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1. Introduction
In 3GPP RAN1 NR Ad-hoc #3 meeting, following agreements were made regarding CSI-RS design [1].
	Agreement:
NR should support non-adjacent mapping of CSI-RS components in frequency domain.
· The REs in each CSI-RS component should be adjacent
Uniform RE mapping across all 4 symbols for N=4 is supported.
· Support of non-uniform case is FFS

Agreement:
For ECP, NR supports the following:
· CSI-RS reuses NCP CSI-RS resources 
· For beam management purpose, reuse 1-port NCP CSI-RS for beam management
· For beam management purpose, reuse 2-port NCP CSI-RS with D=1 for ECP in Rel-15 subject to RAN4 feedback
Send LS to RAN4 to request feedback on the following issues (Huawei, Xi):
· Feasibility of 2-port ECP/NCP CSI-RS with D=1 for beam management
· Feasible densities of 1-port ECP/NCP CSI-RS for beam management

Agreement:
All slides in R1-1716782 with the following revision to slide 5
· Down-select among the following options
· Opt. 1: The starting subcarrier of a CSI-RS component RE pattern is constrained to be one among even subcarriers, in the given PRB
· Opt. 2: The starting subcarrier of a CSI-RS component RE pattern is not constrained, subcarrier in the given PRB. 
· FFS, additional constraints, e.g. considering size of the component RE pattern
· At least {6th,7th, 13th, 14th} OFDM symbol in a slot structure can be configured for CSI-RS transmission
· Note: The dependency of CSI reporting timing on the CSI-RS OFDM symbol locations will be discussed separately
· FFS: additional OFDM symbol locations
· Down-select among the following two options
· Option 1-1: From a UE perspective, CSI-RS is not multiplexed on SS block OFDM symbol(s)
· Option 1-2: From a UE perspective, CSI-RS can be multiplexed on SS block symbol(s)
· FFS on the conditions when multiplexing is allowed 
· Down-select among the following two options
· From a UE perspective, for REs that is in the same OFDM symbol of configured CORESET but outside of the CORESET, 
· Option 2-1: NZP CSI-RS can be multiplexed
· FFS: Whether or not a UE needs to be aware of the CORESET of another UE, e.g., through configuration of a ZP-CSI-RS
· FFS: Whether or not PBCH is affected for common CORESET configuration, e.g., through a configuration of ZP-CSI-RS
· Option 2-2: NZP CSI-RS is not multiplexed
· Down-select among the following two options
· Option 3-1: Within a BWP, a UE is not expected to be configured with NZP-CSI-RS in OFDM symbols for which it is configured to receive DMRS
· E.g., from a UE perspective in the slot with scheduled PDSCH, CSI-RS can be transmitted on the potential additional DMRS OFDM symbol(s), when the additional DMRS does not exist in the OFDM symbol(s).
· Note: In Option 3-1, CSI-RS is not multiplexed on the potential front-loaded DMRS OFDM symbol(s)
· Option 3-2: From a UE perspective, CSI-RS can be multiplexed on all any potential DMRS OFDM symbol locations(s)
· Note: Additional restriction from cell-/UE-group perspective will be further discussed based on the down-selection above
· Down-select among the following two options
· Alt 1: The number of antenna port configured for the UE for NZP CSI-RS resource (P) is always equal to the number of antenna ports configured for CSI acquisition and reporting, i.e. N1*N2*2 = P (analogous to LTE)
· Alt 2: The number of antenna port configured for the UE for NZP CSI-RS resource (P) can be more than or equal from the antenna ports configured for CSI acquisition and reporting, i.e. N1*N2*2 <= P
· FFS on indication of the antenna ports subset for the channel measurements for CSI feedback
· Down-select among the following two options for assigning port numbers to CDM groups
· Alt 1: Within a CDM group first, then across CDM groups (analogous to LTE)
· Alt-1-1: The order of CDM groups is across frequency first then time
· Alt-1-2: The order of CDM groups is across time first, then frequency
· Alt-1-3: The order of CDM groups is in the order of RRC signaling
· Note: port sharing is mainly considered for FD-CDM-2 and the applicable CSI-RS port numbers in NR.
· Alt 2: Across CDM groups first, then within CDM group
· Alt-2-1: The order of CDM groups is across frequency first then time
· Alt-2-2: The order of CDM groups is across time first, then frequency
· Alt-2-3: The order of CDM groups is in the order of RRC signaling
· FFS: Whether or not to support port sharing
· The X=1 port pattern for CSI-acquisition is a frequency comb with density D
 FFS, applicable value(s) of D for CSI acquisition


In this contribution, we further discuss remaining details on CSI-RS design based on the agreement in the previous meeting.
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2. Discussions on CSI-RS design
2.1. CSI-RS RE pattern design for CSI acquisition
In NR, it was agreed that RE patterns for an X-port CSI-RS resource are comprised of one or multiple component CSI-RS RE patterns at least for CSI acquisition where a component CSI-RS RE pattern (Y,Z) is defined within a PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain. In NR Ad-Hoc #2 meeting, it was agreed that locations of component CSI-RS RE patterns for corresponding CSI-RS resource can be indicated to a UE by higher layer signaling, and hence signaling details for indicating the location of component RE pattern need to be addressed.
One approach would be a direct indication of starting position of each component CSI-RS RE pattern, which provides full flexibility to assign the location of component CSI-RS RE patterns within a PRB. Intuitively, a bit-map of length 12 can be considered as one option to indicate the location of the component CSI-RS RE patterns in frequency-domain within a PRB. In consideration of signaling overhead, however, indication of relative RE distance between component RE patterns in time-domain and frequency-domain shown in Figure 1, i.e., for X=32, would be beneficial, since their feasible range can be limited as shown in the figure.
[image: D:\work_NR\90bis_CSIRS_and_RSMUX\Figure_1.png]
[bookmark: _Ref492908980]Figure 1. An illustrative example of RE pattern for a 32-port CSI-RS resource
Proposal 1: In order to indicate frequency locations of component CSI-RS RE patterns within a PRB, NR should support signalling of each component CSI-RS pattern’s location as 1-RE granularity in order to have full flexibility of CSI-RS allocation in frequency domain.
Proposal 2: NR should support explicit signalling of time location(s) of component CSI-RS RE patterns as 1-RE granularity in order to have full flexibility of CSI-RS allocation in time domain.
In NR Ad-Hoc #3 meeting, it was agreed that at least the 6th, 7th, 13th and 14th OFDM symbol in a slot structure, i.e., OFDM symbols indexed to 5, 6, 12, 13, can be configured for CSI-RS transmission. In consideration of at least beam management functionality of CSI-RS, the number of OFDM symbols for CSI-RS transmission would not be sufficient for beam sweeping operation of TRP/gNB and UE. In addition to the OFDM symbol indexes 5, 6, 12, 13, therefore, at least OFDM symbol indexes 2, 3, 4, 7, 8, 9, 10, 11 also need to be considered as possible locations for CSI-RS transmission where they can be configured by gNB.
Proposal 3: In addition to OFDM symbol indexes 5, 6, 12, 13, at least OFDM symbol indexes 2, 3, 4, 7, 8, 9, 10, 11 can also be configured by gNB for CSI-RS transmission.

2.2. Collision handling among CSI-RS resources
When we consider hybrid beamforming, simultaneous activation of analog beam management and CSI acquisition for digital beamforming needs to be supported. To do so, multiple CSI-RS resources for CSI acquisition and beam management can be configured to UE, where each configured CSI-RS resource may be either an aperiodic, semi-persistent, or periodic type. In terms of gNB implementation, it would be difficult to always guarantee non-overlapping resource assignment for all the configured CSI-RS resources. Especially for aperiodic type of CSI-RS resources, the network may intend to trigger it in a slot where a collision to another configured CSI-RS resource may happen, in the aspect of flexible assignment of CSI-RS transmissions for different use cases. In terms of UE implementation as well, at least certain collision handling rules for prioritization among aperiodic/semi-persistent/periodic CSI-RS resources need to be specified including cases for CSI acquisition and beam management, so as to avoid any potential ambiguity due to collision on CSI-RS measurements and to allow network flexibility in such CSI-RS assignment and triggering.
Proposal 4: Consider collision handling among aperiodic/semi-persistent/periodic CSI-RS resources including CSI-RS resource for the CSI acquisition and beam management.

2.3. Multiplexing of CSI-RS and other signals
CSI-RS multiplexing with other signals such as DMRS, SS block symbol(s) is an important issue. In the previous meeting, CSI-RS multiplexing issue was actively discussed and several down-selection issues were agreed regarding whether or not to allow frequency domain multiplexing of CSI-RS and DMRS/ SS block/ CORESET [1], which are captured in Section 1.
Comparing the different options for multiplexing of CSI-RS and SS block/CORESET, the option 1-1 and option 2-2 could be beneficial from a UE implementation complexity point of view, and these options fundamentally would not cause signal collision problem between CSI-RS REs and REs occupied by other signals. On the other hand, CSI-RS capacity would be limited in those options. If CSI-RS multiplexing with other signals needs to be unavoidably allowed, it should be limited to a case of RB-level multiplexing due to the high complexity of handling RE-level multiplexing and collision avoidance in the implementation. In other words, CSI-RS can be FDMed with SS block in different PRB set but not in the same PRB set. For RB-level multiplexing, handling of subband CSI would be an issue. If an unexpected and/or expected collision event between aperiodic/semi-persistent CSI-RS and SS block is occurred on SS block symbol(s), the configured CSI-RS REs can be punctured or omitted according to predefined priority rules. Then, it would result in the lack of CSI measurement in a certain subband. Thus, multiplexing of CSI-RS and SS block should be limited to a particular type of CSI-RS not requiring subband CSI reporting such as CSI-RS for beam management or CSI-RS for wideband CSI reporting. Alternatively, we may consider defining a UE behavior for the overlapped subband such as excluding the overlapped subband for subband CSI reporting and so forth.
[bookmark: _GoBack]For similar reasons, multiplexing of CSI-RS and DMRS should be carefully allowed with some restrictions. Depending on the location of additional DMRS symbol, we need to consider RE-level multiplexing of CSI-RS and DMRS. As a simple example based on the agreements with respect to possible locations of CSI-RS and DMRS, Figure 2 can be considered where 8-port CSI-RS and 4-port type II DMRS are multiplexed on the 6th OFDM symbol in frequency domain. For RE-level multiplexing, CSI-RS type including time-domain behavior, number of ports, and/or RE pattern allowed to be RRC configured in those potential symbol set for DMRS needs to be specified by considering different RE patterns according to different DMRS types.
Proposal 5: Regarding multiplexing between CSI-RS and SS block, RB-level FDM can be considered, with some restrictions on applicable CSI-RS types and wideband/subband reporting.
Proposal 6: Regarding multiplexing between CSI-RS and DMRS, RE-level multiplexing can be considered, with some restrictions on applicable CSI-RS types including time-domain behavior and DMRS types.
[image: D:\work_NR\90bis_CSIRS_and_RSMUX\Figure_3.png]
[bookmark: _Ref494722922]Figure 2. An example of RE pattern for 8-port CSI-RS with two 1-symbol additional 4-port DMRS
Additionally, in consideration of supporting RE-level multiplexing between CSI-RS and DMRS, we need to take a careful consideration of allowing strict restrictions on CSI-RS RE mapping patterns especially for X=24 and 32. If CSI-RS REs are allowed to be multiplexed on DMRS symbols in frequency domain, we would need to use a non-uniform RE mapping pattern across 4 OFDM symbols wherein CSI-RS REs in two pairs of adjacent OFDM symbols do not occupy the same subcarriers where two pairs can be adjacent or non-adjacent in time domain. As an illustrative example, Figure 3 shows that it is not easy to find an uniform RE mapping pattern across four OFDM symbols, in case that CSI-RS REs spanning 4 symbols are multiplexed on 4-port DMRS symbols. Regarding FFS on “support of non-uniform case [1],” therefore, we propose that NR needs to allow non-uniform RE mapping patterns across four OFDM symbols for X-port (X>=24) CSI-RS.
[image: D:\work_NR\90bis_CSIRS_and_RSMUX\Figure_2.png]
[bookmark: _Ref494381151]Figure 3. An illustrative example of RE pattern for 24-port CSI-RS resource with three 1-symbol additional 4-port DMRS
Proposal 7: NR allows non-uniform RE mapping patterns across N=4 OFDM symbols for X-port (X>=24) CSI-RS.

2.4. CSI-RS port configuration and numbering
Regarding port subset restriction issue, the followings are agreed in the previous meeting, [1]:
· Down-select among the following two options
· Alt 1: The number of antenna port configured for the UE for NZP CSI-RS resource (P) is always equal to the number of antenna ports configured for CSI acquisition and reporting, i.e. N1*N2*2 = P (analogous to LTE)
· Alt 2: The number of antenna port configured for the UE for NZP CSI-RS resource (P) can be more than or equal from the antenna ports configured for CSI acquisition and reporting, i.e. N1*N2*2 <= P
· FFS on indication of the antenna ports subset for the channel measurements for CSI feedback
Compared to Alt 1, support of Alt 2 would be beneficial for several aspects. First, Alt 2 can enable sub-array based MU-MIMO operation for large antenna array systems. Network can initially configure a large number of CSI-RS ports according to the number of TRP antennas to be shared among multiple UEs by RRC but can optimize per-UE CSI reporting via assigning each sub-array or panel per a group of UEs based on UL sounding information or UE feedback. Second, Alt 2 can also be useful for supporting high mobility UEs more efficiently because very narrow beamforming will not be useful for the high mobility UE and also higher rank will not be achievable for the high mobility UEs. For example, network can ask high mobility UEs to report 2 port PMI among 16 CSI-RS ports to acquire rough beamforming direction with a restricted rank. In addition, it can also be used to gather CSI information for the vertical dimension and horizontal dimension respectively in the case where vertical dimension information is not frequently changed. Via reducing the number of CSI-RS ports per UE, UE burden for heavy CSI computation can be alleviated and UCI payload size can also be reduced. From specification point of view, Alt 2 can be supported simply via introducing antenna port restriction or antenna port size restriction signalling.
Proposal 8: NR supports Alt 2, i.e., the number of antenna port configured for the UE for NZP CSI-RS resource (P) can be more than or equal from the antenna ports configured for CSI acquisition and reporting, i.e., N1*N2*2<=P.

Also, regarding port numbering, following two alternatives will be down-selected in the next meeting. 
· Down-select among the following two options for assigning port numbers to CDM groups
· Alt 1: Within a CDM group first, then across CDM groups (analogous to LTE)
· Alt-1-1: The order of CDM groups is across frequency first then time
· Alt-1-2: The order of CDM groups is across time first, then frequency
· Alt-1-3: The order of CDM groups is in the order of RRC signaling
· Note: port sharing is mainly considered for FD-CDM-2 and the applicable CSI-RS port numbers in NR.
· Alt 2: Across CDM groups first, then within CDM group
· Alt-2-1: The order of CDM groups is across frequency first then time
· Alt-2-2: The order of CDM groups is across time first, then frequency
· Alt-2-3: The order of CDM groups is in the order of RRC signaling
· FFS: Whether or not to support port sharing
Figure 4 and Figure 5 exhibit the port numbering according to the CDM length for 8-port and 12-port, respectively. In the plots, port numbering is given by the codebook structure in 38.214 (i.e., for a given first polarization (“/”-pol), the order of numbering is N2 domain first. Then, numbering for the other polarization (“\”-pol) is done.) As shown in the plots, Alt 2 for CDM-2 has a merit that it always provides the same mapping pattern to antenna port, so that it may ensure more uniform channel estimation performance per group. Extending to longer CDM length such as CDM-4 and CDM-8, both options have diverged mapping pattern according the antenna configurations, thus more careful study may be needed. Most of all, port sharing gives a big impact on port numbering, RAN1 firstly needs to decide whether or not support of port sharing.
Proposal 9: RAN1 firstly needs to decide whether or not support of port sharing.


[bookmark: _Ref494722384]Figure 4. An illustrative example of port numbering for 8-port CSI-RS


[bookmark: _Ref494722386]Figure 5. An illustrative example of port numbering for 12-port CSI-RS

3. Discussions on signalling aspects
For the resource grouping configuration method, based on at least the supported number S of CSI-RS resource sets and number of CSI-RS resources Ks per resource set, following two options for selecting a resource for aperiodic CSI-RS were agreed in RAN1#88bis:
•	Option 1: use RRC + MAC CE + DCI 
•	Option 2: use RRC + DCI
In LTE eFD-MIMO, Option 1 was adopted to control DCI overhead within a reasonable range. Because DCI overhead is still an also important issue in NR, adopting Option 1 seems more reasonable. 
Proposal 10: Adopt option 1: use RRC + MAC CE + DCI at least for the method for reducing the number of resource candidate for aperiodic CSI-RS.
In LTE eFD-MIMO, only joint triggering of aperiodic CSI reporting and aperiodic CSI-RS was supported to reuse existing DCI field for aperiodic CSI reporting triggering and to avoid increasing DCI fields. In NR, CSI framework is being designed for supporting more flexible operations via supporting more options on time and frequency domain behaviors and via decoupling RS related settings and reporting related settings. In this regard, designing separated DCI fields for aperiodic CSI-RS triggering and aperiodic CSI reporting triggering is preferred. In this design way, we can support independent triggering of RS and reporting as well as joint triggering. Defining separated aperiodic CSI-RS triggering DCI field is useful especially when we consider P-3 operation, i.e., RS triggering without requiring any reporting.
Proposal 11: Separated DCI fields should be designed for aperiodic CSI-RS triggering and aperiodic CSI reporting triggering, respectively. 
In the agreement made in Jan. NR Ad-hoc meeting, there exist two potential directions of dynamic resource triggering/activation/deactivation: one is resource set level dynamic selection and the other is resource level dynamic selection captured as follows:
· One or multiple CSI-RS resource sets selected from at least one Resource setting
· One or multiple CSI-RS resources selected from at least one CSI-RS resource set 
In general, how to reduce resource candidates for L1/L2 signaling is an issue because resource settings may contain so many CSI-RS resources including ZP/NZP, resources with different time-domain behaviors, and so on. One way to alleviate the issue can be to categorize resources in accordance with their characteristic (e.g. time domain behavior, type, power) so that dynamic resource selection can be done within the corresponding category. Further down-selection of resources/resource sets can be done by network indication in an implicit or explicit way. For example, resource setting(s), link(s), or linked reporting setting(s) can be indicated in a previous time instance or via MAC CE.
Proposal 12: Among RRC configured CSI-RS resources, reduction of the candidate resources for dynamic triggering/activation/deactivation can be done via categorization with predefined rules (e.g. according to RRC parameters on resource/measurement/reporting settings). Further down-selection can be done via implicit/explicit indication of a set of resource settings, links, or linked reporting settings.

4. Conclusion
This contribution discussed consideration on NR CSI-RS design. Following proposals are given, based on the discussion in Section 2 and 3:
Proposal 1: In order to indicate frequency locations of component CSI-RS RE patterns within a PRB, NR should support signalling of each component CSI-RS pattern’s location as 1-RE granularity in order to have full flexibility of CSI-RS allocation in frequency domain.
Proposal 2: NR should support explicit signalling of time location(s) of component CSI-RS patterns as 1-RE granularity in order to have full flexibility of CSI-RS allocation in time domain.
Proposal 3: In addition to OFDM symbol indexes 5, 6, 12, 13, at least OFDM symbol indexes 2, 3, 4, 7, 8, 9, 10, 11 can also be configured by gNB for CSI-RS transmission.
Proposal 4: Consider collision handling among aperiodic/semi-persistent/periodic CSI-RS resources including CSI-RS resource for the CSI acquisition and beam management.
Proposal 5: Regarding multiplexing between CSI-RS and SS block, RB-level FDM can be considered, with some restrictions on applicable CSI-RS types and wideband/subband reporting.
Proposal 6: Regarding multiplexing between CSI-RS and DMRS, RE-level multiplexing can be considered, with some restrictions on applicable CSI-RS types including time-domain behavior and DMRS types.
Proposal 7: NR allows non-uniform RE mapping patterns across N=4 OFDM symbols for X-port (X>=24) CSI-RS.
Proposal 8: NR supports Alt 2, i.e., the number of antenna port configured for the UE for NZP CSI-RS resource (P) can be more than or equal from the antenna ports configured for CSI acquisition and reporting, i.e. N1*N2*2 <= P.
Proposal 9: RAN1 firstly needs to decide whether or not support of port sharing.
Proposal 10: Adopt option 1: use RRC + MAC CE + DCI at least for the method for reducing the number of resource candidate for aperiodic CSI-RS.
Proposal 11: Separated DCI fields should be designed for aperiodic CSI-RS triggering and aperiodic CSI reporting triggering, respectively. 
Proposal 12: Among RRC configured CSI-RS resources, reduction of the candidate resources for dynamic triggering/activation/deactivation can be done via categorization with predefined rules (e.g. according to RRC parameters on resource/measurement/reporting settings). Further down-selection can be done via implicit/explicit indication of a set of resource settings, links, or linked reporting settings.
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