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Introduction
In RAN1 #90, some agreements are as follows [1].
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

R1-1715211	WF on Multiplexing of CSI-RS and CORESET	NTT DOCOMO, CATT, Huawei, HiSilicon, InterDigital, LGE, Qualcomm, ZTE
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

In this contribution, we discuss remaining open issues in CSI-RS design for CSI acquisition. This contribution is revised from R1-1713405.
Discussion 
CSI-RS density vs. Partial band size
In the last meeting, CSI-RS density equal to 1/2 was agreed for X = 12, 24 and 32 ports to reduce the CSI-RS overhead. From a channel estimation perspective, such a low density cannot lead to high processing gain. From a CSI computation perspective, the number of pilot samples within one subband is very limited, so that the CQI derived on those sparse pilot tone cannot represent the CQI over the tones across the whole subband. Those losses in terms of channel estimation quality and CQI accuracy become more severe with small CSI-RS transmission bandwidth. In this section, we provide simulation results for d = 1 and d = ½ across various CSI-RS bandwidth.
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Figure 1. MCS mismatch, DS = 1000ns                         Figure 2. MCS mismatch, DS = 300ns
[image: ][image: ] Figure 3. SE mismatch, DS = 1000ns                                   Figure 4. SE mismatch, DS = 1000ns


In Figure 1-4, we consider subcarrier spacing of 30kHz with 4RBs as a subband for CSI reporting. A 16-port CSI-RS pattern with agreed pattern in [1] was considered. As shown, the SE and MCS mismatch decreases with the SNR and the CSI-RS transmission bandwidth. The mismatch achieved by d = 1 is lower than the mismatch achieved by d = ½. The gap increases with the delay spread and subcarrier spacing. For d = ½, it remains unknown whether the loss of the CQI accuracy can be compensated by the reduced CSI-RS overhead. Moreover, introducing lower density for various values of transmission bandwidth would make rate-matching complicated, as too many ZP-CSI-RS pattern has to be considered. Hence, we propose
Proposal 1: The CSI-RS density d < 1 is supported if CSI-RS transmission bandwidth is less than M PRBs, where
· the value of M should be carefully studied in terms of throughput performance.
· The value of M should apply for all the possible numerologies and channel profiles.
Proposal 2: the minimum partial band size should be large enough to provide solid throughput performance.
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 having been agreed that the control region spans 2 or 3 symbols and the front-loaded DMRS consists of 1 or 2 symbols, the CSI-RS pattern should start from the 4th, 5th or the 6th symbol. Besides, to provide sufficient CSI processing time to support CQI reporting in the same slot, the CSI-RS cannot map to the 7th OFDM symbol and beyond. Given these two considerations, the OFDM symbols can be considered for fast CQI reporting in the same slot are summarized in Table 1. Note that when there are 3 symbols for PDCCH and 2 front-loaded DMRS symbols, the fast CSI acquisition can be only supported for CSI-RS with N = 1 symbol. When N = 4, CSI-RS can be obtained no early than the 7th symbol or the 8th symbol.  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.
Table 1. OFDM symbols for CSI-RS (symbol index starting from 0)
	
	1 front-loaded DMRS symbol
	2 front-loaded DMRS symbols

	2-symbol PDCCH
	N = 1, OFDM symbol {3}
N = 2, OFDM symbol {3,4}
	N = 1, OFDM symbol {4}
N = 2, OFDM symbol {4,5}

	3-symbol PDCCH
	N = 1, OFDM symbol {4}
N = 2, OFDM symbol {4,5}
	N = 1, OFDM symbol {5}


Proposal 3: Self-contained CQI feedback 
· For sub6GHz, should be considered if CSI-RS is mapped to OFDM symbols {3}, {4}, {5}, {3, 4} and {4, 5} counting from 0.  
· For below 6GHz, should not supported if CSI-RS is mapped to OFDM symbols {6} and beyond counting from 0.
· Should not supported when N = 4.
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 5, 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 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.
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Figure 5:  CSI reporting via long PUCCH. 
Based on the above discussion, we can see that fast CSI reporting can be supported for almost all the CSI-RS patterns with N <= 2, if the CSI-RS location is just after the DMRS. When it is impossible to report CSI in the same slot, putting CSI-RS in such an early position would decorrelate the PDSCH and DMRS, especially for N = 2 and N = 4 CSI-RS patterns. Besides, minimizing the number of possible CSI-RS locations should be considered to simplify the configuration. Then, for N = 4 patterns, the first two symbols should align with the locations of N = 2 CSI-RS pattern. Besides, If CDM8 is used, the last two symbols should be adjacent to the first two symbols; if CDM4 (FD2-TD2) is used, it is also essential to put the last two CSI-RS symbols as early as possible to minimize the channel decorrelation and the phase ramping issue in the CSI derivation Hence, based on the above discussion, we propose
Proposal 4: For N = 1 CSI-RS pattern, NR support CSI-RS locations just after the DMRS, i.e., OFDM symbols {3}, {4}, {5}, depending on the number of control symbols and DMRS symbols, for below 6GHz.
Proposal 5: For N = 2 CSI-RS pattern, NR support 
· For self-contained CQI feedback, CSI-RS locations just after the DMRS, i.e., OFDM symbols {3,4} and {4,5}, depending on the number of control symbols and DMRS symbols, for below 6GHz
· For non-self-contained CQI feedback, CSI-RS locations at later part.
Proposal 6: For N = 4 CSI-RS pattern, NR support CSI-RS locations at late part of the slot, and the locations of the first two symbols are the same as the locations of N = 2 CSI-RS patterns, the last two symbols are mapped as close as possible to the first two symbols.
The specific location of the N = 4 CSI-RS pattern is impacted by the DMRS locations. For the case of one additional DMRS symbol alongside the one symbol front-loaded DMRS, it was agreed in [1] that the additional DMRS can locate at the 8th, 10th or the 12th symbol. For the first configuration in Figure 6, there are 4 available symbols for CSI-RS mapping, i.e., symbol {4,5,6} and {8}. Since the N = 4 CSI-RS patterns are formed by (2,2) component resources and the REs in one component resource are adjacent in time and frequency, it is impossible to insert X = 24 or X = 32 ports patterns in such a configuration. 
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Figure 7. Slots with 3 control, 1+1 DMRS and 5 UL burst.
The same situation would incur in any cases as long as there are 4 available symbols where only 3 symbols are consecutive. Besides, for some other cases able to carry N = 4 CSI-RS patterns, the remaining resources for PDSCH would be very limited. Hence, N = 4 CSI-RS patterns (X = 24 ports and X = 32 ports) should be transmitted in a limited number of configurations regarding the number of control symbols, the number of DMRS symbols and the number of UL burst.
Proposal 7: N = 4 CSI-RS patterns should be transmitted in a limited number of configurations regarding the number of control symbols, the number of DMRS symbols and the number of UL burst.
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 7.  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.  
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Figure 7:  Front-loaded CSI-RS in a UL centric slot.
The above case assumes there is no configured CORESET from UE perspective. Another related issue is whether NZP CSI-RS can be multiplexed on the REs of a same OFDM symbol configured with CORESET but outside the CORESET. In that case, the CORESET would decrease the CSI-RS transmission bandwidth, or even partition the CSI-RS transmission into two partial bands. Then, whether the resultant bandwidth would bring a solid channel measurement results becomes a challenging issue. Moreover, such a case can be only supported in a single beam system. Based on these observations, we propose
Proposal 8: Multiplexing CSI-RS on the REs of the same OFDM symbols w/ CORESET but outside the CORESET can be supported if the CSI-RS transmission bandwidth is large enough and the CORESET uses the same beam as the CSI-RS for above 6GHz.
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 9: For above 6GHz, NR supports CSI-RS located at the late part of a slot.
Remaining issues on CDMed CSI-RS ports
It was agreed in the last meeting that non-QCLed ports in one CSI-RS resource is supported. However, it is preferred that the CSI-RS ports in one CDM group should be QCLed. This is because the UE algorithm is more complicated in order to get good performance since the UE cannot assume that long term statistics are the same across CDMed ports. Hence, we propose
Proposal 10: From UE perspective, CDM-ed ports in a CSI-RS resource are always QCLed.
Conclusions 
To summarize, we discussed some open issues of CSI-RS for CSI acquisition.  We propose
Proposal 1: The CSI-RS density d < 1 is supported if CSI-RS transmission bandwidth is less than M PRBs, where
· the value of M should be carefully studied in terms of throughput performance.
· The value of M should apply for all the possible numerologies and channel profiles.
Proposal 2: the minimum partial band size should be large enough to provide solid throughput performance.
Proposal 3: Self-contained CQI feedback 
· For sub6GHz, should be considered if CSI-RS is mapped to OFDM symbols {3}, {4}, {5}, {3, 4} and {4, 5} counting from 0.  
· For below 6GHz, should not supported if CSI-RS is mapped to OFDM symbols {6} and beyond counting from 0.
· Should not supported when N = 4.
Proposal 4: For N = 1 CSI-RS pattern, NR support CSI-RS locations just after the DMRS, i.e., OFDM symbols {3}, {4}, {5}, depending on the number of control symbols and DMRS symbols, for below 6GHz.
Proposal 5: For N = 2 CSI-RS pattern, NR support 
· For self-contained CQI feedback, CSI-RS locations just after the DMRS, i.e., OFDM symbols {3,4} and {4,5}, depending on the number of control symbols and DMRS symbols, for below 6GHz
· For non-self-contained CQI feedback, CSI-RS locations at later part.
Proposal 6: For N = 4 CSI-RS pattern, NR support CSI-RS locations at late part of the slot, and the locations of the first two symbols are the same as the locations of N = 2 CSI-RS patterns, the last two symbols are mapped as close as possible to the first two symbols.
Proposal 7: For N = 4 CSI-RS patterns, the locations of the first two symbols are the same as the locations of N = 2 CSI-RS patterns, the rest two symbols are mapped as close as possible to the first two symbols.
Proposal 8: Multiplexing CSI-RS on the REs of the same OFDM symbols w/ CORESET but outside the CORESET can be supported if the CSI-RS transmission bandwidth is large enough and the CORESET uses the same beam as the CSI-RS for above 6GHz.
Proposal 9: For above 6GHz, NR supports CSI-RS located at the late part of a slot.
Proposal 10: From UE perspective, CDM-ed ports in a CSI-RS resource are always QCLed.
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