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Introduction
In RAN1#88b, the following agreements were made on CSI-RS:
Agreement 1:
· 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.
· [bookmark: _GoBack]FFS on the supported combinations of value(s) of x and d.
Agreement 2:
· 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
Agreement 3:
· 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

Discussion
In [1], a nice summary of the remaining issues on CSI-RS design is provided. In this contribution we address some of the open issues identified there, taking into account the above agreements from the last meeting.
Comb Structure
A stated in Agreement #1, for CSI acquisition purposes, PRB level combs are supported for density D < 1 RE/port/PRB. The intention of this agreement is to specify that for density D = 1/n, the RE mapping pattern of the CSI-RS resource repeats in every nth PRB. It is shown here that a PRB-level comb is a special case of an RE-level comb. Figure 1 shows several examples of an RE-level comb. A compact set of parameters describes an RE-level comb for a given OFDM symbol location: (1) the repetition factor (RPF), (2) comb offset , and (3) bandwidth (# of PRBs). The patterns shown in Figure 1 correspond to offset . A non-zero offset shifts the patterns down by O subcarriers. Note that RPF = 1 is a special case (no comb) in which all REs in a PRB are utilized.
[image: ]
[bookmark: _Ref481166028]Figure 1: Example RE-level comb patterns for CSI-RS with different repetition factors (RPF). This diagram corresponds to comb offset O = 0; a non-zero offset value shifts the pattern down by O sub-carriers.
Considerable flexibility in constructing the RE pattern of a CSI-RS resource may be achieved by interleaving two or more combs with different offsets. In fact, the RE mapping patterns based on adjacent REs already agreed in the last meeting (see Agreement #2) may be achieved by interleaving either 2 or 4 combs with different offset values. For these patterns, a common RPF value equal to a particular multiple of 12 can be used depending on the desired density. This is illustrated in Figure 2 which shows examples of the 2- and 4-port CSI-RS RE patterns in Agreement #2. For example, in Figure 2(a), the 2-port pattern is achieved using offset values O = 0 and 1 and RPF = 12.
Regarding density, Figure 2(a)-(c) are for the case of density D = 1 RE/port/PRB where RPF = 12. Figure 2(d) shows the case of density D = ½ RE/port/PRB based on a PRB-level comb. Clearly, the PRB-level comb shown here is just a special case of an RE-level comb with RPF equal to 24. This approach can be extended easily to other density values, e.g., Density = 1/3 using RPF = 36.
[bookmark: _Toc481602703][bookmark: _Toc481775800]An RE mapping pattern for a CSI-RS resource with adjacent REs can be constructed by interleaving multiple RE-level combs with different offset values and a common RPF value.
[bookmark: _Toc481775801]A PRB-level comb is a special case of an RE-level comb with RPF value equal to a multiple of 12.
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	(a)	(b)	(c)	(d)
[bookmark: _Ref481402366]Figure 2: CSI-RS patterns with adjacent REs constructed with multiple interleaved RE-level combs with different offset values (a) 2 ports, single symbol (b) 4 ports, single symbol (c) 4-ports, 2 symbols (d) 4 ports, 2 symbols, density = ½ RE/port/PRB.
The reason for discussing RE-level combs is that they can serve as a very useful unifying tool to construct a wide variety of CSI-RS RE patterns. This is attractive since CSI-RS is either agreed or being discussed for supporting a diverse set of use cases: CSI acquisition, beam management, CONNECTED mode L3 mobility, fine time/frequency tracking, RLM, and power control. As discussed in more detail in [1], RE-level combs are motivated for all of these use cases. Not surprisingly, each use case may drive a different comb granularity, e.g., RPF = 1,2,4,…,12,24,36, … and different offset value(s). However, the fact that a comb may be configured based on only these two parameters (plus bandwidth), make RE-level combs particularly attractive.
[bookmark: _Toc481411545][bookmark: _Toc481602706][bookmark: _Toc481606954][bookmark: _Toc481608565][bookmark: _Toc481608759][bookmark: _Toc481608772][bookmark: _Toc481775802]To enable multiple use cases for CSI-RS in NR, an RE-level comb structure is supported with configurable RPF and comb offset O. Configuration of one or multiple interleaved combs with different offset values is supported.
CDM Multiplexing of Ports
So far, the RE mapping patterns only for 2- and 4-port CSI-RS resources has been agreed for the use case of CSI acquisition (see Agreement #2). It is still an open issue on the patterns for larger CSI-RS resources, e.g., 8, 12, 16, 24, and 32 ports. 
For smaller numbers of ports (2 and 4), a CSI-RS resource spans only a few REs in both frequency and time as shown in Figure 2. However, for the larger numbers of ports, depending on the density D, a CSI-RS resource may consume a significant fraction – if not all – of the 12 REs within an OFDM symbol within a PRB. For example, if a 12 port CSI-RS resource is configured in a single OFDM symbol with D = 1 RE/port/PRB, then all REs within a PRB are used. The same holds for 24 port CSI-RS resources configured in 2 OFDM symbols. Allowing larger densities, may be beneficial in several use cases, e.g., for wider sub-carrier spacing where the channel is more sparsely sampled in frequency, for beam management, for IMRs, etc. For example, even if the density is increased only to D = 1.5, then an 8-port resource configured in a single OFDM symbol consumes all REs within a PRB. The same holds for 16 and 32-port resources configured in 2 or 4 OFDM symbols, respectively.
Clearly, there are use cases where a CSI-RS resource spans all REs within 1 or more OFDM symbols within a PRB, and these generally hold for the larger numbers of ports, i.e., ≥ 8. When it comes to code-division-multiplexing (CDM) of ports within a resource, it has been agreed so far that CDM based on length-2, 4, and 8 orthogonal cover codes (OCCs) is supported. OCCs certainly provide one effective method of orthogonalizing multiple ports, and is applicable in the “all RE” case discussed here. However, this is not the only method available. Another is based on the use of phase rotation sequences whereby the ports are orthogonalized by way of different cyclic shifts of the base CSI-RS sequence. Such sequences are used for SRS for LTE, and are being discussed for both SRS [2] and DMRS for NR [3].
Figure 3 shows an example for a 32-port resource spanning all REs within 4 symbols within a PRB. The first 8 ports are mapped to the first symbol and are separated by 8 different length-12 phase rotation sequences (8 different cyclic shifts, CS-8). Likewise the 8 ports in each of the other 3 symbols are separated in the same way.
[image: ]
	(a)	(b)
[bookmark: _Ref481604561]Figure 3: Example 32 port CSI-RS resource spanning all REs within 4 OFDM symbols within a PRB (Density 1.5 RE/port/PRB). (a) adjacent symbols and (b) non-adjacent symbols.
One attractive feature of phase rotation sequences is that the sequence length is not constrained to a power of 2. For example, length-12 sequences can be used in each PRB if all REs within an OFDM symbol are occupied as shown above. Combinations of FDM and CS are possible as well whereby two or more RE-level combs with small RPF are interleaved and the subset of ports mapped to each comb are orthogonalized by way of CS, e.g., 2 interleaved RPF-2 combs with CS-4 sequences instead of a single CS-8 sequence.
Another advantage by using CS to orthogonalize ports is that it enables channel estimation to be performed in the time domain. Essentially, the frequency domain received samples are first transformed to the time domain through the use, e.g., of a DCT. Since different phase rotations in the frequency domain correspond to different time shifts in the time domain, the channel estimation per port may be performed by discarding time domain samples corresponding to the other (time shifted) antenna ports. This relies on attractive energy compaction properties of the DCT. Such an approach can lead to improved channel estimation performance when there is leakage between ports due to channel dispersion. Another benefit of this approach is that it is robust to potential differences in the power amongst CSI-RS ports. Such power differences could occur, for example, in the case of MU-MIMO where different precoded CSI-RS ports correspond to different users employing different precoding weights.
[bookmark: _Toc481606955][bookmark: _Toc481608566][bookmark: _Toc481608760][bookmark: _Toc481608773][bookmark: _Toc481775803]Consider CSI-RS RE mapping patterns whereby a CSI-RS resource spans all REs within one or more OFDM symbols within a PRB.
[bookmark: _Toc481602705][bookmark: _Toc481606956][bookmark: _Toc481608567][bookmark: _Toc481608761][bookmark: _Toc481608774][bookmark: _Toc481775804]For a CSI-RS resource with a larger number of ports (e.g., ≥ 8) used for CSI acquisition, an RE-level comb-based CSI-RS structure using cyclic shift separation of ports should be considered for NR.
Uniform RE Patterns
In the previous section we discussed use cases where a CSI-RS resource with a larger numbers of ports spans all REs within one or more OFDM symbols within a PRB. So far it has been agreed that a CSI-RS resource can span N = 1, 2, or 4 symbols. Clearly, the RE mapping pattern in this case is uniform across all OFDM symbols since all REs are utilized in each OFDM symbol.
However, even for use cases where the CSI-RS resource does not span all REs within the N symbols within a PRB, e.g., for 8/16/32-port resources configured in 1/2/4 OFDM symbols with density D = 1 RE/port/PRB, it is still beneficial to preserve the uniform property. By uniform, we mean that whatever subcarriers are occupied in the first OFDM symbol, the same set of subcarriers are occupied in the other N-1 symbols. This is in contrast to LTE where, for example, a 32-port CSI-RS resource can occupy 8 sub-carriers in the first two OFDM symbols and 12 sub-carriers in the next 2 OFDM symbols. The non-uniform (LTE case) is shown in Figure 4(a) for the example of 32-ports. Three different proposals for a uniform pattern for NR are shown in Figures 4(b) – (c). In (b), a pattern is shown where REs are adjacent in both frequency and time. In (c), the pattern has a gap in frequency which could be useful, for example, for slots in which PTRS is configured across multiple OFDM symbols. In (d) the pattern has a gap in time which could be useful, for example, for slots in which an additional DMRS is configured in a later OFDM symbol in the slot.
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	(a)	(b)	(c)	(d)	
[bookmark: _Ref481605970]Figure 4: Example 32 port CSI-RS resource patterns spanning 4 OFDM symbols (Density 1 RE/port/PRB). (a) non-uniform LTE pattern with OCC-8, (b)-(c) 3 different uniform patterns proposed for NR with OCC-4 or 8.
There are several reasons for adopting a uniform RE mapping pattern across time for NR:
1. A uniform pattern allows more opportunities to keep the REs within a CDM group as close together as possible in both time and frequency, particularly for the larger OCC lengths, e.g., OCC-8. This ensures more robustness to frequency selective fading by maintaining orthogonality across the CDM group. In the words of Agreement #3, this allows U and V to be as small as possible.
2. A uniform pattern simplifies the channel estimator by minimizing the number of sets of channel estimator coefficients due to the regular pattern across time.
3. A uniform pattern simplifies rate matching around the CSI-RS resource
4. A uniform pattern results in a cleaner spec
[bookmark: _Toc481606957][bookmark: _Toc481608568][bookmark: _Toc481608762][bookmark: _Toc481608775][bookmark: _Toc481775805]NR supports uniform CSI-RS RE mapping pattern(s) for a CSI-RS resource that spans N OFDM symbols, whereby the sub-carriers occupied in each of the N symbols are the same.
Single-Port CSI-RS
In Agreement #2, the RE mapping pattern for a 1-port CSI-RS resource with density D = 1 is listed as FFS. In our view, a single-port CSI-RS resource is useful and should be supported. For CSI acquisition based on antenna arrays with a single port where CSI-RS is precoded is one natural use case. Beam management where it could be desirable to beam sweep a single port is another. For fine time/frequency tracking, it may only be necessary to estimate time and frequency offsets on one port. With these and other use cases in mind, we propose the following
[bookmark: _Toc481608569][bookmark: _Toc481608763][bookmark: _Toc481608776][bookmark: _Toc481775806]NR supports RE mapping pattern(s) for a single-port CSI-RS resource.
The RE mapping pattern and supported density values for a 1-port CSI-RS resource should be further discussed.
Conclusions
In this contribution we made the following observations:
Observation 1	An RE mapping pattern for a CSI-RS resource with adjacent REs can be constructed by interleaving multiple RE-level combs with different offset values and a common RPF value.
Observation 2	A PRB-level comb is a special case of an RE-level comb with RPF value equal to a multiple of 12.

Based on the discussion in this contribution we propose the following:
Proposal 1	To enable multiple use cases for CSI-RS in NR, an RE-level comb structure is supported with configurable RPF and comb offset O. Configuration of one or multiple interleaved combs with different offset values is supported.
Proposal 2	Consider CSI-RS RE mapping patterns whereby a CSI-RS resource spans all REs within one or more OFDM symbols within a PRB.
Proposal 3	For a CSI-RS resource with a larger number of ports (e.g., ≥ 8) used for CSI acquisition, an RE-level comb-based CSI-RS structure using cyclic shift separation of ports should be considered for NR.
Proposal 4	NR supports uniform CSI-RS RE mapping pattern(s) for a CSI-RS resource that spans N OFDM symbols, whereby the sub-carriers occupied in each of the N symbols are the same.
Proposal 5	NR supports RE mapping pattern(s) for a single-port CSI-RS resource.
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