) is used for sTRP scheduling, CSI-IM REs may or may not be muted by gNB, i.e., a corresponding ZP CSI-RS may or may not be configured.  Therefore, whether a CSI-IM resource is configured only for one of NC-JT and sTRP or for both NC-JT and sTRP should be left for gNB implementation. 
[bookmark: _Toc71667648]A CSI-IM resource can be configured for one of NC-JT and sTRP or for both NC-JT and sTRP, this should be left for gNB implementation.

3.4 PMI/RI sharing evaluation results
In this section, we evaluate and compare the performance of two different schemes for the CSI report in DL multi-TRP transmissions:
· Scheme 1 (baseline): RIs and PMIs for NC-JT CSI and two single TRP CSIs are reported separately.
· Scheme 2 (PMI/RI sharing): RIs and PMIs for NC-JT CSI and two single TRP CSIs are shared.

Simulation’s parameters are summarized in Table 4. The evaluations are provided for the Indoor Hotspot scenario where a cluster size of 2 TRPs is assumed. The Indoor Hotspot scenario has 12 ceiling mounted TRPs facing down. The TRPs are partitioned into six fixed coordination clusters with 2 TRPs in each coordination cluster. Each TRP is equipped with two cross polarization Tx antennas and the UEs are equipped with two pairs of dual polarized isotropic Rx antennas. 
[bookmark: _Ref68093091]Table 4 Simulation parameters for the evaluation of CSI reporting schemes for DL multi-TRP transmissions
	Parameters
	Values

	Frequency Range
	4 GHz, SCS: 15 kHz, BW: 10 MHz

	BS Antenna Configuration
	(M, N, P, Mg, Ng) = (1, 1, 2, 1, 1). (dV, dH) = (0.5, 0.5) λ


	UE Antenna Configuration
	Isotropic antenna (M, N, P) = (1, 2, 2). (dV, dH) = (0.5, 0.5) λ

	Traffic Model
	Non-full buffer

	Transmission scheme
	Up to rank 2 transmission per TRP

	Target BLER
	10%

	Scenario
	Indoor Hotspot, 12 sites, 1TRP/site, 3km/h

	Coordination cluster
	2 TRPs per cluster



The mean and cell-edge user throughput are shown in Figure 9, where the curves labeled with ‘CSI sharing’ correspond to Scheme 2.  It can be seen that system performance is almost identical for the two schemes.  

[image: Chart, line chart
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(a)Mean user throughput	          			(b) Cell-edge user throughput
[bookmark: _Ref71658613]Figure 9:  System performance with and without RI/PMI sharing (Scheme 1 is shown in blue and Scheme 2 is shown in orange).

Conclusion
Based on the discussion in the previous sections, we make the following observations and proposals:
Observation 1	The gain by using 32 CSI-RS ports is either marginal or incurring large overhead for modest benefit.
Observation 2	A large  value relative to  is needed for a good performance and overhead tradeoff, small values of  relative  introduces significant performance loss.
Observation 3	Supporting  is good for use cases where the SRS bandwidth is smaller than the CSI-RS bandwidth. Further increasing  to larger values than 2 does not provide additional gain.
Observation 4	Small values of , e.g., 0.25, 0.5, results in significant performance loss, while large values of , e.g., 0.75 and 1, shows good performance and overhead tradeoff.
Observation 5	Comparing  to , a decent gain can be obtained with small increase in overhead.
Observation 6	For rank 1 transmission and , reporting all coefficient instead of reporting part of the coefficients with a NZC bitmap provides better performance and overhead tradeoff.
Observation 7	Polarization-common bitmap can introduce performance loss since the two polarizations experience different small scale fast fading.
Observation 8	The  value does not affect overhead for Rel-17 Type II PS codebook. Having  as large as the CQI subband size gives the best performance without significantly increase UE complexity. I single R value is preferred to avoid unnecessary many options for this feature.
Observation 9	When CSI-RS density is reduced, the performance loss due to worse channel estimation outweighs the performance gain by having lower CSI-RS overhead.
Observation 10	For 16 and 32 port CSI-RS resources, each OFDM symbol contains at least 8 ports.
Observation 11	For the typical scenarios where NCJT is beneficial, performance evaluations show that there is very little performance difference between the following two cases: (1) RI/PMIs are shared between NC-JT CSI and single-TRP CSI, and (2) RI/PMIs are not shared between NC-JT CSI and single-TRP CSI.
Observation 12	There is significant CSI overhead savings with RI/PMI sharing when compared to the case where RI/PMI are not shared between NC-JT CSI and single-TRP CSI (e.g., 27% overhead reduction when TRPs are equipped with 2 ports).
Observation 13	When same antennas are used to receive from two TRPs, the interference on two CSI-IM resources represents two observations of a same interference.


Proposal 1	Support up to 16.
Proposal 2	Use a proportion factor  to determine the value , where . Candidate values  can be 0.75 and 1.
Proposal 3	An RRC parameter controls the number of FD bases (e.g. =2), and the default value is a single basis (=1). In this default case,  Wf  is an all-one vector of length N3.
Proposal 4	Support Alt.1: FD bases in the window must be consecutive from an orthogonal DFT matrix
Proposal 5	Support Alt.2: N >= Mv and furthermore, support  for  and  for 
Proposal 6	Support Alt 2: Minit for the window is fixed to be 0.
Proposal 7	Support  and , larger value of  is not needed.
	Support  and .
Proposal 9	For rank 1 transmission, when   is configured, then UE reports all  coefficients and the resulting NZC bitmap is all ones and is therefore not reported.
Proposal 10	Support polarization-specific bitmap, when bitmap is reported.
Proposal 11	Support a single and large  value, for example , where  is the CQI subband size.
Proposal 12	Support polarization-common based free selection for all supported number of CSI-RS ports and ranks.
Proposal 13	Support combinatorial coefficient for reporting the port selection matrix  for all supported codebook configurations.
Proposal 14	Support Alt 1, i.e., reuse the Rel-16 quantization mechanism.
Proposal 15	Prioritize rank 1 and 2 in RAN1 work on FDD CSI feature
Proposal 16	Do not support lower CSI-RS density, e.g., .
Proposal 17	Support Option 3: Support configuring multiple CSI-RS resources per CSI reporting configuration associated with Rel-17 PS codebook
Proposal 18	Support dynamic update of CMR pairs for NC-JT CSI measurement hypothesis using MAC-CE and/or RRC signalling
Proposal 19	Do not support higher layer signalling to dynamically update CMRs for sTRP measurement hypotheses.
Proposal 20	Support sharing a NZP CSI-RS resource m by two CMR pairs (m, a) and (m, b) configured for NCJT measurement hypotheses for FR1 and FR2 (where the support is conditioned on UE capability signalling for FR2).
Proposal 21	Support sharing a NZP CSI-RS resource configured in a CMR pair used for NCJT measurement hypothesis and a CMR configured for Single-TRP measurement hypothesis for FR1 and FR2 (where the support is conditioned on UE capability signalling for FR2).
Proposal 22	For a CSI report containing both NC-JT CSI and single-TRP CSIs (e.g., Option 1 with X =1, 2) associated with the same CMRs, support  RI/PMI sharing between the NC-JT CSI and single-TRP CSIs
Proposal 23	Support NC-JT CSI omission under certain conditions when X=1 or 2 is configured with omission indicated in a CSI report.
Proposal 24	For NC-JT CSI with a single CSI reporting setting , if the NZP CSI-RS resources for channel measurement are configured without QCL-type D or with the same QCL-type D, a UE assumes that the interference on the CSI-IM resources represents two observations of a same interference.
Proposal 25	For NC-JT CSI with a single CSI reporting setting, if the NZP CSI-RS resources for channel measurement are configured with different QCL-type D source RS, a UE assumes that the interferences on different CSI-IM resources correspond to different interference sources.
Proposal 26	A CSI-IM resource can be configured for one of NC-JT and sTRP or for both NC-JT and sTRP, this should be left for gNB implementation.
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[bookmark: _Ref54359130]Appendix 1. FDD CSI agreements at previous meeting.

The following agreements were made in RAN1#104bis-e: 
Agreement
For rank=1, polarization-common based free-selection should be supported for W1.
· FFS: Whether there is a need to restrict the number of CSI-RS ports for which this is supported.

Agreement
At least for rank 1, combinatorial coefficient is used for port selection for W1.
· FFS when Wf is turned off

Agreement
Confirm following working assumption of Wf for R17 PS CB
· 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.

Agreement
At least for rank 1, regarding the value(s) of K1 for port selection matrix W1 in NP*K1, study and down-select from the following candidate values of K1 and the maximal value of P in RAN1 105e
· K1 in {2,4,8,12,16,24,32} with K1 <= P
· The maximal value of P as Pmax, e.g.  32
· FFS: possible parameter combinations/dependence for K1 with other PS CB parameters, e.g. whether different candidate values of K1 should be configured for different ranks (if rank>1 is supported).
· FFS: Whether any value of K1 up to P can be supported for some codebook parameters 
· Note: for Polarization-common based free-selection, it means to select the same L=K1/2 ports out of P/2 ports for both polarizations.
Note: for polarization-specific based free-selection, it means select K1 ports out of P ports
Note: P is the number of CSI-RS ports for port selection (whose value depends on the outcome of the CSI-RS related study)
Agreement 
At least for rank 1, the FD bases used for Wf quantitation are limited within a single window/set with size N configured to the UE, study and down-select one Alternative in RAN1 105e:
· Alt 1: FD bases in the window must be consecutive from an orthogonal DFT matrix
· Alt 2: FD bases in the set can be consecutive/non-consecutive, and are selected freely by gNB from an orthogonal DFT matrix
· FFS: Applicable conditions: e.g. Wf turned ON/OFF and/or associated value of Mv
· FFS: Whether this applies when Wf is turned OFF
Note that “at least for rank 1” does not imply for the support of rank 1 only in Rel-17 or restrictions of supporting/not supporting additional alternatives for higher rank.

Agreement 
At least for rank 1, for relationship between N and Mv, study and down-select one Alternative from following in RAN1#105e
· Alt 1: N= Mv always
· Alt 2: N >= Mv and FFS candidate value(s) of N, e.g. 2, 4
· FFS: applicable conditions: e.g. Wf turned ON/OFF and/or associated value of Mv
· FFS: Whether this applies when Wf is turned OFF
Note that “at least for rank 1” does not imply for the support of rank 1 only in Rel-17 or restrictions of supporting/ not supporting additional alternatives for higher rank.

Agreement
A bitmap for indication non-zero coefficients should be supported for W2 with a compression coefficient beta<=1 whereas
· FFS values of beta < =1, e.g. 1/8, 1/4, 1/2, 3/4, 1
· FFS: whether/how such a bitmap can be absent for specific codebook configuration parameters
· FFS: whether a bitmap is polarization-common or polarization-specific whereas polarization-specific bitmap is the baseline
· FFS: possible parameter combinations/dependence for beta with other PS CB parameters


Agreement 
At least for rank 1, regarding the value(s) of R for Rel-17 PS codebook enhancement, study and down-select one or more than one Alternative (or a subset of corresponding values) in RAN1 105e:  
· Alt 0:  R < 1 (e.g. 1/4, 1/2)
· Alt 1: R=1
· Alt 2: R=1 and 2
· Alt 3: R=1,2, 4, and 8
· Alt 4: R= {1,2,…, D*NPRBSB} whereas D is the density of CSI-RS in frequency domain
· FFS: applicable conditions: e.g. Wf turned ON/OFF and/or associated value of Mv
· FFS: Whether this applies when Wf is turned OFF
Note that “at least for rank 1” does not imply for the support of rank 1 only in Rel-17 or restrictions of supporting/not supporting additional alternatives for higher rank.

Agreement 
For the quantization of W2 coefficient, study following Alternatives with Alt 1 as the baseline:
· Alt1: Reusing Rel-16 quantization mechanism for Rank 1 at least, which can be summarized as following:
· An indicator for the strongest coefficient
· Two polarization-specific reference amplitudes:
· for the polarization associated with the strongest coefficient, the reference amplitude is not reported
· for the other polarization, reference amplitude is quantized to 4 bits
· For coefficients other than the strongest coefficient
· differential amplitude is calculated relative to the associated polarization-specific reference amplitude and quantized to 3 bits
· phase is quantized to 16PSK
· Alt1-1: the ref amplitude = 0 reserved in R16 can be replaced with a new value, e.g. (1/2)^(1/8), (1/2)^(3/8)
· Alt2-0: Individual amplitude (e.g. 3 or 4 bits with Rel15/16 amplitude codebooks) and phase (e.g. 16PSK) quantization 
· FFS: amplitude codebook is uniform in db or linear scale
· FFS: support a strongest coefficient indicator, and individual quantization for other non-zero coefficients.
· Alt2-1: ref amp (e.g. 4 bits), Individual amplitude (e.g. 3 bits) and phase (e.g. 16PSK) quantization for each non-zero coefficient
· FFS: amplitude codebook is uniform in db or linear scale
· FFS: reference amplitude is polarization specific or polarization common, and corresponding codebook
· Note: Other quantization schemes or enhancement on top of Alt 1 or Alt 2 are not precluded.

Agreement 
For PS codebook enhancements utilizing DL/UL reciprocity of angle and/or delay, down-select ONE option for CSI-RS configurations associated with Rel-17 PS codebook, from Option 0 (No further enhancement), Option 1 (i.e. lower CSI-RS density) and Option 3 (i.e. configuring multiple CSI-RS resources)
· If there is no consensus in RAN1#105e, Option 0 is by default.



Appendix 2. Simulation assumptions.
	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
	2RX: (1,1,2,1,1,1,1)


	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
	MU-MIMO with rank one per UE 

	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 eType II 

	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

	FDD DL/UL calibration error model at gNB
	[image: ]
·  is the spatial UL channel at gNB side with calibration error
· [image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ] is the ideal spatial UL channel without calibration error
· E represents the mismatch of transmission and reception circuits of gNB
·  is the amplitude error 
·  is the phase error
·  is the number of antennas at gNB side 
With amplitude error (expressed in decibel of [image: ][image: ][image: ][image: ])[image: ][image: ] and phase error are normal distribution with 0.7dB and 5 degrees standard deviation, respectively. Both amplitude/phase errors are assumed to be constant during a simulation drop and constant across whole simulation bandwidth 




Appendix 3. Description of used gNB and UE procedures for
studying port selection codebook enhancement 
In this section we describe the gNB and UE procedures that have been used for the evaluations of Type II port selection codebook enhancement that are presented in Section 2.1. 

A3.1	CSI-RS precoding at the gNB
Based on an estimated UL channel matrix the gNB determines SD and FD bases for the CSI-RS precoding. The selection of SD and FD bases is up to gNB implementation. In this section we describe a DFT-based CSI-RS precoding scheme that has been used for the evaluations presented in Section 2.1.
For each CSI-RS port, a pair of SD basis vector, , and FD basis vector,  are jointly selected to precode CSI-RS port , for , where  is the number of CSI-RS ports, while  and  are the number of gNB antenna ports and resource blocks (RBs), respectively. The joint SD-FD precoder for CSI-RS port , denoted by , is then given by  . The SD and FD precoding vectors are taken from a set of rotated DFT matrices, where the number of rotated DFT matrices are given by the corresponding oversampling factors. For each SD basis matrix  with rotations in azimuth/elevation domain, and FD basis matrix  with rotation  in delay domain, a corresponding angle/delay power spectrum is calculated according to 

where  is the estimated UL channel matrix for UE antenna port , and is the number of UE antenna ports. The best rotations are determined by summing the powers of the strongest SD-FD pairs in the angle/delay spectrum for each rotation. The SD-FD pairs for CSI-RS precoding are then determined by selecting the  strongest SD-FD pairs from the basis matrix with the best rotation. In case of polarization-common port selection, the same precoder is applied on two orthogonal polarizations for each SD-FD pair. In this case, the angle-delay power spectrum is averaged over polarizations and the  strongest SD-FD pairs are selected to precode each polarization.

A3.2	UE measurement and reporting
The UE measures the DL channel based on the configured CSI-RS ports. First, since delay has been pre-compensated in the precoded channel which reduces frequency selectivity, an FD compression can be performed by the UE by equalizing the estimated DL channel over frequency. Due to delay pre-compensation, it is expected that most of the channel information from different ports will be captured in the same tap, e.g. the tap corresponding to zero delay. In this case, a single DC DFT component can be used for averaging the channel over subbands. In a more general case where multiple dominant taps are observed,  DFT components can be used to equalize the channel over subbands. 
Denote the FD compression matrix as  and the estimated DL channel for the precoded CSI-RS ports as , …, where  for , and  is the number of subbands. The FD compressed channel can then be written as ,for . After FD compression, the UE selects out of the ports. Let  , where  is the channel matrix for the selected ports compressed with the -th FD component. The coefficient matrix  for layer  is then given by  where   is the  -th right singular vector of . The UE then reports a selected number of non-zero coefficients in to the gNB in the PMI report.

The above procedure for CSI-RS precoding and UE PMI calculation is further explained in  and  for  and , respectively. In these examples, there are 8 clusters in the original channel, tagged as A-G. Clusters that are located in the same direction are coded with the same color. In , the UE is configured with  FD basis vector. In this case, gNB pre-compensates the delay for each of the 8 CSI-RS ports such that they are aligned in the delay domain when received by the UE. The UE then filters the corresponding tap of the beamformed DL channel with a window of size 1 (represented by the red box) and calculates PMI based on the filtered channel. In , another example is shown, where the gNB precodes 4 CSI-RS ports and the UE is configured with  adjacent FD basis vectors. In this case, the gNB pre-compensates delay with 4 windows of size 2, where each window contains 1-2 taps. Delay pre-compensation is applied to the selected windows during CSI-RS precoding such that they are aligned in delay domain. The UE will then filter the corresponding taps of the beamformed DL channel with a window of size 2, based on which PMI is calculated. In this example, we implicit assumes that cluster H is the weakest and can be ignored during CSI-RS precoding; otherwise, gNB can use an additional CSI-RS port to cover that cluster. Note that the example in  can be treated as a special case of , where a size-1 window is used. The above window-based CSI-RS precoding is transparent to the UE and can be applied to any value of .  
[image: Diagram

Description automatically generated]
Figure 10 An example of gNB CSI-RS precoding and UE PMI calculation with .

[image: Diagram

Description automatically generated]
Figure 11 An example of gNB CSI-RS precoding and UE PMI calculation with .
A3.3	PDSCH precoding
Based on the reported PMI from the UE the gNB reconstructs the precoder for that UE by combining the PMI with the applied CSI-RS precoder. The reconstructed  precoding vector,  for subbband  and the first layer can be obtained as
 
where is the CSI-RS precoding matrix for subband  and  is the -th column of the reported .
By combining reports from multiple UEs the gNB can determine a precoder for MU-MIMO PDSCH transmission, e.g., an MMSE or SLNR precoder.  
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