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[bookmark: _Toc492896077][bookmark: _Toc492896184][bookmark: _Toc492926165]Introduction
In RAN1#90 and RAN1 NR AdHoc #2, the following agreements were made:
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
· FFS X=1
· X=2: (M, N)= (2, 1) , FFS (1, 2)
· X=4: (M, N)= (4, 1) , (2, 2)
· FFS N > 2
· FFS: RE patterns for beam management
· FFS: the RE pattern for an X-port CSI-RS resource when X>=8
· FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources
· Strive to minimize the possible pairs of (Y,Z) for the component CSI-RS RE patterns while considering configuration complexity and overhead

[bookmark: _GoBack]Agreements:
· For UE’s perspective,
· For REs that is configured as a CORESET,
· NZP CSI-RS is not multiplexed.
· For REs that is in the same OFDM symbol of configured CORESET but outside of the CORESET, 
· FFS: Whether NZP CSI-RS can be multiplexed or not
Agreements:
· For CSI acquisition, the number of CSI-RS ports can be configured as 24 ports
Agreements:
· Support following CSI-RS RE patterns for CSI acquisition.
X
Density [RE/RB/port]
N
(Y, Z)
CDM
1
>1, 1, 1/2
1
N.A.
No CDM
2
1, 1/2
1
(2,1)
FD-CDM2
4
1
1
(4,1)
FD-CDM2
8
1
1
(2,1)
FD-CDM2
8
1
2
(2,2)
FD-CDM2, CDM4 (FD2,TD2)
12
1
1
(2,1)
FD-CDM2
12
1
2
(2,2)
CDM4 (FD2,TD2)
16
1, 1/2
2
(2,2)
FD-CDM2, CDM4 (FD2,TD2)
24
1, 1/2
4
(2,2)
FD-CDM2, CDM4 (FD2, TD2), CDM8 (FD2, TD4)
32
1, 1/2
4
(2,2)
FD-CDM2, CDM4 (FD2, TD2), CDM8 (FD2, TD4) 
· TD4 in CDM8 in the above table always spans 4 adjacent symbols
· FFS until next meeting whether or not components are allowed to be non-adjacent in frequency
Agreements:
· Support for CSI-RS sequence design:
· (Working assumption) PN sequence at least for CSI-RS for CSI acquisition
· UE specifically configured CSI-RS sequence seed
· FFS, sequence design, e.g. PN sequence, ZC sequence, M sequence, etc., for other use cases such as beam management and fine time/frequency tracking
Agreements:
· Confirm the WA with the following revision
· Support PN sequence for CSI-RS for CSI acquisition and beam management
· FFS detailed sequence generation and initialization methods
· E.g. function of slot number, OFDM symbol number, CP length, UE ID, cell ID, virtual cell ID, function of PRB position of configured CSI-RS resource, etc.

Agreements:
· CSI-RS resource with 1-port and 2-port for one OFDM symbol can be used for beam management
· Value of D>=1 represents RE/RB/port within a OFDM symbol.
· For the case of 1-port
· No CDM
· Subcarrier spacing within a PRB for D>1
· Even spacing
· Constant subcarrier spacing across PRB(s)
· Constant subcarrier spacing within a BWP
· FFS the values of D 
· For the case of 2-port:
· Reuse the same pattern as that of for CSI acquisition at least for D=1 (if supported)
· FFS: the potential number of CSI-RS OFDM symbols for beam management
· FFS: other values of X and D for beam management 
· In the LS to RAN4, add “RAN1 are discussing the respective possible limited set values of D for 1-port and 2-port CSI-RS resource, e.g., taking from {1, 2, 3, 4, 6}. RAN4 is also welcome to provide inputs to select the values of D for 1-port and 2-port CSI-RS resources, respectively”
Agreements:
· Study further how to handle PT-RS collision with CSI-RS

In this contribution, we discuss remaining details on the design of CSI-RS. Aspects treated include how to map the CSI-RS components to subcarriers, how to assign ports to the CSI-RS components, and how to assign symbols to CSI-RS. How to define and configure the reporting band and CSI-RS bandwidth allocation is treated in [1].
[bookmark: _Ref178064866][bookmark: _Toc492896078][bookmark: _Toc492896185][bookmark: _Toc492926166]Discussion
[bookmark: _Toc492896079][bookmark: _Toc492896186][bookmark: _Toc492926167]Remaining issues on mapping of components to subcarriers
CSI-RS is likely to coexist with other reference signals, for example TRS and PTRS, using FDM in the same OFDM symbol. It is desirable to allow for such coexistence without puncturing any of the reference signals. If a CSI-RS pattern has a minimum number of adjacent subcarriers of two, then coexistence with TRS may be supported (note that a RE level comb structure with repetition factor 4 was agreed for TRS in RAN1#90 meeting). Such coexistence of CSI-RS and TRS is illustrated in Figure 1. We also note that CSI-RS patterns with component sizes of 4 or larger are inherently not possible to FDM with TRS. The X=4 port CSI-RS pattern with N=2 OFDM symbols (agreed on NR AH#2) is compatible with TRS.
[bookmark: _Toc492926168]Confirm the understanding that the X=4 port pattern with N=2 OFDM symbols (agreed on NR AH#2) is included in the set of supported CSI-RS patterns.
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[bookmark: _Ref492291190]Figure 1	Illustration of coexistence 
[bookmark: _Toc492896081]For coexistence with PTRS, we note that it is agreed to associate PTRS with the DMRS port of the lowest index in the DMRS port group. It is not yet agreed on which of the subcarriers occupied by this DMRS port PTRS should be placed. CSI-RS need to be configured to make room on the subcarriers on which PTRS is mapped. In a multi-user scenario, multiple DMRS ports may be associated with PTRS and consequently multiple subcarriers may be used by PTRS in a single PRB. Given the agreed minimum component size of 2 for X>1 port CSI-RS, it is then desirable to ensure that as few subcarrier pairs as possible need to be blanked for CSI-RS. This means that PTRS should be placed pairwise adjacent in subcarrier domain when possible. Since CSI-RS may be semi-statically configured, it is preferred that the set of subcarriers used for PTRS is as small as possible.
The argumentation above for TRS and PTRS coexistence motivates us to propose
[bookmark: _Toc492926169]Allow NZP CSI-RS to be configured with non-adjacent components in frequency. 
[bookmark: _Toc490131371][bookmark: _Toc490131425][bookmark: _Toc490131467][bookmark: _Toc490131572][bookmark: _Toc490131602][bookmark: _Toc490131632][bookmark: _Toc490131694][bookmark: _Toc490132112][bookmark: _Toc490132210][bookmark: _Toc490209286][bookmark: _Toc490211715][bookmark: _Toc490244455][bookmark: _Toc492926170]Starting subcarrier of a CSI-RS component may be specified with a granularity of maximum two subcarriers.
[bookmark: _Toc492896190][bookmark: _Toc492926171]Support for TD-OCC with a span of four OFDM symbols have been agreed for X=24, and X=32 ports. This inherently means that CSI-RS is uniform across four adjacent CSI-RS symbols. We propose to keep this structure for all N=4 symbol CSI-RS configurations as it results in a cleaner specification, simplifies rate matching and CSI-RS configurations. Hence, we propose
[bookmark: _Toc492926172]CSI-RS has a uniform mapping across all symbols allocated to CSI-RS, both when CSI-RS is mapped to adjacent symbols and when it is mapped to pairwise adjacent symbols
[bookmark: _Toc492896192][bookmark: _Toc492926173]As a clarification of the CSI-RS RE patterns for CSI acquisition agreed in the RAN1#90 meeting (and also included above) we propose
[bookmark: _Toc492926174]Confirm the understanding that the X=1 port patterns for CSI-acquisition are identical to the agreed X=1 ports patterns for beam management for D=1 and D>1.
[bookmark: _Toc492896194][bookmark: _Toc492926175]Proposal for symbol allocation to CSI-RS
[bookmark: _Toc490131376][bookmark: _Toc490131430]For multiplexing with PDCCH, we note that UEs with CORESETS overlapping symbols where CSI-RS are mapped would need to be informed of the presence of CSI-RS even if all UE configured with CSI-RS do not have CORESET overlapping with CSI-RS. This would require an explicit configuration of ZP CSI-RS in the CORESET definition, especially for common CORESETs. We also note that early CSI-RS placement will inherently create extra delay (albeit small) between CSI-RS reception and CSI reporting. Furthermore, multiplexing CSI-RS, which is typically semi-statically configured with a channel that has a dynamically varying footprint may potentially be problematic - coverage and capacity of PDCCH may be affected.
[bookmark: _Toc490131377][bookmark: _Toc490131431][bookmark: _Toc490131472][bookmark: _Toc490131577][bookmark: _Toc490131607][bookmark: _Toc490131637][bookmark: _Toc490131699][bookmark: _Toc490132116][bookmark: _Toc490132214][bookmark: _Toc490209290][bookmark: _Toc490211719][bookmark: _Toc490244459][bookmark: _Toc492926176]From a UE perspective, CSI-RS is not multiplexed on PDCCH OFDM symbol(s) for a slot 
[bookmark: _Hlk489975260]Analog and hybrid beamforming architectures will pose restrictions on how many concurrent beams are used. DMRS and data use the same precoder – hence a restriction in the number of concurrent beams is not limiting FDM between DMRS and data. However, FDM between CSI-RS and DMRS may be limited by this restriction. In addition, the DMRS footprint will be dynamically varying (depending on, e.g., instantaneous rank of data transmission), this makes FDM with CSI-RS (which typically is configured semi-statically) potentially problematic. Hence, if DMRS is not occupying all RE within symbols that carry DMRS, those RE are better used for data, compared to CSI-RS, and CSI-RS should be mapped to other OFDM symbols. We propose
[bookmark: _Toc490131375][bookmark: _Toc490131429][bookmark: _Toc490131471][bookmark: _Toc490131576][bookmark: _Toc490131606][bookmark: _Toc490131636][bookmark: _Toc490131698][bookmark: _Toc490132115][bookmark: _Toc490132213][bookmark: _Toc490209289][bookmark: _Toc490211718][bookmark: _Toc490244458][bookmark: _Toc492926177]The UE is not expected to be configured with NZP-CSI-RS in OFDM symbols for which it is configured to receive DMRS
[bookmark: _Toc492896197][bookmark: _Toc492926178]To limit dependencies between CSI-RS on one hand and PDCCH and DMRS configuration on the other hand in the specification we propose to not map CSI-RS to any of the OFDM symbols with index 0,1,2,3,4 independent of actual DMRS and PDCCH configuration as these symbols may be used for PDCCH and DMRS when three symbol PDCCH is combined with two front loaded DMRS.
Furthermore, we note that symbol with index 11 (indexing starting from 0) is agreed to be used for DMRS in downlink-only slots with a single additional DMRS. This case is very relevant for both TDD and FDD operation and hence CSI-RS configurations overlapping with this symbol will be of limited use. Figure 2 illustrates the symbols available for CSI-RS given this line of reasoning. Indicated in the figure is also Ericsson proposals for TRS symbol allocations. This is to illustrate the benefit of coexistence with TRS.
 [image: ]
[bookmark: _Ref492649169]Figure 2	Illustration of symbols in a 14 symbol slot where agreed symbol assignments for DMRS and PDCCH are indicated together with Ericsson proposed symbol allocations for TRS [2] . 
For two-symbol CSI-RS we note that non-overlapping (mutually and with the symbols for DMRS and PDCCH described above) configurations may start at any symbol index in the set {5,7,9,12}. For four symbol CSI-RS we propose to reuse the same set of starting positions if the configuration does not overlap with symbol with index 11. 
For beam management, there is a potential need for a larger number of single-symbol CSI-RS resources. Hence, we propose to allow at least the use of symbol with index (5,6,7,8,9,10,12,13) for this purpose. This has the advantage of being addressable with 3 bits. 
[bookmark: _Toc492926179]For N=2 symbol CSI-RS, allow the pair of 2 adjacent symbols to have starting symbol index l0 from the set {5,7,9,12}
[bookmark: _Toc492926180]For N=4 symbol CSI-RS, allow any combination of the symbol pairs defined for N=2 
[bookmark: _Toc492926181]For N=1 symbol CSI-RS (both for beam management and CSI-acquisition), allow any symbol occupied by any of the N=2 symbol CSI-RS configurations
To summarize the proposals, we propose CSI-RS configurations according to the table below (l0 and l1 are starting symbol indices as used in Table 7.4.1.5.2-1 of 3GPP TS 38.211 V0.2.1):
	Config index
	N=1 
	N=2
	N=4 (adjacent)
	N=4 (pairwise adjacent)

	
	l0
	l0
	l0
	l0
	l1

	0
	5
	5
	5
	5
	9

	1
	6
	7
	7
	5
	12

	2
	7
	9
	
	7
	12

	3
	8
	12
	
	9
	12

	4
	9
	
	
	
	

	5
	10
	
	
	
	

	6
	12
	
	
	
	

	7
	13
	
	
	
	


[bookmark: _Ref492655859]Table 1	Proposed starting symbols of CSI-RS symbol groups (l0 and l1 are starting symbol indices as used in Table 7.4.1.5.2-1 of 3GPP TS 38.211 V0.2.1). Note that the table may need to be revised once DMRS symbol placement has been fully settled.

[bookmark: _Toc492896201][bookmark: _Toc492926182]Proposal for assigning ports to CSI-RS components
[bookmark: _Hlk492456074]The agreed precoder definitions are based on the convention that the ports are mapped to antenna elements so that the first set of indices correspond to antenna elements of same polarization, followed by the antenna elements of the other polarization. Furthermore, the quantization of co-phasing possibilities for polarization are rather coarse, compared to the quantization for the spatial domain. The relative phase difference of the channel estimate due to frequency selectivity of the channel for two CSI-RS ports mapped to two different CDM groups increase with the separation in frequency of the CDM groups. Noting that, as CDM groups normally span all adjacent OFDM symbols mapped to CSI-RS, we can assume that if CDM groups are time-multiplexed, then the channel cannot be assumed constant between the CDM groups. Given the arguments above we propose:
[bookmark: _Toc492926183]Assign port (x) to the same CDM group as port (x-1) when possible 
[bookmark: _Toc492926184]Assign ports (0, … , X-1)  to CDM groups frequency first, where the assignment is in the order of CDM groups with increasing subcarrier indices within a PRB. 
Figure 3 shows an example on how CDM groups may be mapped for X=32 ports, N=4 symbols with CDM4. With our proposals, the port to CDM group mapping would be: ports 0-3 mapped to CDM group 1, ports 4-7 mapped to CDM group 2, ports 8-11 mapped to CDM group 3, ports 12-15 mapped to CDM group 4, ports 16-19 mapped to CDM group 5 and so on.

[bookmark: _Toc492896205][bookmark: _Toc492926185][image: ]
[bookmark: _Ref492655565][bookmark: _Ref492655557]Figure 3	Example of X=32 ports mapped to pairwise adjacent symbols with CDM4 (with config 0 according to our proposal in Table 1).
[bookmark: _Toc492896206][bookmark: _Toc492926186]Sequence design for CSI-RS
It is already agreed to use PN sequences for CSI-RS for CSI-acquisition. To keep scheduling flexibility, to allow both shared and dedicated CSI-RS, and to support multi-point scenarios, we propose to allow the CSI-RS sequence to be UE specifically configured independent of UE- and cell-identity – reusing a similar sequence initialization mechanism as LTE CSI-RS. Furthermore, like with the LTE design, the sequence applied to a given subcarrier should depend on subcarrier index (relative to a reference that is common to all UEs), and not depend on other CSI-RS configuration parameters, including which part of the band the UE is configured to measure CSI-RS on. 
Note that when UEs have different operation bandwidth capabilities, the system bandwidth and the operation bandwidth of the UE may not be the same. Figure 4 illustrates a resource-specific CSI-RS mapping where two UEs have operation bandwidths that partly overlap. In this case, the resource-specific CSI-RS sequences used by the UEs represent segments taken from the long CSI-RS sequence on the left-hand side. This long CSI-RS sequence may refer to largest possible UE operation bandwidth or to a large fictive system bandwidth seen from the network side. If the UEs are configured with the same initialization parameters, the overlapping CSI-RS will be identical which enables sharing of CSI-RS for UEs with different operation bandwidths. In this illustration, the higher layer signaling of the parameter  indicates the start of the resource-specific CSI-RS block and could be viewed as representing for the UE a reference subcarrier.
[bookmark: _Toc490211733][bookmark: _Toc490244473][bookmark: _Toc492926187]NR adopts a resource specific sequence design for CSI-RS. The sequence depends on the configured PRB position. An offset parameter is signaled to indicate the start of the CSI-RS sequence  

[image: ]
[bookmark: _Ref490228366]Figure 4	Illustration on offset signaling to achieve resource specific CSI-RS sequences for UEs with different operating bandwidths
[bookmark: _Toc490211734][bookmark: _Toc490244474][bookmark: _Toc492926188]Reuse LTE-like CSI-RS sequence definition for CSI-RS for NR. Seed should depend on a UE specifically configured quantity and the OFDM symbol number relative to the slot start or radio frame start.

[bookmark: _Toc492896209][bookmark: _Toc492926189]Conclusions
Based on the discussion in this contribution we propose the following:
Proposal 1	Confirm the understanding that the X=4 port pattern with N=2 OFDM symbols (agreed on NR AH#2) is included in the set of supported CSI-RS patterns.
Proposal 2	Allow NZP CSI-RS to be configured with non-adjacent components in frequency.
Proposal 3	Starting subcarrier of a CSI-RS component may be specified with a granularity of maximum two subcarriers.
Proposal 4	CSI-RS has a uniform mapping across all symbols allocated to CSI-RS, both when CSI-RS is mapped to adjacent symbols and when it is mapped to pairwise adjacent symbols
Proposal 5	Confirm the understanding that the X=1 port patterns for CSI-acquisition are identical to the agreed X=1 ports patterns for beam management for D=1 and D>1.
Proposal 6	From a UE perspective, CSI-RS is not multiplexed on PDCCH OFDM symbol(s) for a slot
Proposal 7	The UE is not expected to be configured with NZP-CSI-RS in OFDM symbols for which it is configured to receive DMRS
Proposal 8	For N=2 symbol CSI-RS, allow the pair of 2 adjacent symbols to have starting symbol index l0 from the set {5,7,9,12}
Proposal 9	For N=4 symbol CSI-RS, allow any combination of the symbol pairs defined for N=2
Proposal 10	For N=1 symbol CSI-RS (both for beam management and CSI-acquisition), allow any symbol occupied by any of the N=2 symbol CSI-RS configurations
Proposal 11	Assign port (x) to the same CDM group as port (x-1) when possible
Proposal 12	Assign ports (0, … , X-1)  to CDM groups frequency first, where the assignment is in the order of CDM groups with increasing subcarrier indices within a PRB.
Proposal 13	NR adopts a resource specific sequence design for CSI-RS. The sequence depends on the configured PRB position. An offset parameter is signaled to indicate the start of the CSI-RS sequence
Proposal 14	Reuse LTE-like CSI-RS sequence definition for CSI-RS for NR. Seed should depend on a UE specifically configured quantity and the OFDM symbol number relative to the slot start or radio frame start.

[bookmark: _In-sequence_SDU_delivery][bookmark: _Toc492896210][bookmark: _Toc492926190]References
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