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Introduction
In RAN1 #88, several WFs on CSI-RS [1-4] were discussed.  Some agreements/working assumptions are as follows [5].
· 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
· FFS: Support for more than one component CSI-RS RE pattern definition, i.e., value of Y and Z
· FFS: Supported value(s) of Y and Z, e.g. (Y, Z) = {(1,2), (2,1), (4,1), (8,1), (2,2), (2,4)} 
· FFS: How to apply CDM within a component CSI-RS RE pattern and across multiple component CSI-RS RE patterns
· Note: Depending on the density reduction approach agreement(s), the Y REs of a component CSI-RS RE pattern may be non-adjacent in the frequency domain
· The multiple component CSI-RS RE patterns can be extended across the frequency domain within the configured CSI-RS bandwidth
· At least the following numbers of OFDM symbols for a CSI-RS resource are supported
· N = {1, 2, 4}
· FFS, other value(s) of N
· The N OFDM symbols can be adjacent/non-adjacent
· FFS, down-selection on adjacent/non-adjacent OFDM symbols
· OFDM symbol(s) can be configured to contain CSI-RS only
· FFS: the applicability of above proposals for beam management (e.g., for beam sweeping, for generation of sub-time units)
· FFS on the following aspects:
· Location of N OFDM symbols within a slot
· Replication of RE pattern across the N OFDM symbols
· Supported CDM values
· Exact port number assignment to CSI-RS RE pattern, considering at least CDM of ports and relationship of port numbers to dual polarized antenna elements
· Support for densities D > 1 RE/port/PRB
· Mapping of other physical channels and/or reference signals within the same OFDM symbol(s) as CSI-RS
In this contribution, we discuss open issues in CSI-RS design for CSI acquisition.
Discussion
Component CSI-RS RE pattern
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.  To form an X-port CSI-RS resource, one may aggregate one or more component CSI-RS RE patterns in N OFDM symbols.  Essentially, there are two design options for the aggregation.  
· Opt-1: Define multiple component CSI-RS RE patterns with different values of (Y, Z).  Based on the value of X, one component pattern is selected to construct a X-port CSI-RS resource.
· Opt-2: Define a single minimum CSI-RS RE pattern for all values of X.
For Opt-1, multiple values of (Y, Z) are need, e.g., the supported values of (Y, Z) could be a subset of {(1, 2), (2, 1), (4, 1), 
(8, 1), (2, 2), (2, 4)}.  For Opt-2, only one minimum pattern is needed, i.e., (Y, Z) = (2, 1).  Note that (Y, Z) = (1, 2) is not preferred for higher frequencies.  It’s worth noting that the component CSI-RS RE pattern with Y = 2m and Z = n can always be composed by m×n (2, 1) patterns.  
Observation 1: 	Component CSI-RS RE patterns in Opt-1 can always be composed by component CSI-RS RE pattern with Y = 2 and Z = 1.  The only exception is (Y, Z) = (1, 2) which is not preferred for higher frequencies.
A single minimum CSI-RS RE pattern not only results in a streamline design of CSI-RS resource but also allows flexibility when sharing CSI-RS resources among multiple UEs.  Considering a unified design for below and above 6GHz, we propose adopt a single component CSI-RS RE pattern, i.e., (Y, Z) = (2, 1).
Proposal 1: NR supports a single component CSI-RS RE pattern with Y = 2 and Z = 1.
Replication of CSI-RS RE pattern and multiplexing CSI-RS ports
For X > 1, a X-port CSI-RS resource can be aggregated by (2, 1) component CSI-RS REs in N OFDM symbols and in each OFDM symbol there are M = X / (2N) component CSI-RS RE patterns, as shown in Figure 1.    
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Figure 1:  Aggregation of (2, 1) component CSI-RS RE patterns to form X-port CSI-RS resource.
X CSI-RS ports are multiplexed across the component CSI-RS REs.  As discussed in [6], how to apply CDM/FDM across multiple component CSI-RS RE patterns need to consider several aspects as follows.
· Full power utilization by CSI-RS power boosting
· Channel decorrelation across CSI-RS REs within a CDM group
The first aspect has an impact on the number of CDM groups multiplexed in frequency, depending on practical TX spectrum shaping filters and non-linear PA recommended by RAN4.  Detailed discussion can be found in [6].    
The second aspect has an impact on replication of component CSI-RS RE patterns and on the definition of a CDM group.  To minimize the channel decorrelation within a CDM group, it is preferred to replicate the component CSI-RS RE patterns in the same frequency location across different OFDM symbols.  
Proposal 2: Within a CDM group, component CSI-RS REs are replicated in the same frequency location across different OFDM symbols.
Note that the N OFDM symbols and M component CSI-RS RE patterns may not be consecutive in time or frequency.  To minimize the destruction of orthogonality, one should not apply CDM to non-consecutive component CSI-RS REs.  For example, a 32-port CSI-RS resource may be aggregated by 16 component CSI-RS REs in 4 OFDM symbols.  If the 4 OFDM symbols are consecutive in time, CDM8 across 4 OFDM symbols may be applied, as shown in Figure 2(a).  If the 4 OFDM symbols are non-consecutive in time, e.g., there’s a gap between every 2 consecutive OFDM symbols, then CDM4 is applied as shown in Figure 2(b).  Depending on the subcarrier spacing and the channel frequency selectivity, CDM8 across consecutive REs in 2 OFDM symbols and 4 subcarriers can also be considered, as shown in Figure 2(c).
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Figure 2:  Applying CDM to consecutive and non-consecutive CSI-RS RE patterns.
Proposal 3: CDM shall not be applied to component CSI-RS REs which are not consecutive in time or frequency.
CSI-RS location
The location of CSI-RS has some impact on the CSI processing timeline.  On one hand, CSI-RS in early part of a time interval allows more time for CSI measurement.  This is critical to support fast CSI reporting, especially for below 6GHz.  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.  This is needed not only for aperiodic CSI-RS, but also for periodic and semi-persistent CSI-RS.  For example, a UE may be expecting a periodic CSI-RS in the DL duration of slot according to the configured timing, but the CSI-RS transmission is dropped as the DL duration maybe replace by an UL duration due to dynamic TDD.
The location of CSI-RS depends on the location of the DL control region and the location of other reference signals in the DL duration of a slot.  As shown in Table 2, several locations can be considered for CSI-RS based on the DMRS pattern proposed in [6].  We consider DL control region with 1 or 2 OFDM symbols and two types of DMRS patterns:
· Pattern A – Symbols 2 and 5 are occupied by DMRS
· Pattern B – Symbols 2 and 9 are occupied by DMRS
The CSI-RS locations are denoted by ‘DL-{ℓ1, …, ℓN}’, where D is either ‘A’ or ‘B’ denoting the DMRS pattern, L is the number of OFDM symbols in DL control region, and ℓn, n = 1, 2, …, N, is the index of the nth OFDM symbol for CSI-RS. 
In Table 1, we show possible locations of CSI-RS in the early part of a DL-centric slot.  In a DL-centric slot, OFDM symbols {1}, {3}, {1, 3}, {3, 4} can be considered for CSI-RS mapping, depending on the value of N.  Such front-loaded CSI-RS may allow fast CQI reporting in the same slot given sufficient CSI processing time.
Proposal 4: NR support a limited set of CSI-RS locations including OFDM symbols {1}, {3}, {1, 3}, {3, 4}, at least for below 6GHz.
Proposal 5: Self-contained CQI feedback may be considered if CSI-RS is mapped to OFDM symbols {1}, {3}, {1, 3}, {3, 4} for below 6GHz.  
Note that when N = 4, CSI-RS can be obtained no early than symbol 6 or 7.  There’re only 6 or 5 OFDM symbols before the last UL symbol even without timing advance.  It would be difficult to support CSI feedback in the same slot due to the limited CSI processing time.  
Proposal 6: Self-contained CQI feedback is not supported when N = 4.



Table 1.  Exemplary locations of CSI-RS in early part of a DL-centric slot.
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	N
	1 OFDM symbol for DL control
	2 OFDM symbols for DL control

	1
	A1-{1}
[image: ]
	B1-{1}
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	A2-{3}
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	B2-{3}
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	2
	A1-{1, 3} 
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	B1-{1, 3}
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	A2-{3, 4}
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	B2-{3, 4}
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For UL-centric slots, CSI-RS can be transmitted in symbol 1 if only 1 OFDM symbol is needed for DL control, as shown in Figure 3.  
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Figure 3:  Front-loaded CSI-RS in a UL centric slot.
Such front-loaded CSI-RS can leave more time for CSI computation which may allow CQI only feedback in the same slot.  Note that the CSI computation time is proportional to the number of CSI processes, e.g., the number of CSI-RS resources a UE need to monitor, the number of component carriers, the number of CSI reporting, etc.  
Observation 1: Support of self-contained CQI feedback depends on UE capability.
It’s 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.  In some cases, to feedback full CSI in slot n + 1 based on CSI-RS in slot n may even be impossible, e.g., the CSI reporting with Type II subband PMI via long PUCCH based on a 32-port CSI-RS located at the end of a slot.  As shown in Figure 4, the CSI processing, including 32 port channel estimation and PMI/CQI computation, has to be down within the time duration of 5 OFDM symbols.  
Observation 2: Feedback full CSI in slot n + 1 based on CSI-RS in slot n can be difficult in some cases.
[bookmark: _GoBack][image: ]
Figure 4:  CSI reporting via long PUCCH. 
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 end-loaded CSI-RS is preferred.  But in this case, self-contained CSI feedback won’t be supported.
Proposal 7: For above 6GHz, NR supports CSI-RS located at the late part of a slot.
Conclusions 
To summarize, we discussed some open issues of CSI-RS for CSI acquisition.  We have following observation.
Observation 1: Support of self-contained CQI feedback depends on UE capability.
Observation 2: Feedback full CSI in slot n + 1 based on CSI-RS in slot n can be difficult in some cases.
We propose following:
Proposal 1:	NR supports a single component CSI-RS RE pattern with Y = 2 and Z = 1.
Proposal 2: 	Within a CDM group, component CSI-RS REs are replicated in the same frequency location across different OFDM symbols.
Proposal 3: 	CDM shall not be applied to component CSI-RS REs which are not consecutive in time or frequency.
Proposal 4: 	NR support a limited set of CSI-RS locations including OFDM symbols {1}, {3}, {1, 3}, {3, 4}, at least for below 6GHz.
Proposal 5: 	Self-contained CQI feedback may be considered if CSI-RS is mapped to OFDM symbols {1}, {3}, {1, 3}, {3, 4} for below 6GHz.  
Proposal 6: 	Self-contained CQI feedback is not when N = 4.
Proposal 7: 	For above 6GHz, NR supports CSI-RS located at the late part of a slot.
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