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Introduction
In RAN1#88, the following agreement was made:
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
· FFS: Support for more than one component CSI-RS RE pattern definition, i.e., value of Y and Z
· FFS: Supported value(s) of Y and Z, e.g. (Y, Z) = {(1,2), (2,1), (4,1), (8,1), (2,2), (2,4)} 
· FFS: How to apply CDM within a component CSI-RS RE pattern and across multiple component CSI-RS RE patterns
· Note: Depending on the density reduction approach agreement(s), the Y REs of a component CSI-RS RE pattern may be non-adjacent in the frequency domain
· The multiple component CSI-RS RE patterns can be extended across the frequency domain within the configured CSI-RS bandwidth
· At least the following numbers of OFDM symbols for a CSI-RS resource are supported
· N = {1, 2, 4}
· FFS, other value(s) of N
· The N OFDM symbols can be adjacent/non-adjacent
· FFS, down-selection on adjacent/non-adjacent OFDM symbols
· OFDM symbol(s) can be configured to contain CSI-RS only
· FFS: the applicability of above proposals for beam management (e.g., for beam sweeping, for generation of sub-time units)
· FFS on the following aspects:
· Location of N OFDM symbols within a slot
· Replication of RE pattern across the N OFDM symbols
· Supported CDM values
· Exact port number assignment to CSI-RS RE pattern, considering at least CDM of ports and relationship of port numbers to dual polarized antenna elements
· Support for densities D > 1 RE/port/PRB
· Mapping of other physical channels and/or reference signals within the same OFDM symbol(s) as CSI-RS

[bookmark: _Ref178064866]Discussion
For several meetings now, various CSI-RS designs have been proposed by different companies, e.g., [1],[2],[3]. While there is some convergence on the basic design elements, still many FFS items remain. In this contribution we try to identify areas where further progress could be made.
Some of the open issues are the following:
· Exact RE patterns for an X-port CSI-RS resource comprised of multiple component RE patterns
· Allowed component RE patterns for each number of ports X
· Allowed locations of the N OFDM symbols in a slot
· Support for consecutive and/or non-consecutive symbol locations
· CDM Configuration
· Allowed CDM values, e.g., 2, 4, 8
· Allowed CDM types, i.e., time only, frequency only, time and frequency
· Relationship between CDM and component RE patterns
· Port number assignment to the RE pattern
· Allowed CSI-RS density values measured in RE/port/PRB

Rather than trying to agree on all aspects at once, we propose focusing on the first bullet in this list regarding RE pattern design, and try to narrow down the number of options. As agreed last meeting, an X-port resource N ≥ 1 OFDM symbols in the same slot and is comprised of one or multiple component CSI-RS RE patterns. One item of progress from the last meeting is the agreement to support a CSI-RS resource spanning at least N = 1, 2, or 4 OFDM symbols. While there is consensus on constructing an RE pattern based on a number of smaller component RE patterns, there are still a large number of component options on the table, i.e.,  (Y,Z) = {(1,2), (2,1), (4,1), (8,1), (2,2), (2,4)} illustrated in Figure 1.  Note that not all of these are appropriate for each number of ports X and number of OFDM symbols N. For example, the first 3 are suitable for N = 1 OFDM symbol, the next two for N = 2 OFDM symbols, and the last one for N = 4 OFDM symbols. 
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[bookmark: _Ref478143244]Figure 1: Component RE patterns to be considered in CSI-RS design
In the following sections, we consider the 3 cases (N = 1, 2, and 4) separately in order to reveal some useful guidelines for CSI-RS pattern design. As can be seen in the above list, the allowed density values are FFS. LTE supports D = 1 RE/port/RB; hence, we suggest trying to progress the RE pattern design on this value first and come back to consider other density values later. Hence, in the following sections, we implicitly assume D = 1 RE/port/RB.
N = 1 Symbol CSI-RS Resources
For the case of N = 1 OFDM symbol, we consider only X = 1, 2, 4, 8, and 12 port CSI-RS resources since there are maximum 12 subcarriers per PRB and we are restricting attention to D = 1 RE/port/PRB. Table 1 shows the number of components required to build an X-port CSI-RS resource. Cleary, only the (2,1) pattern works for all values of X, and offers the most flexibility. An open question, however, is whether or not to allow ‘gaps’ in the composite RE pattern if it is built from multiple 2-RE components. Some companies express concern, that allowing a gap is problematic if greater than CDM2 in the frequency domain is required, e.g., CDM4 for CSI-RS resources of 4 or more ports. Generally, one wants to keep the REs of a CDM group as close together in time and frequency as possible to avoid a loss in orthogonality. This is a valid constraint, and it can be further discussed what restrictions on pattern gaps in the frequency domain should be imposed depending on the CDM value and the number of ports.
[bookmark: _Ref478144712]Table 1: Number of component CSI-RS RE patterns for an X-Port CSI-RS resource in N = 1 OFDM symbol 
	Number of Ports in a CSI-RS Resource (X)
	Number of Components

	
	(2,1)
	(4,1)
	(8,1)

	1
	1
	-
	-

	2
	1
	-
	-

	4
	2
	1
	-

	8
	4
	2
	1

	12
	6
	3
	-



Some companies express a further concern that use of a (2,1) pattern somehow restricts one to use CDM2 only. However, there is nothing to stop a CDM group spanning multiple components. We believe that the flexibility of being able to construct a CSI-RS RE pattern based on the smallest component size is useful in a variety of scenarios.  One example is in scenarios where certain REs in the frequency domain need to be avoided, e.g, to avoid collision with PTRS. Figure 2 shows an example of an 8-port CSI-RS resource constructed from four (2,1) components with a gap in the middle to avoid the PTRS location. This example also shows CDM4 groups spanning two different (2,1) components. Note that in this scenario if a single (8,1) component was used, it would collide with PTRS. Also note that two (4,1) components could be used instead; however, there appears to be no particular advantage in constructing the resource this way, especially considering the flexibility of using the smallest component size.
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[bookmark: _Ref478147827]Figure 2: Example of an 8-port CSI-RS resource constructed from four (2,1) components. The 4 components in this example are non-contiguous, with a gap in the middle to avoid collision with PTRS.
Based on this discussion we make the following observations and proposals:
[bookmark: _Toc478156774]For D = 1 RE/port/PRB and N = 1 OFDM symbol, support X-port CSI-RS resources with up to X = 12 ports.
[bookmark: _Toc478156768]It is beneficial to keep REs of a CDM group as close together in time and frequency as possible which requires imposing constraints on the allowable locations of the component RE patterns within a CSI-RS resource. 
[bookmark: _Toc478156769]A CDM group can span more than one component RE pattern.
N = 2 Symbol CSI-RS Resources
For the case of N = 2 OFDM symbols, up to 24 ports CSI-RS resources may be supported since there are 24 available REs within 2 symbols of a single PRB, and we are restricting attention to D = 1 RE/port/PRB. As mentioned in the previous section, an important design consideration when supporting CDM is to keep REs of a CDM group as close together in time and frequency as possible which imposes constraints on the allowable locations of the component RE patterns within a CSI-RS resource. Figure 3 shows an example of forming 12- and 16-port CSI-RS resources using multiple (4,1) components. As can be seen, if one allows complete freedom in placing the components, it can lead to non-uniform overall RE patterns. For the 12 port case (left hand side), the first symbol has 8 REs, and the second symbol has 4. In the 16 port case, an unrestricted component placement is shown where the components are staggered in the frequency domain, again resulting in a non-uniform pattern. In both cases, this has an effect on the formation of CDM groups. Specifically, a mix of CDM types is needed in order to maximize the power boosting: CDM4 frequency only and CDM4 in time/frequency. Note that CDM4 groups could be formed purely in frequency, but the power boosting benefit is maximized by extending the CDM groups across time whenever possible.
A mix of CDM types very much complicates the RE mapping in the specification (see for example 36.211 for LTE where the support of various CDM options already complicates the spec). Support for additional non-uniform patterns such as these is unreasonable, especially considering the large number of possible patterns. Another drawback of non-uniform patterns is that it complicates the channel estimator in the UE. A different sets of estimator coefficients are required for every different non-uniform pattern.
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[bookmark: _Ref478152815]Figure 3: Non-uniform CSI-RS resource RE patterns built from multiple (4,1) component RE patterns
These aspects motivate restricting the CSI-RS resource RE pattern to be more uniform, meaning that the pattern in one symbol is replicated in the next. The non-uniform patterns in Figure 3 are easily converted to uniform patterns by using a smaller component size, e.g., the basic (2,1) component pattern as shown in Figure 4. As can be seen, this greatly simplifies the use of CDM. In both the 12 and 16 port cases, only a single CDM type is required.
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[bookmark: _Ref478153518]Figure 4: Uniform CSI-RS resource RE patterns built from multiple (2,1) component RE patterns
It is instructive to note that the same uniform patterns could be built from either the (1,2) or the (2,2) patterns as well. However, it is unclear that this offers any benefit when the (2,1) pattern covers all possible uniform patterns, no matter how many ports are used. Based on this discussion, we make the following proposals. 
[bookmark: _Toc478156775]For D = 1 RE/port/PRB and N = 2 OFDM symbols, support X-port CSI-RS resources with up to X = 24 ports.
[bookmark: _Toc478156776]For D = 1 RE/port/PRB and N > 1 OFDM symbol, avoid non-uniform RE patterns for a CSI-RS resource where the component RE patterns are staggered in frequency across OFDM symbols.
N = 4 Symbol CSI-RS Resources
In this section we discuss support for 32-port CSI-RS resources with D = 1 RE/port/PRB. Fundamentally, only 3 OFDM symbols (36 REs) are needed to construct a 32-port resource; however, this results in a non-uniform pattern for any of the component RE patterns, even the (2,1) pattern since 32 is not divisible by 12. This is shown in Figure 5(a) for reference, where it can be seen that a mix of CDM types is again required if one wishes to maximize power boosting. A much more attractive design from this standpoint is shown in Figure 5(a) and (b) where N = 4 OFDM symbols are used. As can be seen, both CDM4 and CDM8 are supported, the latter being useful when the number of ports is large. Note that in these diagrams, in all cases the (2,1) component RE pattern is used. Clearly other component patterns could be used as well. However, when constructing a uniform pattern, there appears to be no motivation for using a pattern other than (2,1), especially since CDM does not need to be constrained to be within one component RE pattern. Clearly CDM groups may span multiple components as is shown in  Figure 5. As shown previously (see Figure 2), use of a the smallest component RE pattern gives the added benefit of being able to create gaps in the RE pattern of a CSI-RS resource if needed to avoid collision with other reference signals. The benefit of this is even more pronounced for the larger values of X where the CSI-RS resource REs span a large portion of a the PRB.
[image: ]
	(a)	(b)	(c)
[bookmark: _Ref478156032]Figure 5: Potential 32-port CSI-RS RE patterns: (a) Non-uniform pattern with N = 3 symbols with CDM4, (b,c) Uniform pattern with N = 4 symbols and CDM4 and CDM8, respectively.
Based on the above discussion we propose
[bookmark: _Toc478156777]For D = 1 RE/port/PRB and N = 4 OFDM symbols, support X-port CSI-RS resources with up to X = 32 ports.
And finally,
[bookmark: _Toc478156778]For flexible CSI-RS resource definition, NR adopts at least the (2,1) component RE pattern in the CSI-RS design. Consider down-selection to only this single component RE pattern.
Conclusions
In this contribution we made the following observations:
Observation 1	It is beneficial to keep REs of a CDM group as close together in time and frequency as possible which requires imposing constraints on the allowable locations of the component RE patterns within a CSI-RS resource.
Observation 2	A CDM group can span more than one component RE pattern.

Based on the discussion in this contribution we propose the following:
Proposal 1	For D = 1 RE/port/PRB and N = 1 OFDM symbol, support X-port CSI-RS resources with up to X = 12 ports.
Proposal 2	For D = 1 RE/port/PRB and N = 2 OFDM symbols, support X-port CSI-RS resources with up to X = 24 ports.
Proposal 3	For D = 1 RE/port/PRB and N > 1 OFDM symbol, avoid non-uniform RE patterns for a CSI-RS resource where the component RE patterns are staggered in frequency across OFDM symbols.
Proposal 4	For D = 1 RE/port/PRB and N = 4 OFDM symbols, support X-port CSI-RS resources with up to X = 32 ports.
Proposal 5	For flexible CSI-RS resource definition, NR adopts at least the (2,1) component RE pattern in the CSI-RS design. Consider down-selection to only this single component RE pattern.
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