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Introduction
Having been discussed during NR SI and WI, various functionalities such as CSI acquisition, beam management, mobility support are desirable to be supported by CSI-RS [1]. Among the corresponding outcomes of the discussions, some of important decisions can be summarized as follows:
	Agreements:
· …
· Support at least following configurations of NR CSI-RS
· UE-specific configuration to support
· Wideband CSI-RS, i.e. from UE perspective, the full bandwidth the UE is configured to operate with 
· Partial-band CSI-RS, i.e. from UE perspective, part of the bandwidth the UE is configured to operate with
· FFS: Different patterns may be used for wideband and subband CSI-RSs
Agreements:
· The RE pattern for an X-port CSI-RS resource spans N ≥ 1 OFDM symbols in the same slot and is comprised of one or multiple component CSI-RS RE patterns where
· A component CSI-RS RE pattern is defined within a single PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain
· …
· At least the following numbers of OFDM symbols for a CSI-RS resource are supported
· N = {1, 2, 4}
Agreements:
· At least for CSI-acquisition, for density 1 RE/port/PRB, X<8, and N=1 or 2 OFDM symbol, support X-port CSI-RS resource composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain
· …
· X=2: (M, N)= (2, 1) , …
· X=4: (M, N)= (4, 1) , (2, 2)
· …
Agreements:
· Support at least CDM-2, CDM-4 and CDM-8
Agreements:
· At least CSI-RS for CSI acquisition, NR supports CSI-RS density d RE/RB/port for x-port CSI-RS
· Value(s) of d are at least d=1,1/2.
· …
Agreements:
· At least for CSI acquisition, for N=2 OFDM symbols, support adjacent OFDM symbols for one CSI-RS resource
· For N=4 OFDM symbols, down-selection between 2 and 4 for the minimum number of adjacent OFDM symbols for one CSI-RS resource
· At least for CSI acquisition, for N=2 OFDM symbols, support a uniform RE mapping pattern wherein the same sub-carriers are occupied in each symbol of one CSI-RS resource 
· FFS: For N=4 OFDM symbols, the RE mapping pattern of one CSI-RS resource




This contribution provides Samsung’s views on remaining details of CSI-RS, especially for the CSI acquisition aspects.
Dual-level CSI-RS for potential functionalities of CSI-RS
As intensively discussed in RAN1, NR CSI-RS design is desirable to satisfy various functionalities instead of its diverging use cases. For instance, it have been widely studied from FD-MIMO SI to eFD-MIMO WI that the required features at CSI measurement aspects such as wide coverage and high penetration cannot be met by a single type of CSI-RS design. However, streamlining the framework for CSI-RS in LTE-A Pro is a good starting point of NR CSI-RS design. Based on this, we can avoid introducing multiple classes/subclasses and redundant configurations while keep its various features. 
Based on the discussions above, we propose to introduce dual-level CSI-RS comprise at least following two types. For the non-UE-specific RS use case for CSI measurement, functionalities analogous to LTE NP CSI-RS and cell-specific BF CSI-RS (both composed of one or more static macro-beams) can be combined into one type, termed the level-1 CSI-RS which is composed of  CSI-RS resources. Each of the K cell-/group-specific beam(s) represented by each of the K CSI-RS resources can cover relatively wide coverage. As evident, the use cases of the level-1 CSI-RS are the combination of use cases of Rel.13 NP CSI-RS and cell-specific BF CSI-RS. When used for virtual sectorization, a UE can be configured with CRI feedback. In addition, partial-port CSI-RS (CSI-RS subsampling in port-domain) can be implemented by configuring a UE to measure K > 1 CSI-RS resources, each resource representing a part of the larger port array. The second type of CSI-RS, analogous to Rel.13 UE-specific BF CSI-RS, is termed the level-2 CSI-RS. Sharing the same characteristics, level-2 CSI-RS can be composed of UE-specific beams and provides high penetration at relatively narrow coverage than the level-1 CSI-RS. 
Since the level-1 CSI-RS are supposed to perform RRM/CSI measurement without (or probably with coarse) priory information on CSI, wideband transmission of CSI-RS would be beneficial. However, in case of level-2 CSI-RS, wideband CSI-RS transmission may not be required always because of the long-term wideband CSI from level-1 CSI-RS. Moreover, partial-band CSI-RS transmission of level-2 CSI-RS will reduce RS overhead for the level-2 CSI-RS that requires UE-specific beam direction and dedicated CSI-RS resource per UE.
Another important use case of level-1 CSI-RS is time/frequency tracking for PDSCH decoding. As widely studied in the past releases, PSS/SSS transmitted in subband might not be enough to provide fine time/frequency synchronization for PDSCH decoding. Therefore, to aid SIB(s) decoding, which probably be transmitted via wider bandwidth than that for MIB, wideband level-1 CSI-RS with restricted cell-specific configuration can be a good candidate for fine time/frequency tracking. In this case, the restricted cell-specific CSI-RS configuration can be informed to UEs via MIB. More detailed analysis on time/frequency tracking is provided by our companion contribution [2].
Beam management is also major role of level-1 CSI-RS. Detailed discussions on CSI-RS for beam management are provided by our companion contribution [4].
Table 1 summarizes the comparison between these two CSI-RS types.
[bookmark: _Ref450156875]Table 1. Dual-level CSI-RS
	System aspect
	Level-1 CSI-RS
	Level-2 CSI-RS

	CSI-RS resource usage
	Non-UE-specific RS use cases for CSI measurement, beam management, RRM measurement, and time/frequency tracking.
E.g., one CSI-RS resource per “coverage beam”, each associated with nk (1,2,4,.., 32) CSI-RS ports, K ≥ 1 CSI-RS resources 
	UE-specific RS use cases for CSI measurement.
E.g. one CSI-RS resource per UE with m (2,4,8) ports, m ≤ nk


	CSI-RS “beams”
	Cell-/group-specific beam direction(s) with wide coverage
	UE-specific beam direction(s) with narrow coverage

	Transmission bandwidth
	Wideband
	Partial-band

	Use cases
	1) Virtual sectorization
2) “Partial port” CSI-RS mapping
3) Beam management
4) Time/frequency tracking for PDSCH decoding
	1) UE-specific beamformed CSI-RS  



Based on the discussions above, following proposal can be drawn.
Proposal 1: Supports dual-level CSI-RS structure including:
A level-1 CSI-RS to cover ‘non-UE-specific RS use cases’ for CSI measurement.
The beam direction(s) for the level-1 CSI-RS can be cell-/group-specific 
The level-1 CSI-RS beam(s) can provide wide coverage
Support wideband transmission
Restricted cell-specific configuration is signalled via MIB to support time/frequency tracking for PDSCH decoding
A level-2 CSI-RS to cover ‘UE-specific RS use cases’ for CSI measurement.
The beam direction(s) for the level-2 CSI-RS can be UE-specific
The level-2 CSI-RS beam(s) can provides narrow coverage
Support partial-band transmission

CSI-RS RE patterns
In RAN1#88bis, 2-/4-ports CSI-RS resources, which are composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain, were defined as (M,N)=(2,1) for 2-port CSI-RS and (M,N)=(4,1) or (2,2) for 4-port CSI-RS. Since CSI-RS resources for less numbers of ports can be good seeds for those for larger numbers of CSI-RS ports, the complete picture of CSI-RS resources with less numbers ports, e.g. 2 or 4 ports, should be determined first. To illustrate full figure of CSI-RS resources, the location of CSI-RS OFDM symbols can be discussed under the basic design principles as follows. 
Firstly, CSI-RS should be transmitted over OFDM symbols without PDCCH or DMRS. If CSI-RS can be transmitted in the OFDM symbol with PDCCH, then the potential CSS or USS should be able to avoid CSI-RS transmission bandwidths or the RE mapping patterns of CSS or USS should be varied according to the existence of CSI-RS. On the other hands, if a gNB transmits CSI-RS and DMRS within the same OFDM symbol, then the maximum number of MIMO layers or the maximum orders of MU transmission can be limited in that slot. Given that both options can induce high gNB/UE implementation complexities or system performance degradations, non-overlapping between CSI-RS and PDCCH/DMRS is desirable. As a starting point, non-overlapping between CSI-RS and full set of DMRS can be considered. If more rooms for large numbers of CSI-RS ports are required or if there are not enough number of REs for CSI-RS transmission, additional RE locations, e.g. 2nd DMRS OFDM symbols for front-loaded DMRS or additional DMRS, can be further considered.
Minimum PDSCH decoding delay motivating front-loaded DMSR is another important aspect that should be taken into account for CSI-RS OFDM symbol location. For example, a slot structure with front-loaded DMRS and PDSCH first followed by CSI-RS can be considered.
For LTE-NR co-existence, applicability of rate matching for both NR and LTE UEs can be an important aspect for CSI-RS OFDM symbol location. Some subsets of CSI-RS resources for NR and LTE can be overlapped for this purpose. For instance, both NR and LTE UEs can be aware of CSI-RS in the 7th, 8th, 13th, and 14th OFDM symbols.
Both performances and gNB/UE implementation complexities also should be taken into account. In the perspective of CSI acquisition performance, adjacent REs as much as possible to support up to 32-port CSI-RS are desirable. On the other hands, the maximum numbers of CSI-RS related parameters, such as CSI-RS resource settings, CSI-RS resource sets, and CSI-RS resources, etc., should be determined carefully since they can affect the corresponding RRC/MAC CE/L1 signalling overhead.
Based on above discussions, the following design principles are available.
Proposal 2: Support the following basic design principles:
· Non-overlapping between CSI-RS and PDCCH/DMRS
· As a starting point, consider non-overlapping with full set of DMRS
· If more rooms for large numbers of CSI-RS ports are required or if there are not enough number of REs for CSI-RS transmission, additional RE locations, e.g. 2nd DMRS OFDM symbols for front-loaded DMRS or additional DMRS, can be further considered
· PDSCH decoding delay has higher priority than fast CSI acquisition
· E.g. front-loaded DMRS and PDSCH first, followed by CSI-RS
· Ease of rate matching for both NR and LTE UEs
· Some subsets of CSI-RS resources for NR and LTE can be overlapped for this purpose. E.g. they can be aware of CSI-RS in the 7th, 8th, 13th, and 14th OFDM symbols.
· Adjacent REs as much as possible to support up to 32-port CSI-RS
· gNB & UE implementation complexities
· The maximum numbers of CSI-RS resource settings, CSI-RS resource sets, and CSI-RS resources.
· The corresponding RRC/MAC CE/L1 signalling overhead
1 
2 
3 
CSI-RS resource RE mapping details
Figure 2 represents potential RE locations of NR-PDCCH and NR-DMRS. Two and Three OFDM symbols are assumed to be used for PDCCH transmission in the left and right figures, respectively. In case of the {1st, 2nd} OFDM symbols are used for PDCCH and the {3rd, 4th} OFDM symbols are utilized for DMRS, at least the {5th, 6th, 7th, 8th, 13th, 14th} OFDM symbols can be considered as candidates for CSI-RS transmission. On the other hands, if {1st, 2nd, 3rd} OFDM symbols contain PDCCH and the {4th, 5th} OFDM symbols are utilized for DMRS, at least the {6th, 7th, 8th, 9th, 13th, 14th} OFDM symbols can be another options for CSI-RS transmission. It is noted that both options can satisfy the proposed design principles above.
Figure 3 and Figure 4 depict detailed RE mapping of CSI-RS resources for 1-/2-port and 4-port for 1RE/RB/port CSI-RS RE density and two PDCCH OFDM symbols, respectively. In Figure 3, up to 36 types of 1-/2-port CSI-RS resources based on (M,N)=(2,1) are available. Similarly, 17 types of 4-port CSI-RS resources with (M,N)=(2,2) and with (M,N)=(4,1) are defined as Figure 3(a) and Figure 3(b), respectively. 
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Figure 1. Potential RE locations of NR-PDCCH and NR-DMRS
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Figure 2. Proposed 1-/2-port CSI-RS resources for 1RE/RB/port CSI-RS RE density and 2 PDCCH OFDM symbols
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[bookmark: _Ref485307002]Figure 3. Proposed 4-port CSI-RS resources for 1RE/RB/port CSI-RS RE density and 2 PDCCH OFDM symbols

Aggregation of the component CSI-RS RE patterns can be used to define CSI-RS resources for larger than 4-port CSI-RS. Since small granularity of RE pattern aggregation in the frequency domain is preferred for ease of multiplexing with other signals, the component CSI-RS RE patterns with (Y,Z)=(2,1) and (Y,Z)=(2,2) should be utilized for N=1 CSI-RS OFDM symbol and N>1 CSI-RS OFDM symbols, respectively. For instance, a subset of component CSI-RS RE patterns within a single OFDM symbol can be configured. After that the same RE pattern can be used for other OFDM symbols. Considering configuration flexibilities, the RE pattern replication over non-adjacent 4 OFDM symbols also should be studied. Detailed analysis on the corresponding gNB/UE implementation complexities is provided by Section 4. Based on the proposed approach, the required number of the component CSI-RS RE pattern configuration is up to four for 32-port CSI-RS.
Based on the discussions above, the following proposal can be drawn:
Proposal 3: Define 2-/4-port CSI-RS resources on the {5th, 6th, 7th, 8th, 13th, 14th} OFDM symbols.
· CSI-RS resources for >4-port CSI-RS resource can be aggregated by multiple component CSI-RS RE patterns, where the component CSI-RS RE patterns can be (Y,Z)=(2,1) for N=1 or (Y,Z)=(2,2) for N>1.
· For N=4, the number of adjacent OFDM symbols for one CSI-RS resource can be 2 or 4.
· Within the adjacent OFDM symbols, support a uniform RE mapping pattern wherein the same sub-carriers are occupied in each symbol.
· FFS, a uniform RE mapping pattern across the non-adjacent OFDM symbols.
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Various configurations of CSI-RS related parameters should be explicitly signalled via RRC/MAC CE/L1 or implicitly determined by predefined rules. In this section, higher layer signalling supports for the following aspects are discussed:
· CSI-RS bandwidth related configuration.
· Timing related configuration.
· Numbers of configured Resource settings, Resource sets, Resources, and CSI-RS ports.
· Transmission power related configuration (e.g. EPRE ratio between CSI-RS and PDSCH).
Given that NR will support both wideband and partial-band CSI-RS, at least the following configurations of CSI-RS transmission bandwidth should be considered; 1) system bandwidth, UE maximum bandwidth for wideband CSI-RS, 2) bandwidth part, CORESET bandwidth, UE minimum bandwidth, N times of subband size (e.g. RBG or PRB bundling size) for partial-band CSI-RS.
How to and/or whether to configure/trigger wideband/partial-band periodic/semi-persistent/aperiodic CSI-RSs also should be carefully considered. One of the simplest way is to configure CSI-RS bandwidth explicitly. In this approach, exact locations of each CSI-RS resource in the frequency domain, e.g. the starting RB index and the number of contiguous RBs for CSI-RS transmission/reception, can be signalled by higher layer signalling. If we consider operation scenarios with multiple CSI-RS resources for multi-TRP or multi-beam, which also can require both wideband/partial-band CSI-RSs, then the corresponding signalling overhead could be linearly increased according to the number of partial-band CSI-RS resources. Therefore, implicit configuration of CSI-RS bandwidth also can be considered to minimize redundant signalling overhead in some cases. For instance, frequency hopping for periodic/semi-persistent CSI-RS is a good example to get CSI across wider BW through partial-band CSI-RS without signalling overhead. On the other hands, linkage between the existing bandwidth configuration, such as bandwidth part or CORESET bandwidth, and the CSI-RS bandwidth also can be considered in case of partial-band & aperiodic CSI-RS. I.e., the CSI-RS bandwidth of aperiodic CSI-RS can be tied with the scheduling information for PDSCH or PDCCH.
To define timing related configurations for semi-persistent or periodic CSI-RS, following two options can be taken into account; 1) specify the periodicity and timing offset as absolute time, 2) specify the periodicity and timing offset as the slot or mini-slot indices. In case of option 1, CSI-RS transmission timing can be controlled regardless of PDSCH or CSI-RS numerologies, even if UE-specifically configured. In contrast, option 2 may provide variable transmission timing of CSI-RS according to the PDSCH or CSI-RS numerologies.
The possible numbers of configured Resource settings, Resource sets, Resources, and CSI-RS ports also should be carefully determined since they are highly correlated with UE complexities. As a first step, the maximum required numbers of each CSI-RS related configurations per the functionality of CSI-RS should be considered. For instance, within a RB, the required number of CSI-RS ports for CSI acquisition can be up to 32 and the corresponding number of CSI-RS resources may not be large that much, e.g. equal to or less than 8. However, in the perspective of beam management, within a symbol, the required number of CSI-RS resources (or port groups) can be larger than or equal to 8 but that of CSI-RS ports will be equal to or less than 2. For the purpose of fine time/frequency tracking, small number of CSI-RS resources and CSI-RS ports, e.g. less than 4, would be enough.
Regarding the transmission power related configuration, EPRE ratio between CSI-RS and PDSCH and the corresponding values in LTE should be considered as base line unless the reasons for defining other types of parameters or introducing additional values are identified.
Based on the discussions above, the following proposal can be made:
Proposal 4: Consider following aspects for higher layer signalling support for CSI-RS.
· At least one of following options can be considered as the bandwidth of wideband CSI-RS.
· System bandwidth.
· UE maximum bandwidth.
· At least one of following options can be considered as the bandwidth of partial-band CSI-RS.
· Bandwidth part.
· CORESET bandwidth.
· UE minimum bandwidth.
· N times of subband size (e.g. RBG or PRB bundling size).
· At least one of following options are supported to configure/indicate CSI-RS bandwidth
· Explicit configuration of CSI-RS bandwidth.
· E.g. configuration of starting RB and the number of contiguous RBs for CSI-RS.
· Implicit configuration of CSI-RS bandwidth.
· E.g. frequency hopping for periodic/semi-persistent CSI-RS.
· E.g. CORESET bandwidth for aperiodic CSI-RS
· At least one of following options can be considered for CSI-RS transmission timing.
· Specify the periodicity and timing offset as absolute time.
· Specify the periodicity and timing offset as the slot or mini-slot indices.
· Identify the maximum required numbers of each CSI-RS related configurations per the functionality of CSI-RS.
· As a baseline, EPRE ratio between CSI-RS and PDSCH and the corresponding values in LTE are considered for the CSI-RS transmission power related configuration.
Conclusions
In this contribution, Samsung’s view of CSI-RS for NR is presented. Based on above discussions, the following proposals are made:
Proposal 1: Supports dual-level CSI-RS structure including:
A level-1 CSI-RS to cover ‘non-UE-specific RS use cases’ for CSI measurement.
The beam direction(s) for the level-1 CSI-RS can be cell-/group-specific 
The level-1 CSI-RS beam(s) can provide wide coverage
Support wideband transmission
Restricted cell-specific configuration is signalled via MIB to support time/frequency tracking for PDSCH decoding
A level-2 CSI-RS to cover ‘UE-specific RS use cases’ for CSI measurement.
The beam direction(s) for the level-2 CSI-RS can be UE-specific
The level-2 CSI-RS beam(s) can provides narrow coverage
Support partial-band transmission
Proposal 2: Support the following basic design principles:
· Non-overlapping between CSI-RS and PDCCH/DMRS
· As a starting point, consider non-overlapping with full set of DMRS
· If more rooms for large numbers of CSI-RS ports are required or if there are not enough number of REs for CSI-RS transmission, additional RE locations, e.g. 2nd DMRS OFDM symbols for front-loaded DMRS or additional DMRS, can be further considered
· PDSCH decoding delay has higher priority than fast CSI acquisition
· E.g. front-loaded DMRS and PDSCH first, followed by CSI-RS
· Ease of rate matching for both NR and LTE UEs
· Some subsets of CSI-RS resources for NR and LTE can be overlapped for this purpose. E.g. they can be aware of CSI-RS in the 7th, 8th, 13th, and 14th OFDM symbols.
· Adjacent REs as much as possible to support up to 32-port CSI-RS
· gNB & UE implementation complexities
· The maximum numbers of CSI-RS resource settings, CSI-RS resource sets, and CSI-RS resources.
· The corresponding RRC/MAC CE/L1 signalling overhead
Proposal 3: Define 2-/4-port CSI-RS resources on the {5th, 6th, 7th, 8th, 13th, 14th} OFDM symbols.
· CSI-RS resources for >4-port CSI-RS resource can be aggregated by multiple component CSI-RS RE patterns, where the component CSI-RS RE patterns can be (Y,Z)=(2,1) for N=1 or (Y,Z)=(2,2) for N>1.
· For N=4, the number of adjacent OFDM symbols for one CSI-RS resource can be 2 or 4.
· Within the adjacent OFDM symbols, support a uniform RE mapping pattern wherein the same sub-carriers are occupied in each symbol.
· FFS, a uniform RE mapping pattern across the non-adjacent OFDM symbols.
Proposal 4: Consider following aspects for higher layer signalling support for CSI-RS.
· At least one of following options can be considered as the bandwidth of wideband CSI-RS.
· System bandwidth.
· UE maximum bandwidth.
· At least one of following options can be considered as the bandwidth of partial-band CSI-RS.
· Bandwidth part.
· CORESET bandwidth.
· UE minimum bandwidth.
· N times of subband size (e.g. RBG or PRB bundling size).
· At least one of following options are supported to configure/indicate CSI-RS bandwidth
· Explicit configuration of CSI-RS bandwidth.
· E.g. configuration of starting RB and the number of contiguous RBs for CSI-RS.
· Implicit configuration of CSI-RS bandwidth.
· E.g. frequency hopping for periodic/semi-persistent CSI-RS.
· E.g. CORESET bandwidth for aperiodic CSI-RS
· At least one of following options can be considered for CSI-RS transmission timing.
· Specify the periodicity and timing offset as absolute time.
· Specify the periodicity and timing offset as the slot or mini-slot indices.
· Identify the maximum required numbers of each CSI-RS related configurations per the functionality of CSI-RS.
· As a baseline, EPRE ratio between CSI-RS and PDSCH and the corresponding values in LTE are considered for the CSI-RS transmission power related configuration.
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