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1. Introduction
In RAN WG1 meetings #88[1], #88bis [2], #89 [3], NR Ad-Hoc#2 [4] and #90 [5], the following working assumptions and agreements were made with respect to the CSI-RS support for NR:
	Agreements:
· 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
Agreements:
· At least for CSI-acquisition, for density 1 RE/port/PRB, X<8, and N=1 or 2 OFDM symbol, support X-port CSI-RS resource composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain
· X=2: (M, N)= (2, 1) , FFS (1, 2)
· X=4: (M, N)= (4, 1) , (2, 2)
· FFS: the RE pattern for an X-port CSI-RS resource when X>=8
· FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources
· Strive to minimize the possible pairs of (Y,Z) for the component CSI-RS RE patterns while considering configuration complexity and overhead
Agreements:
· 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
 
Agreements:
· At least for CSI acquisition, for N=4 OFDM symbols, 
· Support two pairs of adjacent OFDM symbols for one CSI-RS resource where the two pairs can be adjacent or non-adjacent
· For each pair, support a uniform RE mapping pattern in the time domain wherein the same sub-carriers are occupied in the two adjacent OFDM symbols
                                  Note: CDM pattern will be discussed separately

Agreements:
· For CDM-8 in CSI-RS for CSI acquisition, support at least one of the following:
· Alt 1: Distributed across multiple of the component CSI-RS RE patterns
· Alt 2: Fully contained within one component CSI-RS RE pattern 
· For CDM-4, study further whether to support the ports being distributed across multiple of the component CSI-RS RE patterns


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

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
Working assumption:
· CSI-RS resource(s) with 2-port with D>1 for beam management is not supported in Rel-15
Agreements:
· Support of CSI-RS resource(s) with 2-port with D=1 for beam management in Rel-15 is subject to RAN4 feedback




In this contribution, we will provide some discussion on the remaining issues for CSI-RS for beam management and CSI-RS for CSI acquisition.
2. Discussion on CSI-RS for Beam Management
2.1 Density of CSI-RS for BM
The CSI-RS can be used to measure the L1-RSRP of each beam and the best beam pair link (BPL) can be found out by some Tx and Rx beam sweeping operation. Hence, the measurement accuracy of L1-RSRP would be critical for beam management. To get the highest performance, one way is to use D=12 for 1 AP case. However this may not be efficient enough since it is not easy to multiplex the CSI-RS for some other beams. Further if D<12, the IFDMA based structure can be enabled which could allow the UE to perform Rx beam sweeping within a symbol. 
For 1 AP case, the candidate density D can be selected from {1, 2, 3, 4, 6} RE/RB/symbol. Figure 1 illustrates some link level simulation results for different densities of CSI-RS, where the number of allocated RBs is 100. Totally 4 symbols are allocated for the CSI-RS where different beams are applied. The UE would select one of the 4 beams based on the measurement of L1-RSRP. Then the beamformed SINR by the selected beam can be obtained. The detail simulation assumption is shown in Table A-1 in Appendix. It can be observed that compared to D=1, the D=3 case could have 2.8dB performance gain, and compared to D=2, 1 dB gain can be obtained by D=3. The performance for the cases of D>=3 is closed. Hence for 1 AP case, D=3 is recommended.


Figure 1: LLS result for different densities of CSI-RS
For 2 AP case, the 2 APs can be used to reflect different polarizations for a beam. If this case is supported, the performance should not be worse than 1 AP case. Since the measurement can be done by averaging the receiving power of both APs, the total density should be the same as the 1 AP case. So for each AP, the density D=3/2 should be recommended. Further since the two APs should be used to reflect different polarizations, the channel in different APs could be different. Therefore the CDM should not be supported.
Therefore generally, Figure 2 illustrate the CSI-RS structure for 1 AP and 2 APs case. For 1 AP case, D=3 should be supported and if 2 AP is supported, D=3/2 should be supported.


Figure 2: CSI-RS structure for 1 AP and 2 APs case
Proposal 1: For 1 AP case, D=3 should be supported.
Proposal 2: If 2 APs is supported, D=3/2 should be supported and CDM should not be used.
2.2 Bandwidth of CSI-RS for BM
Further, apart from the density, the bandwidth of CSI-RS would also have some impact on the L1 RSRP measurement accuracy. Denote B to be the number of RBs allocated for CSI-RS, Figure 3 illustrates some link level simulation results for different allocated bandwidth case given the full bandwidth size is 100 RBs. The detail simulation assumptions are shown in Table A-1 in appendix. It can be observed that significant performance gain can be achieved by full bandwidth CSI-RS compared to small partial bandwidth CSI-RS. When B=50 RB, the performance could be closed to the full bandwidth CSI-RS. To achieve better performance, the bandwidth of CSI-RS should not be smaller than 50% of the full bandwidth.


Figure 3: LLS result for different bandwidth of CSI-RS
Proposal 3: To achieve better performance, the bandwidth of CSI-RS should not be smaller than 50% of the full bandwidth.
2.3 Symbol Index of CSI-RS for BM
It has been agreed that the L1-RSRP can be measured jointly by CSI-RS and SS-block. Then one possible way is to multiplex the CSI-RS and SS-block which are QCLed in FDM manner so that the bandwidth for the DL RS for L1-RSRP measurement can be increased. Figure 4 illustrates two options for the multiplexing of CSI-RS and SS-block. Then if the bandwidth for the BWP is larger than that of SS-block, the CSI-RS can help to increase the L1-RSRP measurement accuracy for SS-block.


Figure 4: Multiplexing of CSI-RS and SS-block
For aperiodic CSI-RS transmission, since the beam sweeping can be used, it is not easy to multiplex data in the CSI-RS symbol. For a slot where there is PDSCH transmission, if present, the CSI-RS can be mapped to the consecutive symbol(s) after PDSCH so that it can help to reserve some processing time for the receiving of PDSCH. So to reserve some processing time for downlink receiving, the CSI-RS should be mapped to the last downlink symbol(s). Figure 5 illustrates one possible case for the 1-symbol aperiodic CSI-RS multiplexing.


Figure 5: Multiplexing of 1-symbol aperiodic CSI-RS
Proposal 4: It should be supported that the CSI-RS and SS-block which are QCLed can be multiplexed in FDM manner.
Proposal 5: The aperiodic CSI-RS should be mapped to the last downlink symbol(s).
3. Discussion on CSI-RS for CSI Acquisition
3.1 CSI-RS resource for CSI acquisition
In meeting #88 [1], it was agreed that RE patterns for an X-port CSI-RS is comprised of one or multiple component CSI-RS RE patterns (CCRP). A component CSI-RS RE pattern (CCRP) is defined within a single PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain. So far in the previous meetings [1, 2, 3, 4, 5], we have agreed to support three distinct pairs of (Y, Z), as shown in Fig-6.

[image: ]
(a): (Y, Z) = (2, 1). 

[image: ]                       [image: ]                                                                         
(b) : (Y, Z) = (4, 1).                                          (c) : (Y, Z) = (2, 2).
Figure 6: Agreed component CSI-RS RE patterns (Y, Z).
A small number of component CSI-RS RE patterns along with aggregation provides flexible CSI-RS resource RE pattern. Thus, enabling an efficient utilization of CSI-RS for diverse NR objectives. However, it also increases the gNB and UE complexity due to too many feasible combinations and permutations of aggregated RE pattern. On the other hand, individual RE patterns for each X-port CSI-RS resource is too restrictive in terms of flexibility. So the goal here is to have enough flexibility in the RE patterns without having overwhelming combinatorial complexity. In order to rule out weird RE patterns for CSI-RS resources, we have agreed, at least for CSI acquisition, to support a uniform RE mapping pattern wherein the same sub-carriers are occupied in at least adjacent pairs of symbols in one CSI-RS resource. This still leaves too many feasible options. Hence, we propose that the starting (lower index) sub-carrier position within a PRB of each (Y, Z) component is a multiple of Y.

For example, Fig. 7(a) is feasible CSI-RS resource RE map but not Fig. 7(b).

[image: ]
Figure 7: CSI-RS RE patterns for X = 8, N = 2, using (Y, Z) = (2, 2).

Proposal 6: At least for CSI-acquisition, the starting sub-carrier position of each component (Y, Z) is a multiple of Y.
Further, in line with the efforts to keep the total number of the component (Y, Z) combinations small, we propose limiting possible (Y, Z) values to the above 3 patterns and construct RE patterns for, at least CSI acquisition, for X> 4 port CSI-RS resources via aggregation of one or more (Y, Z) components from Fig-6. 
Proposal 7: At least for CSI-acquisition, the supported values of (Y, Z) for component CSI-RS RE pattern are as follows 
· (Y, Z) = {(2, 1), (2, 2), (4, 1)}. 

Proposal 8: At least for CSI-acquisition, X > 4, the RE pattern for an X-port is comprised of two or more component CSI-RS RE patterns of the same type, i.e., one value of (Y, Z).
The RE pattern for X > 4, port CSI-RS resources can be formed using one or more component RE patterns. Based on the above proposals 1, 2, and 3, we can indicate the RE pattern for any X port CSI-RS resource, comprised of one or more (Y, Z) component patterns, using a 12/Y bit bitmap. The ones in this bitmap indicate the starting position of each (Y, Z) component pattern. For N = 4, if the RE pattern is not uniform between the two pairs then we need separate bit maps for each pair of adjacent symbols. For example, X = 16, N = 2 CSI-RS resource constructed using aggregation of four (Y, Z) = (2, 2) as shown in the Fig-8 can be indicated using 12/Y = 6 bits bitmap as “1 1 0 0 1 1”. 
[image: ]
Figure-8: Example X = 16, N = 2, CSI-RS resource constructed using four (2, 2) component CSI-RS RE patterns.
Proposal 9: RE pattern used for an X-port CSI-RS resource can be indicated using 12/Y bit wide bitmap, where “1” in the bitmap at position “p” indicates the starting sub-carrier number “pY” for a component (Y, Z). 
Antenna port mapping/indexing
Another aspect of a CSI-RS resource is antenna port mapping/indexing. In NR it is envisioned that different UEs may have different CSI processing capability, e.g., can process different number of antenna ports for CSI. Further, in order to reduce the RS overhead the base station may choose to transmit a common CSI-RS resource with number of antenna ports that may be larger than an individual UE’s capability. The antenna port indexing of the NR CSI-RS resource should take this use case into consideration and allow for a less capable UE to be able to perform CSI measurements and reporting on a subset of the ports than the total number of ports in the configured CSI-RS resource. Towards that end, we propose that the antenna ports are mapped/indexed such that cross polarized antennas belong to the same (Y, Z) components. 
Proposal 10: In a NR CSI-RS resource, configured for CSI, the antenna ports are mapped/indexed such that cross polarized antennas belong to the same (Y, Z) components. Further details about precise mathematical formulation of antenna port indexing are FFS. 
2.2 Power imbalance in pre-coded CSI-RS
In a precoded CSI-RS, especially the one that has TD-CDM across multiple OFDM symbols, there is a possibility of power imbalance between the OFDM symbols due to combining of multiple port RS. This can result in inefficient power amplifier setting and coverage. One possible solution for this is to randomize the combining of RS from multiple ports across different PRBs. This can be achieved by permuting the TD-CDM codes used by various ports across different PRBs. The granularity in terms of PRBs, e.g., CDM permutation is performed for every PRB or every alternate or every nth PRB, is for further studies.

Proposal 11: The CDM codes used for combining multiple ports in an NR pre-coded CSI-RS are permuted every nth PRB. The value of n is FFS.
4. Conclusion
In this contribution we have provided our views on the remaining issues for CSI-RS. From the discussion, we have the following observations or proposals.
Proposal 1: For 1 AP case, D=3 should be supported.
Proposal 2: If 2 APs is supported, D=3/2 should be supported and CDM should not be used.
Proposal 3: To achieve better performance, the bandwidth of CSI-RS should not be smaller than 50% of the full bandwidth.
Proposal 4: It should be supported that the CSI-RS and SS-block which are QCLed can be multiplexed in FDM manner.
Proposal 5: The aperiodic CSI-RS should be mapped to the last downlink symbol(s).
Proposal 6: At least for CSI-acquisition, the starting sub-carrier position of each component (Y, Z) is a multiple of Y.
Proposal 7: At least for CSI-acquisition, the supported values of (Y, Z) for component CSI-RS RE pattern are as follows 
· (Y, Z) = {(2, 1), (2, 2), (4, 1)}. 

Proposal 8: At least for CSI-acquisition, X > 4, the RE pattern for an X-port is comprised of two or more component CSI-RS RE patterns of the same type, i.e., one value of (Y, Z).
Proposal 9: RE pattern used for an X-port CSI-RS resource can be indicated using 12/Y bit wide bitmap, where “1” in the bitmap at position “p” indicates the starting sub-carrier number “pY” for a component (Y, Z).
Proposal 10: In a NR CSI-RS resource, configured for CSI, the antenna ports are mapped/indexed such that cross polarized antennas belong to the same (Y, Z) components. Further details about precise mathematical formulation of antenna port indexing are FFS.
Proposal 11: The CDM codes used for combining multiple ports in an NR pre-coded CSI-RS are permuted every nth PRB. The value of n is FFS.
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Appendix – Simulation Assumption
Table A-1: Simulation Assumption for LLS
	Parameter
	Assumption

	Channel Model
	CDL-B 30ns

	Carrier frequency
	30GHz

	System bandwidth
	80MHz

	Subcarrier spacing
	60kHz

	Number of symbols for CSI-RS
	4

	Number of sweeping Tx beams
	4

	Number of sweeping Rx beams
	1

	gNB antenna structure
	(4, 8, 1, 1)

	UE antenna structure
	(2, 4, 1, 1)
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