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Introduction
In RAN1 #AH1_NR, several WFs on CSI-RS [1-2] were discussed.  Some agreements/working assumptions are as follows [3].
CSI-RS RE mapping
· The CSI-RS RE mapping pattern of one N-port CSI-RS resource is composed of one or multiple CSI-RS RE mapping patterns of CSI-RS resources of equal or smaller number of ports, [e.g., 2, 4, or 8]
· A CSI-RS RE mapping  pattern is defined within a slot
· FFS: A CSI-RS RE mapping  pattern can span multiple configurable consecutive/non-consecutive OFDM symbols 
· FFS on mapping of ports to the CSI-RS RE mapping pattern
· Density per port in terms of RE per port per PRB is configurable supports for density greater than 1 is not precluded

CSI-RS for beam management
· Beam management overhead and latency are to be considered during the CSI-RS design for NR beam management, considering the following possible candidate solutions:
· Opt1. IFDMA
· Opt2. Larger subcarrier spacing
· Other solutions are not precluded
· FFS: whether the above structure should be utilized for P-1 and/or P-2 and/or P-3.
· Other aspects considered during the CSI-RS design for NR beam management include, e.g. CSI-RS multiplexing, UE beam switch latency and UE implementation complexity (e.g. AGC training time), coverage of CSI-RS, etc.
· Note that it does not imply prioritizing different aspects in CSI-RS design
In this contribution, we discuss open issues in CSI-RS design.
Discussion
Density and time/frequency duration
In LTE, the subcarrier spacing is 15kHz and the CSI-RS density is 1 RE/RB/port.  In NR, multiple numerologies are supported.  The subcarrier spacing could be 15kHz, 30kHz, 60kHz, 120kHz, 240kHz, or 480kHz.  It’s reasonable to take the same density as a reference density at least for the subcarrier spacing of 15kHz.  For other values of subcarrier spacing, the CSI-RS density can be increased or reduced based on the channel frequency selectivity and the CSI feedback granularity.  
Observation 1: The CSI-RS density of 1RE/RB/port shall be supported at least when subcarrier spacing is 15kHz.
For CSI-RS density reduction, following two alternatives can be considered.
· Alt-1: RB-level decimation 
· Alt-2: Reduce the number of REs for CSI-RS in each RB 
With Alt-1, a fraction density of 1/p can be achieved by transmitting CSI-RS on 1 out of p “RB combs,” as shown in Figure 1(a).  All configured CSI-RS ports are transmitted on the transmission “RB comb.”  A UE need to handle two rate-matching patterns for data channel, one for RBs with CSI-RS and the other for RBs without CSI-RS.  
With Alt-2, the fraction density can be obtained by decimating CSI-RS REs in every RB.  For example, as shown in Figure 1(b), the 8 CSI-RS ports are divided into 2 groups and each group is transmitted on every other RB.  The number of CSI-RS REs in each RB is reduced by half.  A common rate-matching pattern can be used for odd and even RBs.  
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Figure 1.  CSI-RS density reduction (an 8-port case).
Observation 2: Density reduction by RB-level decimation requires different rate-matching patterns for RBs with CSI-RS and RBs without CSI-RS.
Proposal 1: Fraction density is supported by reducing CSI-RS REs within each RB.
Based on the working assumptions, the CSI-RS resource configuration shall support X ports, where the values of X are at least 1, 2, 4, 8, 12, 16, [24], and 32.  Notice that there are 12 REs in an OFDM symbol.  As listed in Table 1, in order to support X CSI-RS port within a single RB with a per port density of 1RE/RB, the time duration of a CSI-RS resource need to be at least   OFDM symbols.  It worth noting that all Y OFDM symbols may not be consecutive depending on the DMRS pattern configured in the same RB.
Proposal 2: The minimum time duration of a CSI-RS resource within a RB is 1 OFDM symbol for 1, 2, 4, 8 CSI-RS ports, or 2 OFDM symbols for 16, [24] CSI-RS ports, or 4 OFDM symbols for 32 ports.  A CSI-RS resource may be non-consecutive in time domain within a RB.
Table 1.  Minimum number of OFDM symbols to support CSI-RS ports with a reference density.
	X
	1, 2, 4, 8, 12
	16, [24]
	32

	Y
	1
	2
	4


Resource aggregation
In LTE, an X-port CSI-RS configuration is aggregated by multiple 4-port or 8-port CSI-RS configurations for X > 8.  Such design allows CSI-RS resource to be shared by multiple UEs.  NR supports frequency bands below and above 6GHz.  For higher frequencies, a UE is unlikely to be configured with a large number of CSI-RS ports due to the propagation property.  Typical values of X would be 2 per beam.  A UE may need to monitor the link quality on multiple 2-port beams for robustness.  So, the aggregation of 2-port CSI-RS configurations should be supported.  Since the supported values of X are multiples of 2 port when X > 1, X-port CSI-RS can always be aggregated by multiple of 2-port CSI-RS configurations.  Furthermore, 
Observation 3: Aggregation of 2-port CSI-RS configurations is useful for higher frequencies.
Proposal 3: NR supports X-port CSI-RS by aggregating multiples of 2-port CSI-RS configurations.
For X > 8, 2 or 4 OFDM symbols are needed to achieve the reference density.  The aggregation of 2-port CSI-RS configurations on different OFDM symbols can be either identical or different.  Different aggregation across symbols may lead to an increase of signalling overhead.  Hence, using the same aggregation pattern on different OFDM symbols within a slot is preferred.
Observation 4: Using different aggregation pattern across multiple OFDM symbols within a slot may increase signalling overhead.
Proposal 4: Same aggregation pattern shall be used for multiple OFDM symbols within a slot. 
Multiplexing
Similar to LTE, orthogonal multiplexing of intra-cell CSI-RS ports shall be supported in NR.  Alternatives of orthogonal multiplexing include FDM, CDM, and TDM.  Similar to LTE, full power utilization should be the first design criteria, especially for non-precoded CSI-RS ports.  Multiplexing of non-precoded CSI-RS ports using FDM allows CSI-RS power boosting.  Considering practical TX spectrum shaping filters and non-linear PA, RAN4 recommended to avoid CSI-RS boosting by 9dB for LTE (may not be a constraint for NR) [4].  That means full power utilization cannot be achieved when FDM is applied to more than 4 ports.  Multiplexing using FDM and TDM cannot use full power, because the power of the nulled REs in other OFDM symbols cannot be utilized.  So, the NR CSI-RS should stick to FDM and CDM for multiplexing.  One disadvantage of using CDM is the destruction of orthogonality when the channel is decorrelated across CSI-RS REs.  The size of CDM is related to the channel selectivity in time-/frequency domain, and the location of CSI-RS Res and phase noise for higher frequencies.  Small sized CDM with localized CSI-RS REs may provide good multiplexing of CSI-RS ports in fast varying channels.  In LTE, both CDM2 and CDM4 are supported.  
The  CSI-RS ports can be divided into  groups.  Ports in different groups are multiplexed in frequency.  In each group,  CSI-RS ports are multiplexed with size- orthogonal cover codes (OCCs), where  is a power of 2.  The values of  and  should fulfil following requirements.
· Less than 8 groups are multiplexed in frequency, i.e. ;
· Each group can cover all CSI-RS symbols, i.e., ;
· The frequency span of each group should be minimized. 
In Table 2, we suggest values of  and  for X CSI-RS ports.  
Observation 5: The size of CDM is related to the channel selectivity in time-/frequency domain, the location of CSI-RS REs and power boosting for full power utilization.
Proposal 5: NR supports CDM2, CDM4, and CDM8 for CSI-RS multiplexing depending on the number of CSI-RS ports as in Table 2.

Table 2.  Suggested values of K and L for X CSI-RS ports
	X
	2
	4
	8
	12
	16
	[24]
	32

	Y
	1
	1
	1
	1
	2
	2
	2
	4

	K
	1
	1
	1
	6
	3
	4
	6
	4

	L
	2
	2
	2
	2
	4
	4
	4
	8



Port mapping
The mapping of CSI-RS port to CSI-RS resource shall facilitate CSI-RS resource sharing.  The X CSI-RS ports can be labelled as port p, where .  If a UE is configured with dual-polarized gNB ports, we follow the LTE convention that the UE shall assume CSI-RS ports  are in one polarization and CSI-RS ports  are in the other polarization, where ports  and  are co-located.  In order to facilitate CSI-RS port sharing, a CSI-RS configuration shall be associated with pairs of co-located cross-polarized CSI-RS ports.  Note that co-located cross-polarization CSI-RS ports can be beamformed CSI-RS ports from co-located sub-arrays in cross-polarization.
Proposal 6: A CSI-RS configuration is associated with pairs of cross-polarized CSI-RS ports.  
Sequence
There are two options for CSI-RS sequence generation, either based on a group-common identity or based on a UE-specific identity.  If the sequence is initiated by a UE-specific identity, then a UE cannot share CSI-RS ports with other UEs.  With a group-common identity, a UE can estimate the channels on all configured CSI-RS ports.  Those ports may be shared by a group of UEs.  In a slot, a UE may be configured to measure a subset of those CSI-RS ports, but the cell-specific identity based sequence doesn’t prevent the UE to measure the CSI-RS ports which are not in the subset.  This could be useful to support interference measurement based on NZP CSI-RSs.  It’s worth noting that cell-specific identity is a special case of group-common identity.
Observation 6: Group-common sequence is useful to support CSI-RS sharing and NZP CSI-RS based interference measurement.
Proposal 7: NR CSI-RS sequence is initialized at least by a group-common identity.
Location
The location of CSI-RS has some impact on the CSI processing timeline.  As shown in Figure 1, the location of CSI-RS depends on many factors, including
· DL propagation delay 
· Time for DL control channel decoding
· Time for CSI measurement
· UL timing advancing
· Timing relationship between CSI-RS transmission and CSI reporting
On one hand, CSI-RS in early part of a time interval allows more time for CSI measurement.  On the other hand it puts a more stringent latency requirement for control decoding, so that the UE can be aware of the existence of a CSI-RS transmission in forthcoming symbols with minimum buffering.  
Observation 7: The location of CSI-RS depends on the CSI processing timeline.
Both CSI-RS and DMRS may be transmitted in the same slot, e.g., in the DL slot for FDD or in the DL-centric slot for TDD.  In such cases, the CSI-RS can be located either before or after the DMRS.  It was already agreed that NR supports at least one front-loaded DMRS.  So, the CSI-RS should be located after the front-loaded DMRS if transmission of both RSs happens in the same slot.  
Proposal 8: For below 6GHz, NR supports CSI-RS located after the front-loaded DMRS if both RSs are transmitted in the same slot.
The CSI-RS may also be transmitted in a slot without DMRS, e.g., in the UL-centric slot for TDD.  In such case, front loaded CSI-RS can leave more time for CSI computation which may allow self-contained CQI feedback as shown in Figure 2.  It worth noting that the content of a self-contained CQI feedback largely depends on the CSI processing time.  Self-contained full CSI feedback including PMI/RI and CQI can be challenging due to the heavy computational complexity.  
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Figure 2.  CSI-RS in a UL-centric slot.
Proposal 9: For below 6GHz, NR supports CSI-RS located at the early part of a UL-centric slot.
For higher frequencies, the CSI-RS ports being used will determine which RX beams the UE may need to measure on.  Considering the shorter slot duration compared to sub6GHz, putting CSI-RS symbols in the early part of a slot can be problematic as more processing time for PDCCH may be needed to decode the indication of CSI presence.  So, for above 6GHz, the CSI-RS shall be either located at the end of a slot with indication in the same slot, or located in at the early part of a slot with indication in previous slot(s).
Proposal 10: For above 6GHz, NR supports CSI-RS located at the early part of a slot with its indication in the previous slot(s).
Proposal 11: For above 6GHz, NR supports CSI-RS located at the late part of a slot with its indication in the same slot.
Conclusions 
To summarize, we discussed some high-level views on RSs for CSI acquisition.  We have following observations:
Observation 1: The CSI-RS density of 1RE/RB/port shall be supported at least when subcarrier spacing is 15kHz.
Observation 2: Density reduction by RB-level decimation requires different rate-matching patterns for RBs with CSI-RS and RBs without CSI-RS.
Observation 3: Aggregation of 2-port CSI-RS configurations is useful for higher frequencies.
Observation 4: Using different aggregation pattern across multiple OFDM symbols within a slot may increase signaling overhead.
Observation 5: The size of CDM is related to the channel selectivity in time-/frequency domain, the location of CSI-RS REs and power boosting for full power utilization.
Observation 6: Group-common sequence is useful to support CSI-RS sharing and NZP CSI-RS based interference measurement.
Observation 7: The location of CSI-RS depends on the CSI processing timeline.
We propose following:
Proposal 1: Fraction density is supported by reducing CSI-RS Res within each RB.
Proposal 2: The minimum time duration of a CSI-RS resource within a RB is 1 OFDM symbol for 1, 2, 4, 8 CSI-RS ports, or 2 OFDM symbols for 16, [24] CSI-RS ports, or 4 OFDM symbols for 32 ports.  A CSI-RS resource maybe non-consecutive in time domain within a RB.
Proposal 3: NR supports X-port CSI-RS by aggregating multiples of 2-port CSI-RS configurations.
Proposal 4: Same aggregation pattern shall be used for multiple OFDM symbols within a slot. 
Proposal 5: NR supports CDM2, CDM4, and CDM8 for CSI-RS multiplexing depending on the number of CSI-RS ports as in Table 2.
Proposal 6: A 2-port CSI-RS configuration is associated with a pairs of cross-polarized CSI-RS ports.  
Proposal 7: NR CSI-RS sequence is initialized at least by a group-common identity.
Proposal 8: For below 6GHz, NR supports CSI-RS located after the front-loaded DMRS if both RSs are transmitted in the same slot.
Proposal 9: For below 6GHz, NR supports CSI-RS located at the early part of a UL-centric slot.
Proposal 10: For above 6GHz, NR supports CSI-RS located at the early part of a slot with its indication in the previous slot(s).
Proposal 11: For above 6GHz, NR supports CSI-RS located at the late part of a slot with its indication in the same slot.
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