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Introduction
In RAN1 #89, some agreements are as follows [1].
Time domain CSI-RS pattern:
· 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
CDM pattern:
· For CDM pattern(s) per X port CSI-RS for CSI acquisition 
· For X=2 with CSI-RS RE pattern (M,N)=(2,1), 
· FFS support no CDM 
· Support FD-CDM2
· For X=4 with CSI-RS RE pattern (M,N)=(4,1)
· FSS support no CDM
· Support FD-CDM2
· FFS CDM4
· For X=4 with CSI-RS RE pattern (M,N)=(2,2)
· FFS support no CDM
· Support FD-CDM2
· FFS support TD-CDM2
· FFS CDM4
CDM:
· Support at least OCC as one type of CDM sequence 
· FFS: CDM of CSI-RS antenna ports on an RE-level comb based on phase rotation (cyclic shift) sequences
· Support at least CDM 8 for an X-port CSI-RS resource at least when X=32 
· FFS:  Support for other pairings of CDM value and number of ports X 
· For an X-port CSI-RS resource, at least for X = 1, support density D >= 1 RE/port/PRB
· FFS: Support for D > 1 for other values of X
· Note: For X = 1, CDM code value(s) assumed to be 1 	
In this contribution, we discuss remaining open issues in CSI-RS design for CSI acquisition.
Discussion
CSI-RS pattern
In RAN1#88bis, the X-port CSI-RS resource pattern with density of 1RE/port/RB is agreed for X = 2 and 4 using 1 or 2 OFDM symbols.  The agreed CSI-RS resource pattern is composed of M adjacent RE(s) in the frequency-domain and N adjacent RE (s) in time-domain, where (M, N) = (2, 1) for X = 2 and (M, N) = (4, 1), (2, 2) for X = 4.  The CSI-RS resource pattern can be defined as aggregation of component CSI-RS RE pattern(s).  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.  As shown in Table 1, these CSI-RS resource patterns can be aggregated by a single component CSI-RS RE pattern, i.e., (Y, Z) = (2, 1).
Table 1: Agreed CSI-RS resource pattern for density 1 RE/port/PRB, X < 8, and N = 1 or 2 OFDM symbol.
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Observation 1: The agreed CSI-RS resource pattern can be formed by a single component CSI-RS RE pattern with (Y, Z) = (2, 1).  For N > 1, the component CSI-RS REs are replicated in the same frequency location across different OFDM symbols.
To form CSI-RS resource pattern for X ≥ 8, there are two design options.  
· 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: Use a single CSI-RS RE pattern with (Y, Z) = (2, 1) 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 2: 	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 component 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.
In RAN1#89, there is an open issue regarding the down-selection between Nmin = 2 or Nmin = 4 as the minimum number of adjacent symbols in time domain for X ≥ 8 ports with N = 4. For the case with 2 as the minimum number of adjacent symbols, it means that the N = 4 OFDM symbols can be non-consecutive in time domain. Since UE may not be able to perform channel estimation until receiving all the 4 symbols, the case with Nmin = 2 yields a longer processing delay than the case with Nmin = 4. Thus, from CSI acquisition perspective, Nmin = 4 is preferred especially for self-contained scenario where short processing time is the stringent issue. Besides, as we will see later on in the next section, when TD-OCC4 or CDM8 (for the 32 ports case) is used to multiplex CSI-RS ports, it is important to have Nmin = 4 from a channel estimation perspective due to less channel decorrelation than having non-consecutive 4 OFDM symbols. 
Proposal 2: NR supports 4 as the minimum adjacent OFDM symbols in time domain for X ≥ 8 ports with N = 4.
CDM pattern
The X CSI-RS ports are multiplexed across the component CSI-RS REs.  Besides full power utilization, how to apply CDM/FDM across multiple component CSI-RS RE patterns also need to consider channel decorrelation across CSI-RS REs within a CDM group.  It has an impact on the size of CDM group, i.e., the CDM pattern cannot span over more than U OFDM symbols and V subcarriers.  In this section, we provide simulation results to show some insights behind the value of U and V.
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Figure 1-1. TDL-C, DS = 100ns, Doppler = 100Hz
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Figure 1-2. TDL-C, DS = 300ns, Doppler = 100Hz
To investigate the frequency domain CDM pattern, we focus on a X = 4 ports CSI-RS resource with (M = 4, N = 1) and D = 1. We consider that the X = 4 ports are multiplexed with two options, i.e., FD-OCC2 and FD-OCC4. For the FD-OCC2, there are two CDM groups, the first CDM group is transmitted in the first RE and second RE, while the second CDM group is transmitted in the third RE and the fourth RE. The MSE results of the channel estimation are provided in Figure 1 for various subcarrier spacing and various mean delay spread. We can see that FD-OCC2 (solid curves) outperforms FD-OCC4 (dashed curves), and the gain is significant at high SNR, large subcarrier spacing and large delay spread. The main reason is two-fold. Firstly, the FD-OCC2 pattern can benefit from 3dB power boosting since 2 CDM group is used, while the FD-OCC4 pattern cannot have power boosting since there is only one CDM group. Secondly, the channel decorrelation issue among the 4 REs in FD-OCC4 pattern is much more severe at high SNR, large subcarrier spacing and large delay spread, thus resulting in a higher floor than the FD-OCC2 pattern.
Observation 3: FD-OCC4 is very sensitive to channel decorrelation at high SNR, large subcarrier spacing and large delay spread.
Proposal 3: NR should avoid FD-OCC4, and CDM should apply on adjacent REs in frequency domain.
To investigate the time domain CDM pattern, we evaluate three CDM patterns with X = 4 ports:
· Pattern 1: CSI-RS resource (M = 2, N = 2), FD-TD-OCC4.
· Pattern 2-1[footnoteRef:2]: CSI-RS resource (M = 1, N = 4) with consecutive symbols, TD-OCC4. [2:  Although pattern 2-1 and 2-2 are not typical CSI-RS resource pattern, their performance gives hint on the time granularity of the CDM pattern. Particularly, for X = 32 ports where CDM8 should be used for a CSI-RS resource pattern (M = 2, N = 4), the MSE results with the respect of subcarrier spacing and Doppler frequency may follow the same trend of Figure 2.] 

· Pattern 2-2: CSI-RS resource (M = 1, N = 4) with non-consecutive symbols, TD-OCC4. The first and second symbols are adjacent, the third and fourth symbols are adjacent, while the second and the third symbols are separated by 2 symbols.
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Figure 2-1. pattern 1 vs 2-1, Doppler = 20Hz
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Figure 2-2. pattern 1 vs 2-1, Doppler = 100Hz
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Figure 3-1. Pattern 2-1 vs 2-2, Doppler = 100Hz
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Figure 3-2. Pattern 2-1 vs 2-2, Doppler = 300Hz
The comparison of the MSE results of the pattern 1 and pattern 2-1 is illustrated in Figure 2. At low UE mobility, we observe that pattern 1 and 2-1 perform similar at low SNR, and the MSE results degrades with subcarrier spacing. The reason is that large subcarrier spacing leads to low processing gain. At high SNR, we observe that pattern 2-1 shows better performance than pattern 1, and the gain increases with subcarrier spacing. This is because large carrier spacing decorrelates the channel between adjacent REs, so that pattern 1 results in a floor at high SNR. However, for pattern 2-1, since the large subcarrier spacing shortens the symbol duration, the channel correlation in time domain improves with subcarrier spacing. Thus, the performance of pattern 2-1 is enhanced with subcarrier spacing at high SNR.
In Figure 2-2, at high UE mobility, we observe pattern 1 outperforms pattern 2-1 with small subcarrier spacing. This is because pattern 2-1 is sensitive to UE mobility, while pattern 1 has a good frequency domain channel correlation. However, at large subcarrier spacing, we observe that pattern 2-1 is better than pattern 1, because the channel decorrelation on frequency domain becomes the dominant issue. 
Furthermore, the comparison of pattern 2-1 and pattern 2-2 is illustrated in Figure 3, where “xxxx” means consecutive 4 symbols (i.e., pattern 2-1), while “xx00xx” means that the 4 symbols are separated (pattern 2-2). We can observe that there is a huge gap between pattern 2-1 and 2-2 when the subcarrier spacing at high Doppler, while the gap shrinks at large subcarrier spacing.
Observation 4: CDM pattern with 4 symbols (TD-OCC4 or CDM8) in time domain is very sensitive to high Doppler
Observation 5: At large subcarrier spacing, the performance TD-OCC4 becomes better than FD-TD-OCC4. 
Observation 6: CDM pattern with 4 non-consecutive symbols yields much worse performance than consecutive symbols.
Proposal 4: CDM should apply on consecutive OFDM symbols, and the value of U is not larger than the number of consecutive OFDM symbols in a CSI-RS resource pattern.  
· CDM pattern spanning 4 symbols should be used only for special cases, such as large subcarrier spacing (>= 60kHz), low UE mobility, and large number of CSI-RS ports, i.e., X = 32. 
Proposal 5: At large subcarrier spacing, NR should avoid using FD-OCC pattern.
From the above analysis, we summarize potential component CDM patterns as in Table 2. For convenience, let us define the number of adjacent REs in frequency domain by P and the number of consecutive symbols in time domain by Q. The CDM8 pattern has only one pattern with (P = 2, Q = 4); the CDM4 pattern has two possible patterns, i.e., (P = 2, Q = 2) and (P = 1, Q = 4), where the former pattern is preferred for the case with small subcarrier spacing and low delay spread, while the latter pattern is preferred for the case with larger subcarrier spacing and low Doppler; the CDM2 pattern has two possible patterns, i.e., (P = 2, Q = 1) and (P = 1, Q = 2), where the former pattern is preferred for the case with small subcarrier spacing and short processing delay, while the latter pattern is preferred for the case with larger subcarrier spacing and low Doppler. 
Table 2: Component CDM pattern.
	CDM8
	CDM4
	CDM2

	(P = 2, Q = 4)


	(P = 2, Q = 2)


	(P = 1, Q = 4)


	(P = 2, Q = 1)


	(P = 1, Q = 2)




For any value of the number of CSI-RS ports, the CSI-RS ports can be multiplexed by choosing one component CDM pattern. For example, for X = 32 ports, since it was agreed in RAN1#89 that CDM8 and N =4 should be used, the 32 ports can be multiplexed by aggregating 4 CDM groups in frequency domain. For X = 4 ports, since it was agreed in RAN1 #89 that the CSI-RS resource pattern is either (M = 2, N = 2) or (M = 4, N = 1). The case (M = 2, N = 2) can adopt CDM4 with (P = 2, Q = 2) or two CDM2 groups with either (P = 2, Q = 1) or (M = 1, N = 2), while the case (M = 4, N = 1) can adopt two CDM2 groups with CDM pattern (P = 2, Q = 1). For X = 8, 12 and 16, the CDM component pattern selection and multiplexing should consider subcarrier spacing, delay spread, UE mobility and processing delay.
Observation 7: 	CSI-RS ports multiplexing can be carried out by component CDM pattern (P, Q) selection and multiplexing.

CSI-RS density
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.  For large subcarrier spacing, the density of  could be too low for channel estimation.  For example, CSI-RS with d = 1 can only support a maximum delay of 0.69us without aliasing when the subcarrier spacing is 60kHz.  Not to mention the loss of processing gain due to density reduction.  The choose of values of d shall not only depend on the number of CSI-RS ports, but also consider the target delay spread. 
Observation 8: CSI-RS density of d > 1 is needed at least for large subcarrier spacing.
Proposal 6: Supported combination of values of X and d should also depend on subcarrier spacing.
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 7: NR support a limited set of CSI-RS locations including OFDM symbols {1}, {3}, {1, 3}, {3, 4}, at least for below 6GHz.
Proposal 8: 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 9: Self-contained CQI feedback is not supported when N = 4.
Table 2.  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}
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	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.  
[image: ]
Figure 2:  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 9: 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 10: Feedback full CSI in slot n + 1 based on CSI-RS in slot n can be difficult in some cases.
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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 10: 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: 	The agreed CSI-RS resource pattern can be formed by a single component CSI-RS RE pattern with (Y, Z) = (2, 1).  For N > 1, the component CSI-RS REs are replicated in the same frequency location across different OFDM symbols.
Observation 2: 	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.
Observation 3: FD-OCC4 is very sensitive to channel decorrelation at high SNR, large subcarrier spacing and large delay spread.
Observation 4: CDM pattern with 4 symbols (TD-OCC4 or CDM8) in time domain is very sensitive to high Doppler
Observation 5: At large subcarrier spacing, the performance TD-OCC4 becomes better than FD-TD-OCC4. 
Observation 6: CDM pattern with 4 non-consecutive symbols yields much worse performance than consecutive symbols.
Observation 7: 	CSI-RS ports multiplexing can be carried out by component CDM pattern (P, Q) selection and multiplexing.
Observation 8: CSI-RS density of d > 1 is needed at least for large subcarrier spacing.
Observation 9:	Support of self-contained CQI feedback depends on UE capability.
Observation 10: 	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: NR supports 4 as the minimum adjacent OFDM symbols in time domain for X ≥ 8 ports with N = 4.
Proposal 3: NR should avoid FD-OCC4, and CDM should apply on adjacent REs in frequency domain.
Proposal 4: CDM should apply on consecutive OFDM symbols, and the value of U is not larger than the number of consecutive OFDM symbols in a CSI-RS resource pattern.  
· CDM pattern spanning 4 symbols should be used only for special cases, such as large subcarrier spacing (>= 60kHz), low UE mobility, and large number of CSI-RS ports, i.e., X = 32. 
Proposal 5: At large subcarrier spacing, NR should avoid using FD-OCC pattern.
Proposal 6: Supported combination of values of X and d should also depend on subcarrier spacing.
Proposal 7: 	NR support a limited set of CSI-RS locations including OFDM symbols {1}, {3}, {1, 3}, {3, 4}, at least for below 6GHz.
Proposal 8: 	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 9: 	Self-contained CQI feedback is not when N = 4.
Proposal 10: 	For above 6GHz, NR supports CSI-RS located at the late part of a slot.
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Appendix
Table 2. Link-level simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz

	Tone Spacing
	15kHz, 30kHz, 60kHz, 120kHz

	FFT Length
	2048

	RB size (# of tones)
	12

	# of Tx Antenna
	4

	# of Rx Antenna
	1

	Ant Correlation
	Medium

	Channel
	TDL-C

	Delay spread
	100ns, 300ns

	Doppler
	20, 100Hz

	Channel estimation
	Wideband FFT
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