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Introduction
This contribution discusses the remaining open issues in CSI reporting. In our companion paper [5], we discuss the remaining issues for SP-CSI reporting on PUSCH, while in our other companion paper [6], we present TPs on some miscellaneous corrections and clarifications regarding CSI reporting in TS38.214.
Remaining issues on CSI computation capability, timing requirement and CSI reference resource
Previous agreements
In RAN1#92, the following agreements were reached [1]:
Agreement #1:
· When A-CSI reporting on CSI only PUSCH with single CSI report is triggered,
· UE is not expected to receive a scheduling DCI with symbol offset such that M-L-N < Z
· UE is not expected to receive a scheduling DCI if AP CSI-RS is used for channel measurement and with symbol offset such that M-O-N < Z’
· FFS for the condition when P/SP CSI-RS is used for channel/interference measurement
· FFS if this agreement applies to beam reporting in addition to CSI reporting
· Note:
· L=the last symbol of PDCCH triggering the A-CSI reporting 
· M=the starting symbol of the PUSCH
· N= the TA value in unit of symbols (e.g., TA=1.4 symbol)
· O= the later symbol between the last symbol of AP CSI-RS resource for CMR, the last symbol of aperiodic NZP CSI-RS for IM (if present) and the last symbol of aperiodic CSI-IM (if present)

Agreement #2:
· Time offset of the CSI reference resource is derived from Z’ for a given CSI latency and numerology as follows:
· 
nCQI_ref is the smallest value greater than or equal to , such that slot n- nCQI_ref corresponds to a valid downlink slot.
· This is applied for at least for aperiodic CSI reporting
· FFS criterion for P / SP reporting
· This is applied when AP/P/SP CSI-RS is used for CSI calculation.
· When P/SP CSI-RS / CSI-IM is used for channel/interference measurement, UE is not expected to measure channel/interference on the CSI-RS / CSI-IM whose last OFDM symbol is received 0 to Z’ symbols before transmission time of first OFDM symbol of AP CSI reporting.
· Note: This is not the only condition, the CSI-RS shall also be on or before the CSI reference resource, this also includes the AP CSI-RS case
· FFS if this criterion is needed for P / SP reporting
· FFS: When P/SP CSI-RS is used for channel/interference measurement in case of AP CSI reporting, UE does not expect that the latest CSIRS no later than CSI reference resource is received before triggering PDCCH.

Agreement #3:
· In Table I, (Z,Z’) values are baseline values which shall be supported by all UEs.
· All (Z,Z’) values in Table I are TBD.
· FFS whether (Z,Z’) values for low latency and high latency CSI in Table I are the same for a given numerology, in case of normal UE.
· Note. If those two values are the same for all numerology, then low and high latency is merged for normal UE. 
· In Table II, for a given numerology and CSI latency, whether or not to support the (Z,Z’) value in Table II is reported as a UE capability.
· For a given numerology and CSI latency, the (Z,Z’) values in Table II should be equal to or smaller than (Z,Z’) values in Table I.
· All (Z,Z’) are fixed in specification and the values are TBD
· If no agreement on the values for Table II can be achieved, advanced UE is not supported for Rel-15
Table1. CSI calculation time Z for normal UE.
	CSI latency
	Units
	15kHz SCS
	30kHz SCS
	60kHz SCS
	120kHz SCS

	Low latency
	Symbols
	(Z1,1, Z’1,1)
	(Z1,2, Z’1,2)
	(Z1,3, Z’1,3)
	(Z1,4, Z’1,4)

	High latency
	Symbols
	(Z2,1, Z’2,1)
	(Z2,2, Z’2,2)
	(Z2,3, Z’2,3)
	(Z2,4, Z’2,4)


Table2. CSI calculation time Z for advanced UE.
	CSI latency
	Units
	15kHz SCS
	30kHz SCS
	60kHz SCS
	120kHz SCS

	Low latency
	Symbols
	(Z1,1, Z’1,1)
	(Z1,2, Z’1,2)
	(Z1,3, Z’1,3)
	(Z1,4, Z’1,4)

	High latency
	Symbols
	(Z2,1, Z’2,1)
	(Z2,2, Z’2,2)
	(Z2,3, Z’2,3)
	(Z2,4, Z’2,4)



Furthermore, as part of a UE capability 2-35 [2], it was agreed that the reported UE capability on simultaneous CSI processing is common for all time-domain behaviours of CSI:
5. UE can process X CSI report(s) simultaneously. CSI reports can be P/SP/A CSI and any latency class and codebook type. 
FFS: whether X should also count the SRS precoder derivation in case of reciprocity based SRS Tx

Remaining open issues regarding CSI computation capability
A number of open issues remains to be resolved, which are listed below.
1. How to define the X simultaneous CSI calculations?
a. Is a “CSI calculation”-centric or “channel buffering”-centric approach taken?
b. When is a “CSI process” assumed to be occupied with the calculation of a CSI report?
2. What are the CSI dropping / non-update rules in case of 
a. multiple triggered CSI reports?
b. multiplexing with UL-SCH or HARQ-ACK?
3. CSI reference resource timing for P/SP reports: Same as for AP reporting or relaxed?

4. Does AP CSI reports with P/SP CSI-RS require “causal triggering”?
5. Does CMR and IMR have to have the same slot offset?
6. What are the values of (Z,Z’) for the two UE categories?

In the following, we discuss the open issues.
How to define the X simultaneous CSI calculations?
A flexible CSI framework has been agreed in NR, where Resource Settings and Report Settings are separately defined and where the same Resource Setting can be shared between several Report Settings (for instance by having both Type I CSI and Type II CSI reports from the same NZP CSI-RS resource). This is different from the LTE CSI process concept where the resources are instantiated within the CSI process and one type of CSI Report has a fixed association to a CSI process. Thus, in LTE, a CSI processes is dedicated to a single type of CSI Report so that if the UE wants to be able to calculate two type of CSI reports it is assumed to have two dedicated CSI processes / CSI processing units and cannot multiplex the CSI calculations in time on a single CSI processing unit. To support the more flexible CSI framework envisioned in NR, it was decided to define the UE capability on CSI Reporting Settings as follows:
	2-35
	CSI report framework 

	1. Maximum number of periodic CSI report setting per BWP
2. Maximum number of aperiodic CSI report setting per BWP 
3. Maximum number of semi-persistent CSI report setting per BWP
4. Minimum duration Zk,l (in symbols)for processing a CSI, k is level of CSI latency class, i is the index of SCS, i=1,2,3,4 corresponding to 15,30,60,120 kHz SCS. 
5. UE can process X CSI report(s) simultaneously. CSI reports can be P/SP/A CSI and any latency class and codebook type. 

FFS: whether X should also count the SRS precoder derivation in case of reciprocity based SRS Tx




Where Components 1-3 defines the maximum number of candidate CSI Report Settings, which typically would be a larger number, while Component 5 defines the number of CSI processing units the UE has. With this more flexible approach, even if the UE has only one CSI processing unit, it is not dedicated to a single type of CSI but instead the calculation of reports for multiple CSI Report Settings can be multiplexed over time on the single CSI processing unit, allowing the gNB to enjoy a variety of CSI reports without unnecessarily burdening the UE by requiring dedicated CSI processing units for each report.
Before discussing the definition of “simultaneous” CSI calculation, it first needs to be addressed if the measurement and buffering of channel estimates of associated CSI-RS / CSI-IM is seen as occupying a CSI processing unit (or “CSI process”) as proposed in [4]. That is, if the UE is configured with a CSI Report Setting where the linked Resource Setting for channel measurement comprises periodic or semi-persistent resources, does this CSI report setting occupy a CSI process all the time due to the fact that the UE needs to maintain a channel estimate in its buffer s  so that an aperiodic CSI report may be triggered or that a P/SP may be calculated at a later stage, or, is this part of a separate capability? In our view, such an interpretation would be unfortunate since it would limit the flexibility of the CSI framework and essentially force the network to configure only aperiodic CSI report with aperiodic CSI-RS if it wants to utilize the full flexibility of the NR CSI framework.
[bookmark: _Toc510803424][bookmark: _Toc510805097]RAN1 needs to decide between “channel buffering”-centric or “CSI calculation”-centric UE capability interpretation

However, according to our interpretation of the agreements, the measurement and buffering of channel and interference estimates is handled by a separate capability 2-33:
	2-33
	CSI-RS and CSI-IM reception for CSI feedback
	
1. Supported max # of configured NZP-CSI-RS resources per CC, 
2. Supported max # of ports across all configured NZP-CSI-RS resources per CC
3. Supported max # of configured CSI-IM resources per CC




Thus, a fair assumption is that the UE should be required to monitor, keep up to date measurements and buffer channel estimates for as many resources/ports as it reports as the capability (otherwise, what does this capability indicate?) That is, the capability 2-33 corresponds to the configured Resource Settings while the capability 2-35 corresponds to the configured Report Settings. Such an interpretation with decoupled capabilities for resource and report is more in line with the flexible NR CSI framework. 
[bookmark: _Toc510803426][bookmark: _Toc510805100]Measurement and buffering of channel estimates for CSI reporting is not deemed to occupy a CSI processing unit
Thus, if the assumption in Proposal 1 holds, the definition of simultaneous CSI processing capability boils down to defining when a CSI report is said to occupy a CSI processing unit / CSI process. We therefore propose the following:
[bookmark: _Toc510803427][bookmark: _Toc510805101]A UE capable of X simultaneous CSI calculations is said to have X CSI processes.  A CSI report to be calculated is assigned to an un-occupied CSI process according to a predefined rule and is then said to occupy the CSI process. The CSI process remains occupied until the first OFDM symbol of the physical channel carrying the CSI report. 
[bookmark: _Toc510803428][bookmark: _Toc510805102]If all CSI processes are occupied at the time a CSI report is to be assigned, the CSI report is not required to be updated and stale CSI may be reported
The next question is how to determine at what time instance a CSI report should be assigned to a CSI process. For periodic and semi-persistent CSI reports, the UE shall in the worst case (from a processing perspective) take into account CSI-RS occasions occurring in the slot of the CSI reference resource, so it is reasonable to define the time of assignment of a P/SP CSI report to a CSI process as the first OFDM symbol of the CSI reference resource. 


One also needs to take into account that there could be several P/SP CSI reports which have their respective CSI reference resource in the same slot. Thus, if there are more P/SP CSI reports to be calculated than available CSI processes, some prioritization has to be made. It seems natural to prioritize the P/SP CSI reports according to the already defined priority rules, i.e. a CSI report with lower  value shall be assigned to an un-occupied CSI process before a CSI report with higher value.

[bookmark: _Toc510803429][bookmark: _Toc510805103]A periodic / semi-persistent CSI report is assigned to a CSI process at the first OFDM symbol in the slot of the CSI reference resource. If several periodic / semi-persistent CSI reports have their respective CSI reference resource in the same slot, the CSI reports are assigned to CSI processes in the order of value.
For aperiodic CSI reporting, a similar approach could be taken where the time location of the CSI reference resource is taken as the time where the aperiodically triggered CSI report is said to occupy the CSI process. However, as the CSI reference resource has to correspond to a valid downlink slot, it is possible that the CSI reference resource actually occurs before the PDCCH trigger in case of TDD and short PUSCH slot offset. Conversely, it is also possible that the CSI reference resource occurs some slots later than the PDCCH trigger, in case of larger PUSCH slot offset. In that case, the UE could start to process CSI as soon as the latest CSI-RS occurrence no later than the CSI reference resource is received. For aperiodic CSI-RS, that CSI-RS would occur in the same slot as the PDCCH trigger (in case no QCL Type D information is conveyed, where it could occur in a later slot). For P/SP CSI-RS, the latest CSI-RS occurrence could be either before the PDCCH trigger or in any slot up to the CSI reference resource. 
In order not to complicate the CSI computation capability too much with a lot of rules for each special case, we propose to assign aperiodic CSI report to a CSI process at the OFDM symbol after the PDCCH is received. If several CSI reports are triggered with the same triggering state, they could be assigned to un-occupied CSI processes by the order of CSI report ID.
[bookmark: _Toc510803430][bookmark: _Toc510805104]An aperiodic CSI report is assigned to a CSI process at the first OFDM symbol after the triggering PDCCH.  If several CSI reports are triggered with the same triggering state, they are assigned to un-occupied CSI processes by the order of CSI report ID.
The proposed CSI computation capability framework is illustrated in Figure 1 below. 


Figure 1: Illustration of assigning P/SP/A CSI reports to CSI processes
CSI timing requirement in case of multiple triggered CSI reports
In case when multiple CSI reports are triggered with the same trigger state, Agreement #1 needs to be extended to encompass this more general case. However, this could be made rather simple, if the multiple triggered CSI reports are assumed assigned to separate CSI processes, then the rules for a single triggered CSI report could be applied for each CSI process (with the modification that the UE is not required to update the CSI rather than not expecting such a scheduling DCI).
[bookmark: _Toc510803431][bookmark: _Toc510805105]When multiple aperiodic CSI reports are triggered, the UE is not required to update the CSI for a certain report i mapped to a certain CSI process, if the PUSCH scheduling offset is M-L-N < Zi, or if ap-CSI-RS is used and M-O-N < Zi’
CSI timing requirement in case of multiplexing with UL-SCH
As pointed out in [3] UL-SCH transport block preparation  cannot be done entirely in parallel as the resource mapping for UL-SCH coded bits depends on the CSI Part 2 payload, which is unknown before the UE has calculated the CSI report. However, a larger part of the processing (such as the LDPC encoding) can be done in parallel. It is essentially only the reading out of coded bits from the circular buffers and mapping to resource elements that needs to await the outcome of the CSI processing. Therefore, the UE could report a Z value that is sufficiently large to cover both the cases with and without UL-SCH.
[bookmark: _Toc510803432][bookmark: _Toc510805106]The same CSI timing requirement apply for the case were CSI is multiplexed with UL-SCH as for CSI only
CSI reference resource timing for P/SP CSI report
In RAN1#92 the CSI reference resource timing was agreed for aperiodic CSI report to depend on the Z’ value for the corresponding CSI latency class and UE capability. It was also discussed if the same definition should be used also for P/SP CSI reports, resulting in a less complicated specification. One argument against this was that a more relaxed timing could be warranted for P/SP reports, as that CSI may not be that urgent. As a compromise, one could consider basing the CSI reference resource timing on the Z’ value for high latency CSI for the normal complexity UE, regardless of the actual CSI latency class and reported UE capability.

[bookmark: _Toc510803433][bookmark: _Toc510805107]Time offset of the CSI reference resource for P/SP CSI report is the smallest value greater than or equal to nCQI_ref =, such that slot n- nCQI_ref corresponds to a valid downlink slot and where Z’ is the requirement for high latency CSI for normal complexity UE

Does AP CSI reports with P/SP CSI-RS require “causal triggering”?
If a “channel buffering”-centric approach to CSI calculation capability is assumed, it has been proposed to require at least one P/SP CSI-RS occasion to occur after the PDCCH trigger of an aperiodic CSI report, so that  the UE is not required to buffer channel estimates in preparation for a possible aperiodic CSI trigger. However, adding such a requirement would limit the UE to make a one-shot measurement, essentially making P/SP CSI-RS equivalent to an aperiodic CSI-RS. I.e. if such a limitation were added its unlikely that P/SP CSI-RS would be used in practice. Another downside is that, since P/SP CSI-RS typically would be shared between all UEs in the cell, the gNB would be forced to trigger aperiodic CSI reports for all UE simultaneously instead of spreading out the CSI reports for multiple UEs in time, or, multiplexing the CSI report with UL data. Thus, it is preferred not to require causal triggering in this case.
[bookmark: _Toc510805108]Do not require “casual triggering” of AP CSI reports with P/SP CSI-RS
Issues related to BWP switching
Some open issues remain regarding handling of multiple BWPs and CSI reporting.
Pre-activation of SP-CSI on PUCCH for inactive DL BWP?
It was discussed but nothing concluded in RAN1#92 if a SP-CSI report (associated with a currently inactive DL BWP) on PUCCH can be pre-activated by sending a MAC CE before the associated DL BWP is activated. In our view, we see no problem with this as it is the same behaviour as for periodic CSI reports configured for inactive BWPs, therefore it should be supported.
[bookmark: _Toc510805109]Support to activate SP-CSI on PUCCH report on inactive DL BWP. Once activated, the corresponding SP-CSI is transmitted once the associated BWP is activated.

SP-CSI reports on PUSCH and BWP switching
Another issue is if activated SP-CSI reports on PUSCH stays active if the DL BWP is switched to another BWP and then switched back. As SP-CSI on PUSCH is activated dynamically with DCI, the additional overhead for sending another re-activation DCI upon the BWP switch is not very large. Therefore, it is more robust to assume that the SP-CSI report is considered inactivated upon a DL BWP switch rather than keeping track of active SP-CSI reports across BWPs. The same behaviour could apply for an UL BWP switch, instead of re-interpreting the resource allocation for the new BWP, the report can simply be considered to be deactivated and a new activation DCI corresponding to the newly activated UL BWP can be sent if the gNB wishes the SP-CSI reporting to continue.
[bookmark: _Toc510805110]An SP-CSI report on PUSCH is considered de-activated upon both UL BWP and DL BWP switch and a new activation DCI is required to activate the SP-CSI reporting again

Conclusions
In this contribution, we made the following observations:
Observation 1	RAN1 needs to decide between “channel buffering”-centric or “CSI calculation”-centric UE capability interpretation

We make the following proposals:
Proposal 1	Measurement and buffering of channel estimates for CSI reporting is not deemed to occupy a CSI processing unit
Proposal 2	A UE capable of X simultaneous CSI calculations is said to have X CSI processes.  A CSI report to be calculated is assigned to an un-occupied CSI process according to a predefined rule and is then said to occupy the CSI process. The CSI process remains occupied until the first OFDM symbol of the physical channel carrying the CSI report.
Proposal 3	If all CSI processes are occupied at the time a CSI report is to be assigned, the CSI report is not required to be updated and stale CSI may be reported

Proposal 4	A periodic / semi-persistent CSI report is assigned to a CSI process at the first OFDM symbol in the slot of the CSI reference resource. If several periodic / semi-persistent CSI reports have their respective CSI reference resource in the same slot, the CSI reports are assigned to CSI processes in the order of value.
Proposal 5	An aperiodic CSI report is assigned to a CSI process at the first OFDM symbol after the triggering PDCCH.  If several CSI reports are triggered with the same triggering state, they are assigned to un-occupied CSI processes by the order of CSI report ID.
Proposal 6	When multiple aperiodic CSI reports are triggered, the UE is not required to update the CSI for a certain report i mapped to a certain CSI process, if the PUSCH scheduling offset is M-L-N < Zi, or if ap-CSI-RS is used and M-O-N < Zi’
Proposal 7	The same CSI timing requirement apply for the case were CSI is multiplexed with UL-SCH as for CSI only

Proposal 8	Time offset of the CSI reference resource for P/SP CSI report is the smallest value greater than or equal to nCQI_ref =, such that slot n- nCQI_ref corresponds to a valid downlink slot and where Z’ is the requirement for high latency CSI for normal complexity UE
Proposal 9	Do not require “casual triggering” of AP CSI reports with P/SP CSI-RS
Proposal 10	Support to activate SP-CSI on PUCCH report on inactive DL BWP. Once activated, the corresponding SP-CSI is transmitted once the associated BWP is activated.
Proposal 11	An SP-CSI report on PUSCH is considered de-activated upon both UL BWP and DL BWP switch and a new activation DCI is required to activate the SP-CSI reporting again
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