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1 Introduction

At RAN1#88bis meeting [1], it was agreed that:
· 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
· FFS X=1

· X=2: (M, N)= (2, 1) , FFS (1, 2)
· X=4: (M, N)= (4, 1) , (2, 2)
· FFS N > 2

· FFS: RE patterns for beam management

· 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
· Support at least CDM-2, CDM-4 and CDM-8

· FFS: Support of no CDM

· FFS: Time-domain and/or frequency-domain CDM can be configured on or off

· Consider CDM pattern design with at least the following aspects

· Measurement target, e.g. CSI acquisition, beam management, fine time/frequency tracking

· A CDM pattern cannot span over more than U OFDM symbols and V subcarriers, FFS the values of U and V

· Full power utilization
· At least CSI-RS for CSI acquisition, NR supports CSI-RS density d RE/RB/port for x-port CSI-RS

· Value(s) of d are at least d=1,1/2.

· For d<1, PRB-level comb-type transmission is supported.

· FFS whether offset value(s) can be the same or different across antenna ports

· FFS on supporting d>1 in the consideration of use case, e.g., NZP CSI-RS for IMR.

· FFS on the supported combinations of value(s) of x and d. 
In this contribution, we discuss the pattern and sequence design of CSI-RS for at least CSI acquisition.
2 CSI-RS Design
2.1 Design principle

Multiple functionalities of CSI-RS have been agreed or under discussion in NR, including CSI acquisition, beam management, L3 CONNECTED mode mobility support, fine time/frequency tracking, beam failure monitoring, power control, etc. Different functionalities may have specific requirements on CSI-RS design, but considering the specification efforts and forward compatibility, common attributes of CSI-RS for multiple functionalities need to be strived for as much as possible. In terms of CSI-RS pattern, we can target for a generalized pattern design for different functionalities, then discuss and determine the applicable patterns for each of them. Configuration parameters specific to a functionality can also be considered if they are identified to be necessary.
2.2 CSI-RS pattern with density 1 RE/port/PRB
At RAN1#88bis meeting, it was agreed that at least for CSI acquisition, the CSI-RS patterns for 2 and 4 ports are composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain. Concretely, for 2 ports the pattern (M, N) is (2, 1), and 4-port CSI-RS patterns include (4, 1) and (2, 2). For more than 4 ports, the CSI-RS patterns and the associated component RE patterns for aggregation need further study. To guide the further design of CSI-RS patterns, our views on some key attributes are discussed as follows.
· Adjacent symbols in a CSI-RS resource
As agreed in RAN1#88 meeting, numbers of OFDM symbols for a CSI-RS resource are 1, 2 or 4, and the symbols may be adjacent or non-adjacent, which needs to be down-selected. On the one hand, to achieve fast CSI acquisition, one CSI-RS resource should be designed as compact as possible, therefore adjacent symbols are preferable. On the other hand, since CSI-RS and data in one slot could be scheduled for users with different analog beam directions, to avoid frequent analog beam switching in CSI-RS and data transmission, the non-adjacent mapping of symbols should not be adopted. Thus, the OFDM symbols for a CSI-RS resource should be adjacent.
Proposal 1: OFDM symbols for a CSI-RS resource should be adjacent.
· Restricted number of symbols for a CSI-RS resource

Flexible user scheduling should be targeted in NR, thus it is possible that CSI-RS and data could be scheduled for different users. In this case, different analog beams may be applied to CSI-RS and data transmission, for which CSI-RS and data are better to be configured in TDM manner. To reserve sufficient REs for data transmission and limit the CSI-RS overhead, restricting the number of OFDM symbols for a CSI-RS resource should be strived for. Table 1 lists the preferred numbers of ports X spanned in N OFDM symbols when N=1, 2 and 4. In details, one symbol supports up to 12 ports, two symbols supports 4, 8, 12 and 16 ports, and four symbols can be configured for CSI-RS resources with 16 and 32 ports. For 2 ports, pattern (1, 2) is not necessary to be supported, considering no performance benefit compared with (2, 1) as shown in Appendix and impact of phase noise at high frequency.
Proposal 2: Support N OFDM symbols for an X-port CSI-RS resource with following values of N and X:
· N=1: X=1, 2, 4, 8, 12

· N=2: X=4, 8, 12, 16

· N=4: X=16, 32
· Component RE patterns for more than 4 ports
One remaining issue of CSI-RS pattern design is “FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources”. Since the agreed patterns of 4 ports can only be (4, 1) and (2, 2), arbitrary aggregation from 2-port CSI-RS has been precluded. Therefore, for X>4 ports, component RE pattern (2, 1) should not be supported, in order to avoid strange CSI-RS patterns and redundant signaling overhead. To achieve flexible configuration of CSI-RS as much as possible, the agreed 4-port CSI-RS patterns (4, 1) and (2, 2) can be good choices of component RE patterns. Compared with (2, 1), the advantages of adopting (4, 1) and (2, 2) as component RE patterns not only include the reduced signaling overhead, but also naturally avoiding strange patterns after aggregation.
For 8 and 12 ports, the number of OFDM symbols N in a CSI-RS resource can be 1 or 2. Dependence can be established between component pattern selection and number of symbols N for one CSI-RS resource configuration. As shown in Figure 1, when N=1, (4, 1) is adopted as component RE pattern, while (2, 2) is used for aggregation when N=2. Therefore, only frequency-domain aggregation needs to be adopted. In the cases of 4 OFDM symbols for 16 or 32-port CSI-RS resource, the candidate component RE patterns could be (4, 1), (2, 2) and (2, 4). Further down-selection of at least one of the three candidates needs to be studied, taking flexibility, signaling overhead and specification efforts into consideration. 
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 (a) N=1: (4, 1)                                      (b) N=2: (2, 2)
Figure 1.  Component CSI-RS RE pattern (Y, Z) for N OFDM symbols (One colour represents one configuration)
Table 1.  The numbers of OFDM symbols and component patterns for X-port CSI-RS (X>4)
	Number of OFDM symbols N
	Number of ports X
	Component RE pattern (Y, Z)

	1
	8, 12
	(4, 1)

	2
	8, 12, 16
	(2, 2)

	4
	16, 32
	At least one of (4, 1), (2, 2) and (2, 4)


Proposal 3: For an X-port CSI-RS resource with more than 4 ports and N OFDM symbols, support the following component patterns:

· N=1: (4, 1)
· N=2: (2, 2)
· N=4: down-selection of at least one of (4, 1), (2, 2) and (2, 4)
· CDM pattern design
In terms of CDM pattern design, it was agreed at RAN1#88bis meeting to consider aspects of measurement purposes such as CSI acquisition, beam management and fine time/frequency tracking, and full power utilization. 
For fine time/frequency tracking, one port with larger density in both time and frequency domain could be sufficient. To avoid redundant overhead, one port can be selected from one RE of 2-port CSI-RS pattern (2, 1), therefore no CDM should be supported in this case. 
At low frequency, applying time-domain CDM has higher priority than frequency-domain CDM, due to the lower channel selectivity in time domain and maximum power utilization. However, at high frequency, the impact of phase noise should be carefully considered, which prefers not to have time-domain CDM. In addition, in cases similar as LTE class B K=1, for which port selection in the form of W2 PMI as well as RI/CQI needs to be reported, when the ports in the CSI-RS resource are transmitted by different analog beams which could not be contained in the same OFDM symbol, time-domain CDM cannot be applied as well. Therefore, flexible configuration on whether time-domain CDM is on or off should be supported.
In terms of the maximum number of CDM, similar as LTE, up to 4 can be considered for up to 16 ports, and for 32 ports, up to 8 can be supported to achieve full power utilization. Another issue of CDM pattern is whether or not a CDM pattern can across component RE patterns. As shown in Table 1, up to 16 ports are preferred to be contained within maximum 2 symbols and the component RE patterns are composed of 4 REs, so it is not necessary to support a CDM pattern across component RE patterns when N≤2. When N=4 for 16 and 32 ports, whether a CDM pattern can across component RE patterns is dependent on which component RE pattern is adopted. For example, with component RE pattern (2, 4), it seems not necessary to support up to CDM-8. However, for component RE patterns (4, 1) and (2, 2), the CDM-8 pattern should across two component RE patterns. 
Proposal 4: Support the following design principles for CSI-RS CDM pattern

· No CDM should be supported for 1 port when CSI-RS is used for fine time/frequency tracking
· Time-domain CDM can be configured on or off
· A CDM pattern cannot across component RE patterns of one CSI-RS resource with N=1 or 2
· FFS: whether or not a CDM pattern can across component RE patterns of one CSI-RS resource with N=4
2.3 Configurable density of CSI-RS
For CSI-RS density reduction, PRB-level comb-type transmission was agreed at RAN1#88bis meeting, with two schemes FFS. Scheme A is the PRB-level comb-type transmission with the same offset value across ports, in which all ports of one CSI-RS resource are transmitted in every p PRBs to achieve density 1/p RE/port/PRB. Scheme B is the PRB-level comb-type transmission with different offset values across ports, in which only partial ports of one CSI-RS resource are transmitted in one PRB, but this scheme is only applied for more than 8 ports in LTE. To support symbol-level beam sweeping in NR, multiple CSI-RS resources can be configured in TDM, each configured in one OFDM symbol with small ports (e.g. 1, 2, 4, 8). Since beam sweeping may not require dense allocation of CSI-RS ports especially for L1-RSRP measurement, density reduction on small ports needs to be supported as well as large ports. For scheme B, two schemes B1 and B2 can be further studied to obtain an X-port CSI-RS pattern with fractional density 1/p. Scheme B1 is to only reserve the REs of the first X/p ports in every PRB, discarding the rest (X-X/p) REs. Port index should be rearranged across p adjacent PRBs. Scheme B2 is to select X/p non-overlapping ports in adjacent p PRBs, therefore the original port index can be maintained. The examples of 4-port CSI-RS pattern (4, 1) of the above two schemes are respectively shown in Figure 2(b) and 2(c).
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(a) Density 1 RE/port/PRB      (b)    Density 1/2 RE/port/PRB      (c) Density 1/2 RE/port/PRB

Figure 2.  Density reduction: reducing REs per PRB (example: 4-port CSI-RS)
Proposal 5: Study the following schemes of PRB-level comb-type CSI-RS transmission with different offset value(s) across ports
· Scheme B1: RE locations of ports in configured PRBs are the same
· Scheme B2: RE locations of ports in configured PRBs can be different
CSI-RS is proposed to take the functionality of fine time and frequency tracking, so density larger than 1 RE/port/PRB needs to be supported in NR [2][3]. One port could be sufficient for fine time and frequency tracking, so that at least 1-port CSI-RS resources should be supported with larger density. Whether other numbers of ports should also be supported needs further study on the potential use cases and performance benefits. 
Proposal 6: Support density larger than 1 RE/port/PRB for an X-port CSI-RS resource with X=1; FFS other values of X.
2.4 CSI-RS sequence 
Within a NR cell, a UE may be exposed to multiple TRPs or multiple beams from one or different TRPs.  The UE can be instructed to measure and report back the CSI associated with different CSI-RS ports. To provide a UE-cell-center-like experience of measurement, the mapping of TRPs and their antenna elements to CSI-RS ports is transparent to the UEs. Since LTE Rel-11, the pseudo-random sequence generator parameter of CSI-RS can be configured by higher layer to support flexible dynamic TRP selection. Therefore, flexible configuration on the CSI-RS sequence should be supported. 
Similar as LTE, PN sequence can be adopted for NR CSI-RS as well. However, in LTE, within one OFDM symbol, the length of PN sequence per PRB is only 1, no matter how many REs are configured per symbol for one CSI-RS resource. At least two OFDM symbols and time-domain CDM are configured for one CSI-RS resource with arbitrary number of ports. Therefore, the length of PN sequence per PRB for one CSI-RS port is at least 2. It is well known that the more the length of PN sequence, the less the cross-correlation of PN sequences. If the length is only one, two arbitrary PN sequences are fully correlated. Different from LTE, NR has agreed on allowing one CSI-RS resource in only one symbol, e.g. (2, 1), (4, 1). Therefore, to avoid severe interference among PN sequences, length of PN sequence per PRB per OFDM symbol should be more than one.
Proposal 7: CSI-RS sequence should be flexibly configured.

Proposal 8: The length of PN sequence for CSI-RS per PRB per OFDM symbol should be more than 1.

2.5 Reuse of CSI-RS pattern for beam management

To simplify the CSI-RS pattern design while making sufficient network flexibility to support both separate and joint procedure of beam management and CSI acquisition, a unified CSI-RS pattern for both functionalities is proposed. 
At RAN1#88bis meeting, it was agreed as working assumption that “for CSI-RS for beam management, NR supports sub-time units equal to and smaller than an OFDM symbol in a reference numerology”. When sub-time units equal to an OFDM symbol, multiple CSI-RS resources can be configured, each in one symbol. Therefore, some of the CSI-RS patterns agreed/proposed in one symbol for CSI acquisition can be reused, e.g. 2-port CSI-RS pattern (2, 1), 4-port CSI-RS pattern (4, 1) and 8-port CSI-RS pattern aggregated by two component patterns (4, 1). For sub-time units smaller than an OFDM symbol if supported, these CSI-RS patterns can be reused as well together with larger subcarrier spacing. Details of analysis can be found in our companion contribution [4].
3 Conclusion
In this contribution, we discuss the pattern design and configuration of CSI-RS for CSI acquisition. In summary, the following proposals are made.
Proposal 1: OFDM symbols for a CSI-RS resource should be adjacent.
Proposal 2: Support N OFDM symbols for an X-port CSI-RS resource with following values of N and X:

· N=1: X=1, 2, 4, 8, 12

· N=2: X=4, 8, 12, 16

· N=4: X=16, 32
Proposal 3: For an X-port CSI-RS resource with more than 4 ports and N OFDM symbols, support the following component patterns:

· N=1: (4, 1)
· N=2: (2, 2)
· N=4: down-selection of at least one of (4, 1), (2, 2) and (2, 4)
Proposal 4: Support the following design principles for CSI-RS CDM pattern

· No CDM should be supported for 1 port when CSI-RS is used for fine time/frequency tracking
· Time-domain CDM can be configured on or off
· A CDM pattern cannot across component RE patterns of one CSI-RS resource with N=1 or 2
· FFS: whether or not a CDM pattern can across component RE patterns of one CSI-RS resource with N=4
Proposal 5: Study the following schemes of PRB-level comb-type CSI-RS transmission with different offset value(s) across ports
· Scheme B1: RE locations of ports in configured PRBs are the same

· Scheme B2: RE locations of ports in configured PRBs can be different
Proposal 6: Support density larger than 1 RE/port/PRB for an X-port CSI-RS resource with X=1; FFS other values of X.
Proposal 7: CSI-RS sequence should be flexibly configured.

Proposal 8: The length of PN sequence for CSI-RS per PRB per OFDM symbol should be more than 1.
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Appendix A. Simulation Parameters and Simulation Results
Table 2.  Simulation parameters and assumptions
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 300ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Antenna Configuration
	2Tx/2Rx

	Number of CSI-RS ports
	2

	Coding scheme
	Turbo

	Transmission scheme
	SU-MIMO with rank 1

	Channel estimation
	Practical filter based

	CSI feedback
	Ideal feedback of un-quantized CSI

	Receiver
	MMSE-IRC

	Modulation/Code rate
	64QAM/0.5
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Figure 3.  Simulation results of 2-port CSI-RS: (1, 2) vs. (2, 1)
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