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Introduction
In previous meetings, the following agreements relating were made:
Agreement 1:
· At least for CSI acquisition, NR supports CSI-RS, SRS
· …
Working assumption 2:
· Beam management procedures can utilize at least the following RS type(s):
· …
· CSI-RS:
· CSI-RS is UE-specifically configured
· Multiple UE may be configured with the same CSI-RS
· …
Agreement 3:
· For Connected mode, CSI-RS are supported to be configured using at least dedicated RRC signaling for DL based RRM measurement for L3 mobility.
· …
Agreement 4:
· The candidate reference signal for time and frequency tracking  for study
· …
· CSI-RS
· Consider the enhanced type in both time and frequency domain (if needed)
· …
Agreement 5:
· Pathloss measurement for UL power control to be based on at least one type of DL RS for beam measurement is supported.
· Notes: beam measurement RS includes CSI-RS, RS defined for mobility purpose, FFS: SS & DMRS
· …
Agreement 6:
· For CONNECTED mode RRM measurement for L3 mobility based on CSI-RS, NR supports following targets for CSI-RS design and configuration:
· Design:
· Reuse CSI-RS design for beam management as baseline
· …
Agreement 7:
· …
· NR supports SRS transmission including 
· Number of SRS ports are 1, 2, 4, FFS 3, 8 (possibly other values)
· Comb levels are 2 and 4
· …

Agreement 8:
· 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
· …
Agreement 9:
· 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
Agreement 10:
· 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
· …

In this contribution we discuss the multiple use cases for which a CSI-RS based RS structure  is being considered in NR. We propose an RE-level comb structure with configurable RPF and comb offset that can serve as a unifying design attribute across a large set of use cases.
[bookmark: _Ref178064866]Discussion
A CSI-RS-based RS structure is being considered for multiple use cases in NR, often to support functionality that would otherwise have been supported by the multi-purpose CRS in LTE. Specifically, CSI-RS has been either agreed, or at least identified as a candidate, to support the following functionality:
· CSI acquisition
· CSI-RS is supported as stated in Agreement 1
· Beam management
· CSI-RS is supported as stated in Working Assumption 2
· CONNECTED mode L3 mobility
· CSI-RS is supported as stated in Agreement 3
· Fine time/frequency tracking
· CSI-RS is a candidate as stated in Agreement 4
· UL Power control
· CSI-RS is a candidate as stated in Agreement 5
· Radio link monitoring
· CSI-RS could be used; however, this has not yet been discussed in RAN1
It should be noted that the CSI-RS is not completely defined yet so there is room to tailor CSI-RS for the different use cases. Understandably, each different use case can drive different requirements on CSI-RS design. However, to avoid a fragmented specification, it is highly desirable to identify as many design attributes as possible that are common across the largest set of use cases possible. Such an approach has a good chance of leading to a specification from which CSI-RS can be configured easily for each different use case by setting a small number of parameters with values specific for that use case. Without such an approach, the result could be a fragmented spec that reads something like the following: for use case X1, CSI-RS is described by parameter set Y1; for use case X2, CSI-RS is described by parameter set Y2, etc. where Y1, Y2, … are different parameters describing completely different CSI-RS designs. This is highly undesirable, and will cause problems from a forward compatibility point of view. It is important to note that having multiple functionality supported by CSI-RS, and the CSI-RS being derived from a common structure as proposed in this contribution does not imply that all this functionality is necessarily tied to the same instance of CSI-RS. A terminal may be configured to use a given CSI-RS resource/instance for one type of measurement and another resource for a second type of measurement. This is important for deployment flexibility and forward compatibility.
In recent meetings, CSI-RS design has been progressing in a somewhat ad hoc manner, and there could be a risk of ending up with a fragmented design. While some progress has been made for the CSI acquisition use case (see Agreements 8 – 10), very little progress has been made for the beam management use case. Interestingly, it has been agreed (see Agreement 6) that CSI-RS to support CONNECTED mode L3 mobility should use the CSI-RS design for beam management as a baseline; however, up until now no agreement has been made on what this design looks like.
In this contribution we discuss one possible CSI-RS design attribute that could be beneficial to adopt across multiple use cases, namely, an RE-level comb. Several examples of the comb structure are shown in Figure 1. A compact set of parameters describes a 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. Considerable flexibility in constructing an overall RE pattern 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 Agreements 8 and 9) may be achieved by interleaving either 2 or 4 combs with different offset values. For these patterns and a common RPF value equal to a particular multiple of 12 can be used depending on the desired density. This will be discussed further in Section 2.6. Note that a special case of the comb structure is for RPF = 1 (no comb), where all REs are utilized for CSI-RS as shown in Figure 1(a). Note that combs are quite common in the design of other reference signals in both LTE and NR, e.g., SRS and DMRS.
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[bookmark: _Ref481166028]Figure 1: Example RE-level comb patterns for CSI-RS (a) single symbol, RPF = 1 (b) single symbol, RPF = 2 (c) single symbol, RPF = 4 (d) adjacent symbols, RPF = 4 (e) non-adjacent symbols, RPF = 4. This diagram corresponds to comb offset O = 0. A non-zero offset value shifts the pattern down by O sub-carreirs.
While mapping of CSI-RS port numbers is not shown explicitly in Figure 1, there are several options for doing so, based on pure FDM multiplexing ports or a mix of FDM and CDM. At least two approaches exist for CDM: (1) orthogonal cover codes (OCCs) which are generally effective in the case of adjacent REs, and (2) phase rotation sequences or cyclic shifts (CS) which can be used in the case of adjacent or non-adjacent REs. Depending on the use case, one method may be more attractive than another. However, the comb design does not preclude any of them, since there is always the flexibility to interleave two or more combs with different offset values to create arbitrary RE patterns with either adjacent or non-adjacent REs.
In the following sections we discuss how the RE-level comb structure can be beneficial for the various use cases identified above.
Fine Time/Frequency Tracking
Fine time/frequency tracking an important UE requirement, and in LTE this functionality is typically implemented based on CRS. Since CRS will not exist in NR, an alternative reference signal is needed, and CSI-RS is being considered for this purpose. One requirement for fine time tracking is that the reference signal should have sufficiently large bandwidth for good time resolution, and to allow sufficient averaging. In addition, it is beneficial that uniform sampling is performed in the frequency domain in order to effectively and efficiently estimate the timing offset. These aspects are discussed further in [1]. These requirements motivate the use of a comb structure for CSI-RS like that in Figure 1(b) or (c). The RPF should be configurable, and the configured value depends on the desired timing offset accuracy.
In contrast to a time offset, a frequency offset creates a variation in phase across time instead of frequency. To estimate the frequency offset, it is necessary to have at least two CSI-RS samples sufficiently separated in time so that the phase difference may be measured reliably. Furthermore, multiple samples in frequency are needed in order to average the phase difference measurements. These requires point to a comb structure like that in Figure 1(e).
[bookmark: _Toc481783109]A comb based CSI-RS structure is beneficial if used as an RS for fine time tracking
[bookmark: _Toc481783110]A 2D (frequency/time) comb-based CSI-RS structure is beneficial if used as an RS for fine time and frequency tracking, whereby combs are placed in at least 2 OFDM symbols
[bookmark: _Ref481503225]Beam Management
CSI-RS is supported already for beam management purposes, and the CSI-RS pattern to support the various procedures (P1,P2,P3) is being discussed. For procedure P3 in particular, one approach that has been identified is IFDMA which is based on a comb structure for CSI-RS like that in Figure 1(b) or (c), with configurable RPF. The comb structure may be repeated across two or more OFDM symbols (like Figure 1(d)) in order to sweep multiple gNB Tx beams. This approach relies on setting the power on the sub-carriers in between the CSI-RS symbols to zero. With such a frequency-domain structure, the time domain waveform repeats RPF times within one OFDM symbol. This allows the UE to switch its receive beam up to RPF times each symbol in order to optimize UE-side Rx beam forming. This approach has an additional benefit in that it allows the UE considerable flexibility to place its receive window for performing FFT operations in each sub-time unit. Essentially, each repetition of the Tx waveform serves as an inherent CP when the receive window spans two sub time-units [2].
[bookmark: _Toc481783111]For beam management measurements, a comb based (IFDMA) based CSI-RS can be used
CONNECTED mode L3 Mobility
As mentioned previously, CSI-RS has been agreed to support CONNECTED mode L3 mobility. At least for a baseline, it has been agreed to reuse the CSI-RS design for beam management as a starting point. Additional attributes may need to be added to the design; however, it is likely that this will involve selection of the CSI-RS symbol sequences to allow different Tx beams from both serving and neighbour cells to be distinguished. As far as the RE mapping pattern is concerned, it may be that the CSI-RS patterns for beam management are reused as is.
The RE allocation required for reliable active mode mobility (AMM) measurements depends on the deployment – the number of candidate beams to be evaluated, channel variations in time and frequency, the link budget, etc. The RE-level comb structure is therefore well suited for AMM measurement signals. In order to minimize the overhead per beam, it allows one to flexibly allocate the minimum required number of REs per beam measurement signal, while maximizing the frequency span for efficient averaging over fast fading. Multiplexing RPF per-beam comb patterns with different offsets O in one OFDM symbol also allows evaluating many candidate beams during a limited measurement period. Furthermore, the time-repetition repetition feature described in in Section 2.2 similarly facilitates analog RX beam switching in the AMM context, if desired.
[bookmark: _Toc481783112]For CONNECTED mode L3 mobility, a comb based CSI-RS design is preferrable
UL Power Control
CSI-RS is also being considered as a reference signal on which to perform RSRP measurements to support UL power control. Assuming that it is desirable to keep the CSI-RS overhead as low as possible for this purpose, and to have a uniform sampling of the bandwidth to average out frequency selective fading from the power measurement, an RE-level comb is desirable, e.g., like in Figure 1(b) or (c), since it is easy to control the density with a single parameter, i.e. RPF. Furthermore, since an RE-level comb has a very regular pattern across PRBs, it is easy to configure UEs to rate match around the comb.
[bookmark: _Toc481783113]For assisting the UE measurements for UL power control, a comb based CSI-RS provides an attractive design 
Radio link monitoring
Radio link monitoring (RLM) is a process where the UE estimates the DL quality to discover situations where the network is unable to reach the UE [4]. If the UE determines that the network is unable to reach it, and that the situation remains for some time, the UE will declare radio link failure (RLF). In LTE, the DL quality is estimated based on the CRS. In NR, some other signal must be used. An RE-level comb is an attractive alternative also for this purpose, for the same reasons as for UL power control: it results in low CSI-RS overhead, the density can be easily controlled, and it is easy to perform rate matching around the comb. This may motivate using the same CSI-RS configuration for RLM and UL PC.
[bookmark: _Ref481307215]CSI Acquisition
As discussed above, an RE-level comb is motivated in a wide variety of use cases for CSI-RS. Of course the main use case for CSI-RS is CSI acquisition, and on the surface it would appear that the agreements made so far on CSI-RS would not fit well with RE-level combs: the RE mapping pattern for 2- and 4-port CSI-RS resources in Agreement 8 specifies that the REs are adjacent in time and frequency; Agreement 9 specifies that PRB-level combs are supported for density D < 1 RE/port/PRB (at least for D = ½).
However, as hinted earlier, an RE-level comb pattern actually fits very naturally into these designs through interleaving two or more combs with different offset values and setting the RE-level comb RPF value to a multiple of 12. This is illustrated in Figure 2 which shows examples of the 2- and 4-port CSI-RS RE patterns agreed so far. 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) is for the case of density D = ½ RE/port/PRB where RPF = 24. This approach could be extended easily to other density values, e.g., Density = 1/3 by using RPF = 36.
[bookmark: _Toc481783114]An RE mapping pattern for a CSI-RS resource based on a PRB-level comb can be easily constructed by interleaving multiple RE-level combs with different offset values and a common RPF value equal to a multiple of 12.
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[bookmark: _Ref481402366]Figure 2: CSI-RS patterns with adjacent REs constructed with multiple RE-level combs with different offset values (a) 2 ports, single symbol (b) 4 ports, single symbol (c) 4-ports, two-symbols (d) 4-ports, two-symbols, density = ½ RE/port/PRB.
Clearly, the use of RE-level combs allows one to construct overall RE patterns with considerable flexibility with either adjacent or non-adjacent REs. CDM based on OCCs may still be used (as per Agreement 10), particularly for the case of adjacent REs. For example, CDM2 in frequency may be used in Figure 2(a); CDM4 in frequency for Figure 2(b); and CDM2 or CDM4 in time/frequency in Figure 2(c) and (d).
CSI-RS design still needs to be settled for larger number of ports, e.g., at least 8, 16, and 32. One option is to proceed along the same lines as the design for 2- and 4-ports, defining patterns for adjacent REs in frequency and adjacent or non-adjacent OFDM symbols. In this case it makes sense to utilize OCCs for port orthogonalization and efficient power amplifier utilization through CSI-RS boosting. However, as we point out in [3], there may be some use cases where non-adjacent REs in frequency may be required, e.g., to make room for PTRS which spans multiple OFDM symbols within a subcarrier, and DMRS which spans multiple REs within an OFDM symbol.
[bookmark: _Toc481783115]A comb based CSI-RS can be offset-adjusted to avoid collisions with PTRS 
Another option is to consider the CS approach for port orthogonalization for the larger number of ports. The motivation is that a large fraction or even all of the REs within an OFDM symbol are utilized anyway for 8, 16, and 32 ports. For example, if density 1.5 RE/port/PRB is allowed, then all REs within a PRB within single OFDM symbol are required to support 8 ports. Similarly, all REs within a PRB within two/four OFDM symbols are required to support 16/32 ports. In this the case the RE pattern in Figure 1(a) with RPF = 1 could be used in combination with length-12 phase rotation/cyclic shift sequences. As discussed in more detail in [3], this allows a DCT based channel estimation approach to be used in the time-domain which has been found to have performance benefits.
[bookmark: _Toc481606956][bookmark: _Toc481608567][bookmark: _Toc481608761][bookmark: _Toc481608774][bookmark: _Toc481775804][bookmark: _Toc481781847][bookmark: _Toc481782603][bookmark: _Toc481783116]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.
In the forgoing discussion, it has been demonstrated that multiple use cases that rely on CSI-RS may be supported through a unified CSI-RS design relying on an RE-level comb structure. Based on this discussion we propose
[bookmark: _Toc481411545][bookmark: _Toc481602706][bookmark: _Toc481781848][bookmark: _Toc481782604][bookmark: _Toc481783117]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.
Conclusions
In this contribution we made the following observations:
Observation 1	A comb based CSI-RS structure is beneficial if used as an RS for fine time tracking
Observation 2	A 2D (frequency/time) comb-based CSI-RS structure is beneficial if used as an RS for fine time and frequency tracking, whereby combs are placed in at least 2 OFDM symbols
Observation 3	For beam management measurements, a comb based (IFDMA) based CSI-RS can be used
Observation 4	For CONNECTED mode L3 mobility, a comb based CSI-RS design is preferrable
Observation 5	For assisting the UE measurements for UL power control, a comb based CSI-RS provides an attractive design
Observation 6	An RE mapping pattern for a CSI-RS resource based on a PRB-level comb can be easily constructed by interleaving multiple RE-level combs with different offset values and a common RPF value equal to a multiple of 12.
Observation 7	A comb based CSI-RS can be offset-adjusted to avoid collisions with PTRS

Based on the discussion in this contribution we propose the following:
Proposal 1	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 2	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.
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