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1. Introduction
In RAN1 #90 meeting [1], the following CSI-RS RE patterns and configurations were agreed for CSI acquisition:
	Agreements:
· Support following CSI-RS RE patterns for CSI acquisition.
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· 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




And there were following agreements on CSI-RS for beam management:

	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 RAN1 NR AH#2 meeting [2], on the CSI-RS multiplexing with other channels or signals, there were following options:

	Agreements:

· Down-select among the following two options in the next meeting

· Option 1-1: From a UE perspective, CSI-RS is not multiplexed on SS block OFDM symbol(s)

· Option 1-2: From a UE perspective, CSI-RS can be multiplexed on SS block symbol(s)

Agreements:

· Down-select among the following two options in the next meeting:

· Option 2-1: From a UE perspective, CSI-RS is not multiplexed on PDCCH OFDM symbol(s) for a slot 

· Option 2-2: From a UE perspective, CSI-RS can be multiplexed on PDCCH OFDM symbol(s) for a slot 

· Note: PDCCH decoding behavior at UE side will not be changed by Option 2-2.

· Note: up to each company to define PDCCH OFDM symbols based on the max possible number of symbols or the configured PDCCH OFDM symbols for the slot


In this contribution, we provide some details of CSI-RS design and multiplexing. This contribution is revised from R1-1713841.
2. Discussion on CSI-RS Design for CSI Acquistion
2.1. CSI-RS pattern
In the RAN1 #90 meeting [1], some CSI-RS patterns and CDM types have been agreed for CSI acquisition.

With regards to the frequency below 6GHz, CSI measurement accuracy is not suffered by phase noise issue for CSI-RS pattern of adjacent symbols. Besides, TD-CDM2 can obtain full power utilization from two adjacent symbols. Furthermore, NR should support multi-configurations for CSI-RS patterns in order to avoid collision with other signals, especially for DMRS. In addition, single RE with two consecutive symbols per port is beneficial to afford flexible configuration when multiplexing with other signals. Hence, we propose that NR should support (Y, Z) = (1, 2) with TD-CDM2 at least for the lower frequency.
Proposal 1:
· For CSI-RS port X = 2, NR should support CSI-RS pattern of (Y, Z) = (1, 2) with TD-CDM2 at least for below 6GHz.
Based on RAN1 #90 meeting’s agreement, NR should support 8-port CSI-RS with (Y, Z) = (2, 2). Because 4-port CSI-RS with (Y, Z) = (2, 2) can be reused for 8-port CSI-RS, it is straightforward to agree on 4-port CSI-RS with the same configuration of (Y, Z) as 8-port CSI-RS. Additionally, a total of 6dB gain can be achieved for any of CDM types, as a consequence, full power utilization can be achieved for 4-port CSI-RS. Similar with X=2, NR should also support 4-port CSI-RS with (Y, Z) = (2, 2) component CSI-RS RE pattern by flexible configuration to avoid collision and multiplex with other signals. 
Proposal 2: 
· For CSI-RS port X = 4, NR should support CSI-RS pattern of (Y, Z) = (2, 2). 
3. Discussion on CSI-RS Design for Beam Management
3.1. CSI-RS density 

The density of CSI-RS for beam management when X=1 or 2 can be taken from {1, 2, 3, 4, 6} [2]. We performed link-level simulation to evaluate the L1-RSRP measured by CSI-RS with different densities {1, 3, 6}. The baseline is the ideal L1-RSRP which is averaged across 50 PRBs with zero noise. The transmit power on one CSI-RS RE is kept identical for various densities, i.e., no power boosting is applied to CSI-RS. The CDFs of measured L1-RSRP differences from the baseline L1-RSRP are depicted in Figure 1. And the percentage of the correctly selected the best Tx beams are shown in Table 1. Detailed simulation assumptions can be found in Annex.
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Figure 1: L1-RSRP differences from baseline
Table 1: Accuracy of the selected the 1st best Tx beams

	Accuracy
	CSI-RS D=1
	CSI-RS D=3
	CSI-RS D=6

	SNR = 0dB
	86.8%
	91.1%
	94.1%

	SNR = 10dB
	95.4%
	97.2%
	97.9%


From Figure 1, we can see that the measured L1-RSRP is mostly larger than the baseline L1-RSRP because of the existence of noise power. From the above results, we have following observations:

Observations:

· With increasing density, L1-RSRP measured by 1-port CSI-RS becomes more accurate.
· CSI-RS with density D=3 RE/RB/port achieves almost the same L1-RSRP as that of density D=6 RE/RB/port, but more accurate than that of D=1 RE/RB/port.
Therefore, we propose,

Proposal 3:

· NR supports CSI-RS density no more than 3 RE/RB/port for beam management.

Power boosting could increase the performance of L1-RSRP measurement. It has already been supported in LTE.  CSI-RS with different densities in NR should also support power boosting.
Proposal 4: 

· NR should support power boosting of CSI-RS. 
4. CSI-RS Location and Multiplexing
4.1 Multiplexing CSI-RS with SS blocks
In the NR AH #2 meeting, we need to down select between the two options whether CSI-RS can be multiplexed on SS block OFDM symbols:

· Option 1-1: From a UE perspective, CSI-RS is not multiplexed on SS block OFDM symbol(s)

· Option 1-2: From a UE perspective, CSI-RS can be multiplexed on SS block symbol(s)
Option 1-2 provides flexibility and simplicity of CSI-RS configuration and transmission without considering whether SS block exists in the slot, so that a unified CSI-RS configuration can be achieved with this option. When CSI-RS happens to be transmitted on the SS block symbols, a solution to avoid the collision is to puncture all the CSI-RS REs in the PRBs occupied by SS blocks or shift the CSI-RS REs in collision to the symbols after the SS block.

Proposal 5: 

· From a UE perspective, CSI-RS can be multiplexed on SS block symbol(s).
4.2 Multiplexing CSI-RS with PDCCH

As for the multiplexing between CSI-RS and PDCCH, the following options were also given [2]:

· Option 2-1: From a UE perspective, CSI-RS is not multiplexed on PDCCH OFDM symbol(s) for a slot 

· Option 2-2: From a UE perspective, CSI-RS can be multiplexed on PDCCH OFDM symbol(s) for a slot
Depending on the agreement on CSI-RS for beaming management in the previous meeting [1], NZP CSI-RS cannot be multiplexed inside the CORESET from UE’s perspective, but FFS for multiplexing outside of the CORESET. We suggest that CSI-RS can be multiplexed with PDCCH REs which are outside of the CORESET. First of all, if all potential CSI-RS locations are occupied by others, PDCCH symbols can provide more potential resources for CSI-RS transmission, especially for aperiodic CSI-RS. Additionally, CSI-RS can be multiplexed on possible PDCCH region if there is no PDCCH transmission. Besides, CSI-RS multiplexing with PDCCH can be realized because PDCCH supports rate matching for some reserved resources.

Proposal 6: 

· From a UE perspective, NZP CSI-RS can be multiplexed on PDCCH symbols. 
· NZP CSI-RS could be mapped outside of the CORESET.
4.3 Multiplexing CSI-RS with DMRS

In our view, CSI-RS location should be configured to avoid collision with DMRS symbols at least for normal slot. If multiplexing between the two types of RS is supported, it is hard to design both frequency patterns for any different port numbers without collision. CSI-RS can be configured right after the front-loaded DMRS. Another issue is that there may not be enough power to satisfy the power boosting of both CSI-RS and DMRS. In addition, reducing DMRS density or puncturing DMRS signals to make room for CSI-RS or others will degrade the data demodulation performance, which the loss outweighs the gain . Therefore, we propose that CSI-RS cannot be multiplexed with DMRS.
Proposal 7: 

· From a UE perspective, collision between CSI-RS and DMRS should be avoided.
4.4 CSI-RS location
The location of CSI-RS will impact its functionality. The front-loaded CSI-RS can speed up CSI acquisition especially for self-contained slot, while the end-loaded CSI-RS allows more processing time for decoding the control signalling carrying the CSI-RS transmission information and supports fresh CSI feedback. Furthermore, the potential location of CSI-RS depends on the location of other signals, especially for PDCCH and DMRS. Figure 2 illustrates the DMRS pattern with one front-loaded symbol agreed in the previous meeting [1]. The yellow region in the below figure represents unoccupied area which can be exploited by CSI-RS. Similarly, Figure 3 shows an example of DMRS patterns with two front-loaded symbols proposed in our companion contribution [3].
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Figure 2: Agreed front-loaded DMRS pattern for one symbol 
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Figure 3: Potential front-loaded DMRS patterns for two symbols
In order to reduce indication overload of CSI-RS location, a limited set of CSI-RS locations should be supported. According to Figure 2 and Figure 3, CSI-RS can be deployed in the yellow region. And we propose limited set locations as shown in Figure 4.
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Figure 4: Potential CSI-RS locations
For N=4, a set of {5, 6, 7, 8} or {10, 11, 12, 13} can support 4-symbol CSI-RS pattern. Besides, CSI-RS pattern with 4 adjacent symbols has benefit for channel estimation accuracy.

For N=2, a set of {6, 7} or {12, 13} can support 2-symbol CSI-RS pattern, which tries to avoid collision with any SS-block.
For N=1, a set of {6} or {12} can support 1-symbol CSI-RS pattern. Meanwhile, it is a subset of the locations proposed for N=2 and N=4 CSI-RS patterns.

As per the above description, all proposed allocations with limited sets can achieve front-loaded CSI-RS and end-loaded CSI-RS, while limited indication overhead can be obtained by only indicating the location index in the proposed sets of the first symbol. Therefore, we propose NR should support a limited set of CSI-RS allocations.

Proposal 8:
· At least for periodic CSI-RS configuration, NR should support a limited set of CSI-RS time domain allocations
· For N=4,  {5, 6, 7, 8} and {10, 11, 12, 13}
· For N=2,  {6, 7} and {12, 13}
· For N=1, {6} and {12}
5. Conclusion

In this contribution, we discuss some details in CSI-RS design and multiplexing. We have following observations and proposals:

Observations:

· With increasing density, L1-RSRP measured by 1-port CSI-RS becomes more accurate.
· CSI-RS with density D=3 RE/RB/port achieves almost the same L1-RSRP as that of density D=6 RE/RB/port, but more accurate than that of D=1 RE/RB/port.
Proposal 1:

· For CSI-RS port X = 2, NR should support CSI-RS pattern of (Y, Z) = (1, 2) with TD-CDM2 at least for below 6GHz.

Proposal 2: 

· For CSI-RS port X = 4, NR should support CSI-RS pattern of (Y, Z) = (2, 2). 
Proposal 3:

· NR supports CSI-RS density no more than 3 RE/RB/port for beam management.

Proposal 4: 

· NR should support power boosting of CSI-RS. 
Proposal 5: 

· From a UE perspective, CSI-RS can be multiplexed on SS block symbol(s).
Proposal 6: 

· From a UE perspective, NZP CSI-RS can be multiplexed on PDCCH symbols. 
· NZP CSI-RS could be mapped outside of the CORESET.
Proposal 7: 

· From a UE perspective, collision between CSI-RS and DMRS should be avoided.
Proposal 8:
· At least for periodic CSI-RS configuration, NR should support a limited set of CSI-RS time domain allocations
· For N=4,  {5, 6, 7, 8} and {10, 11, 12, 13}
· For N=2,  {6, 7} and {12, 13}
· For N=1, {6} and {12}
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Annex : Link-Level Simulation Assumptions
	Attributes
	Values

	Carrier frequency
	30GHz

	Subcarrier spacing
	60kHz

	Channel model
	CDL-A

· Delay spread 100ns

· UE speed = 3km/h
· The angles of BS, i.e., AoD, ZoD, are uniformly distributed within [-60, 60] degrees in azimuth domain and [90, 135] degrees in zenith domain.

	CSI-RS bandwidth
	50 PRBs

	Number of CSI-RS ports
	X=1

	TXRU mapping to antenna elements
	One TXRU per panel per polarization

	TXRU mapping weights
	2D sub-array partition model

	Beam directions for TRP
	Azimuth angle [-3*pi/8, -pi/8, pi/8, 3*pi/8]
Zenith angle  [pi/4, 3*pi/4]

	BS antenna configurations
	(M,N,P,Mg,Ng)=(2,4,2,1,1)

	UE antenna configurations
	(M,N,P,Mg,Ng)=(1,2,2,1,1)
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