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Introduction
In RAN1#86bis and RAN1#87, the following agreements were made:
Agreements:
· Support NR CSI-RS pattern with at least the following properties: 
· CSI-RS mapped in one or multiple [consecutive] symbols
· FFS: At least CSI-RS located at the earlier part of a slot in some cases
· FFS: before or after the DM-RS agreed to study in RAN1#85
· FFS: CSI-RS located at other part of a slot
· Working assumption: Configurable density of CSI-RS in frequency and/or time domain by UE-specific manner
· Support at least following configurations of NR CSI-RS
· UE-specific configuration to support
· Wideband CSI-RS, i.e. from UE perspective, the full bandwidth the UE is configured to operate with 
· Partial-band CSI-RS, i.e. from UE perspective, part of the bandwidth the UE is configured to operate with
· FFS: Different patterns may be used for wideband and subband CSI-RSs
Agreements:
· In NR, a UE can be configured with a CSI-RS resource configuration with X ports
· Supported values of X are up to at least 32

Working assumptions:
· For Type I,  CSI feedback using a PMI codebook for X CSI-RS ports is supported
· Supported values of X are at least 1,2,4,8,12,16,[24],32

Agreements:
· NZP CSI-RS resource is defined in NR, as a set of NZP CSI-RS port(s) mapped to a set of REs within a frequency span/a time duration (details FFS) which can be measured at least to derive a CSI

Agreements:
· CSI-RS supports the DL Tx beam sweeping and UE Rx beam sweeping
· NOTE: CSI-RS can be used in P1, P2, P3
· NR CSI-RS supports the following mapping structure
· NP CSI-RS port(s) can be mapped per (sub)time unit
· Across (sub)time units, same CSI-RS antenna ports can be mapped
· Values of NP is FFS
· Here, “time unit” refers to n>=1 OFDM symbols in a configured/reference numerology,  where the value of n is FFS
· FFS whether OFDM symbols comprising a time unit is consecutive or not
· FFS Port multiplexing method, e.g., FDM, TDM, CDM, any combinations 
· Each time unit can be partitioned into sub-time units
· FFS Partitioning method, e.g., TDM, IFDMA, OFDM symbol-level partition with same/shorter OFDM symbol length(i.e. larger subcarrier spacing)  as/than the reference OFDM symbol length (subcarrier spacing), and other methods are not precluded

Clearly, quite a few agreements on CSI-RS requirements have been achieved. In this contribution, we collect the ones that directly impact the design/construction of a CSI-RS resource configured for a UE, and propose a unified / flexible CSI-RS design that covers both CSI acquisition (like in LTE) and beam management (new aspect in NR, not considered in LTE).
[bookmark: _Ref178064866]Discussion
The following set of CSI-RS requirements can be distilled from the above agreements:
· An NZP CSI-RS resource is defined as a set of NZP CSI-RS port(s) mapped to a set of REs within a frequency span/time duration
· A CSI-RS resource spans one or multiple [consecutive] OFDM symbols
· A CSI-RS resource can be wideband or partial-band
· A CSI-RS resource has configurable density in the frequency and/or time domain
· A CSI-RS resource can have 1,2,4,8,12,16,[24], or 32 ports
· CSI-RS supports DL Tx beam sweeping and UE Rx beam sweeping
· Each time unit can be partitioned into sub-time units, e.g., TDM partition, IFDMA partition, OFDM symbol-level partition, etc.
· CSI-RS ports are mapped per time unit/sub-time unit

In NR, CSI-RS is expected to support the following functionalities 
1. Measurements for link adaptation using Type I CSI feedback
2. Measurements for Type II CSI feedback providing high spatial resolution
3. Measurements for beam management (implied by the above requirement on beam sweeping)
In LTE, the CSI-RS resource elements (REs) can be located at the 40 possible positions within a PRB pair shown in Figure 1. This pattern was selected to avoid the resource elements occupied by CRS and DMRS. With these possible RE locations, a CSI-RS resource (e.g., 32 ports) can span up to 6 different OFDM symbols (symbols 5,6,9,10,12,13). For NR, there is an opportunity to simplify this pattern. One obvious simplification is to reduce the number of potential OFDM symbols, while still achieving a CSI-RS density on par with LTE (1 RE/port/RB). Such reduction is motivated by the fact that NR supports 7 symbol slots (half the number of symbols than in an LTE TTI), and NR supports dynamic TDD, further reducing the number of symbols available for the DL.
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Figure 1: For LTE, the CSI-RS symbols can occupy 40 possible positions within a PRB pair
Basic RE pattern
Due to the above arguments, we propose that a CSI-RS resource is constructed starting with a basic CSI-RS RE pattern defined within a single OFDM symbol and a single RB. The same pattern is exactly repeated across 2 or more symbols if needed, and also stretched across multiple RBs to fill the desired bandwidth (partial and full BW supported). How the port numbers are mapped to the RE pattern depends on how the CSI-RS resource is to be used (i.e., use cases 1,2,3 above) and will be described in the next section.
To maintain performance on par with LTE, it is highly desirable to support at least the same maximum CSI-RS density as in LTE, i.e., 1 RE/port/RB. Hence, the basic single-symbol CSI-RS RE pattern proposed here can support 1,2,4,8, and 12 ports with density 1 RE/port/PRB since there are 12 subcarriers per RB. To support 16 and 24 ports with this density, two OFDM symbols are required. To support 32 ports with this density, three OFDM symbols are required. However, to achieve CSI-RS SINR boosting through the use of orthogonal cover codes (OCC) as in LTE, we propose four symbols instead of three since it is more convenient for CDM values that are powers of 2 (2, 4, 8, etc.). To support beam sweeping, the number of symbols can be more than 4 (see Section 2.4).
It is proposed that the basic single-symbol CSI-RS RE pattern is constructed from up to 6 possible CSI-RS units each made up of 2 REs each as shown in Figure 2. Different colors correspond to different units. We introduced the notion of a CSI-RS unit in the previous meeting [1] as a means to “modularize” the CSI-RS design. Such modularization is convenient for building arbitrary size CSI-RS resources and fits well with CSI-RS pooling where potentially overlapping resources may be shared amongst users. An additional motivation is that for the case of dual polarized array antennas, the two ports corresponding to the two polarizations may be mapped to the same CSI-RS unit. This is similar to the mappings employed for LTE. The number of units in the pattern is configurable, and is indicated with a simple length-6 bitmap b. The table in Figure 2 shows how units 0 – 5 are indicated individually. Arbitrary combinations of 1 to 6 units are possible.
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[bookmark: _Ref471479683]Figure 2: 6 possible CSI-RS units within a single OFDM symbol and single RB. A given unit is indicated by a ‘1’ in a length-6 bitmap.
As mentioned previously, the RE pattern for a CSI-RS resource is constructed starting with the basic single symbol/single RB pattern (indicated by a bitmap) which is repeated across multiple OFDM symbols if needed. The exact symbol locations within a slot are FFS and depend on the agreed locations for the downlink and uplink control regions, DMRS location, etc. It may be desirable to make the CSI-RS symbol locations configurable, e.g., by RRC, and not necessarily contiguous. Such configurability could be handled by specifying a symbol location vector where the lth element of x is given by  where N is the number of symbols per slot (7 or 14) and L is the number of symbols in the CSI-RS resource, e.g., 1, 2, 4 (or larger in the case of beam sweeping).
Figure 3 shows various examples of RE patterns for 1, 2, and 4 OFDM symbols with different settings of the bitmap. Note that while the patterns are illustrated with contiguous OFDM symbols, non-contiguous patterns can be easily supported by specifying the exact OFDM symbol locations. Furthermore, the patterns are shown spanning one RB only; however, it is understood that this pattern is repeated across the desired bandwidth (partial and full band supported). With this design, a CSI-RS resource can be defined by at least a CSI-RS unit bitmap b, an OFDM symbol location vector x, and at least two bandwidth indication parameters, e.g., start/stop RBs or start RB and number of RBs.
[bookmark: _Toc471555646][bookmark: _Toc471555778][bookmark: _Toc471556838][bookmark: _Toc471745832][bookmark: _Toc471745923][bookmark: _Toc471747312]NR supports a modularized CSI-RS design where the RE pattern for a CSI-RS resource is constructed from a basic single-symbol RE pattern built from a configurable number of 2-RE units. The single-symbol pattern is repeated across a configurable number of OFDM symbol locations.
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[bookmark: _Ref471481968][bookmark: _Ref471481963]Figure 3: Exemplary RE patterns for various CSI-RS resources with different numbers of ports and different port densities D (RE/port/RB). Consecutive OFDM symbols are shown; however, arbitrary (non-contiguous) patterns can easily be supported by specifying the exact OFDM symbol locations. Only one RB is shown. It is understood that the pattern is repeated across the desired CSI-RS bandwidth (partial band or full band).
While non-contiguous symbol locations may need to be supported, it is highly desirable to at least contain the symbol locations for a CSI-RS resource to be within the same slot. This will allow self-contained slots where it is possible to trigger a CSI-RS transmission and measurement report within the same slot (fast CSI feedback) – one design goal for NR. Even without fast CSI feedback, containing a resource within a slot simplifies the mapping of RS settings to report settings in the CSI framework that has been agreed for NR (see [3]). Additionally, high frequency operation in NR will lead to high Doppler rates, thus motivating keeping the CSI-RS symbol locations within a resource close together (same slot) to avoid channel estimation performance degradation. While this may not be an issue at lower frequencies, it is still desirable to have a unified CSI-RS design that works across a broad range of carrier frequencies.
[bookmark: _Toc471745833][bookmark: _Toc471745924][bookmark: _Toc471747313]CSI-RS resources in NR are defined with OFDM symbol locations contained only within the same slot.  
Port Number Mapping
While Figure 3 shows various examples of the RE patterns that may be defined under the proposed CSI-RS design, a mapping of port numbers to the RE pattern is also required in order to define a CSI-RS resource. One option for port number mapping is to map consecutive port numbers first across OFDM symbols, and then across subcarriers. It may be beneficial to keep the port numbers corresponding to the two polarizations of a single cross-polarized antenna element together in the same CSI-RS unit. For example, for the case of a 16-port, 2-symbol CSI-RS resource, the port-pairs (0,8), (1,9), (2,10), (3,11), (4,12), (5,13), (6,14), (7,15) would be mapped across units first in time, then in frequency as shown in the middle box on the bottom row of Figure 3.
If fewer ports than the number of REs are assigned to a given pattern, then densities > 1 RE/port/RB may be achieved. For example, the bottom middle box in Figure 3 shows an example mapping for an 8-port, 2-symbol CSI-RS resource. Clearly, the port numbers are repeated twice within an RB leading to a density of D = 2 RE/port/RB. By defining the RE pattern first (with b and x) and then the number of ports second, flexible and controllable port density may be achieved. Supporting densities D > 1 for NR (note: LTE supports max D ≤ 1) may be beneficial as the subcarrier spacing grows. For a fixed bandwidth, wider subcarrier spacing implies that the channel is sampled in frequency less often. For a highly frequency selective channel, this could create a degradation in channel estimation performance. Increasing the port density can mitigate this degradation. It is FFS what set of allowed densities should be supported in NR for various numbers of CSI-RS ports and various subcarrier spacings.
[bookmark: _Toc471555647][bookmark: _Toc471555779][bookmark: _Toc471556839][bookmark: _Toc471745834][bookmark: _Toc471745925][bookmark: _Toc471747314]NR supports CSI-RS densities > 1 RE/port/RB in addition to ≤ 1 RE/port/RB. Allowed set of densities to be supported is FFS.
Support for CDM
In LTE, CDM lengths 2, 4, and 8 are supported for the purposes of CSI-RS SINR boosting, and we believe the same should be supported in NR. Figure 4 shows a few examples of how CDM can be incorporated into the CSI-RS design. It is FFS what CDM levels should be supported taking into account at least the number of CSI-RS ports, subcarrier spacing, and carrier frequency.
[bookmark: _Toc471555648][bookmark: _Toc471555780][bookmark: _Toc471556840][bookmark: _Toc471745835][bookmark: _Toc471745926][bookmark: _Toc471747315]NR supports CSI-RS resources with configurable levels of CDM. Allowed set of CDM levels to be supported is FFS.
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[bookmark: _Ref471540144]Figure 4: Exemplary CSI-RS resources including CDM2,4, and 8 options
Configurable Density in the Frequency Domain
While densities of D ≥ 1 are beneficial, it is also useful in certain scenarios to reduce the CSI-RS density, i.e., support D < 1. Such overhead reduction is also agreed to be supported in LTE Rel-14, e.g., for the case of a large number of ports in Class A, e.g., 20, 24, 28, 32. Overhead reduction may be achieved in a simple way by defining a frequency domain subsampling factor SF where SF = 1, 2, 3, 4,… (1 means no subsampling). By subsampling, we mean that the basic CSI-RS RE pattern in Figure 2 is decimated at RE level as shown in Figure 4 for the example of SF = 2. With subsampling, the CSI-RS resource (including mapped port numbers) now has a frequency domain periodicity of SF, meaning the assigned port numbers repeat every SF RBs. If the density before subsampling is D1, then after subsampling the density becomes D = D1 / SF. Subsampling also gives the opportunity of creating SF different orthogonal CSI-RS patterns for a given CSI-RS resource by introducing a comb offset as shown in Figure 4.  
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[bookmark: _Ref471537064]Figure 5: Subsampling (e.g., SF = 2) of the basic RE pattern. The subsampled pattern spans SF RBs. When subsampling is configured, SF orthogonal combs can be created.
Other options exist for overhead reduction, e.g., RB level subsampling instead of RE level. However, we believe that RE level subsampling is more attractive since it gives the opportunity of creating a comb pattern (IFDMA) which is particularly useful for beam sweeping applications (see Section 2.6).
[bookmark: _Toc471555649][bookmark: _Toc471555781][bookmark: _Toc471556841][bookmark: _Toc471745836][bookmark: _Toc471745927][bookmark: _Toc471747316]NR supports configurable CSI-RS density in the frequency domain via RE level subsampling with integer values of the subsampling factor SF. Allowed subsampling factors to be supported are FFS.
Configurable Density in the Time Domain
For aperiodic CSI-RS resources, our preference is that CSI-RS density is controlled only in the frequency domain. In other words, a CSI-RS resource is defined to be self-contained within one slot, and the density is controlled only through the port mapping and frequency domain subsampling as described above.
For semi-persistent and periodic CSI-RS resources, however, our view is that the density can be controlled both in the frequency domain (as above) and the time domain. For the time domain, we believe that it is sufficient to control the density in a similar manner as LTE. The CSI-RS resource should be defined within one slot (as above), but then a periodicity and slot offset can be configured for the resource to control how often and in what slots the CSI-RS resource is transmitted.
[bookmark: _Toc471556842][bookmark: _Toc471745837][bookmark: _Toc471745928][bookmark: _Toc471747317]NR supports configurable CSI-RS density in the time domain for semi-persistent and periodic CSI-RS resources via definition of a periodicity and slot offset. Allowed set of periodicities/slots offsets if FFS. 
[bookmark: _Ref471481008]Support for Beam Sweeping
As per the agreements achieved so far, the CSI-RS design must also support gNB Tx beam sweeping and UE Rx beam sweeping. The same framework as introduced above may easily be used for this application. From the gNB perspective, the key aspect to enable a beam sweep is that a Tx beam in a given (sub)time unit is associated with one or more ports, but the Tx beam can potentially change each (sub)time unit, even if the port association remains the same. This suggests that the single-symbol CSI-RS RE pattern with the desired number of ports can be used, and that the pattern is repeated across multiple OFDM symbols, depending on how many beams need to be swept. The (sub)time unit is then what distinguishes different beams within the beam sweep. Hence, in this framework, each OFDM symbol corresponds to a different CSI-RS resource. From the UE perspective, if the gNB Tx beam remains constant across 2 or more (sub)time units, this gives an opportunity for the UE to test different Rx beams, providing that the UE is aware of that the Tx beam is the same. Allowing the UE to be configured with multiple CSI-RS resources (equal to the number of symbols used in the sweep), enables selection of the best Tx-Rx beam pair through reporting of CRI, akin to Class B, K>1 operation in LTE. This is discussed in more depth in a companion contribution [4].
Figure 6 shows two exemplary CSI-RS configurations to enable beam sweeping. In both cases, the basic single-symbol RE pattern is used with all 6 CSI-RS units (2 REs each). In this example, 2 ports are mapped to the pattern, and the pattern is repeated across 5 OFDM symbols within a 7 symbol slot. This could apply, for example, to the case where a single antenna panel supporting analog beamforming with 2 antenna ports is used at the gNB.
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[bookmark: _Ref471543419]Figure 6: Two exemplary CSI-RS configurations to support beam sweeping. In both cases two ports are mapped to a single-symbol RE pattern using all 6 CSI-RS units. The pattern is repeated across 5 OFDM symbols. Example (a) uses subsampling SF = 4 and the “in between” REs are blanked (zero power) to create an IFDMA-type pattern. Example (b) uses no subsampling (SF = 1). 
In Figure 6(a), subsampling factor SF =4 is used to create an IFDMA type pattern with the “in-between” REs blanked (zero power). This allows the UE 4 opportunities to adjust its Rx beam within a single OFDM symbol since the OFDM waveform repeats 4 times each symbol due to the IFDMA pattern. Hence a beam sweep of up to 5 gNB Tx beams and 4 UE Rx beams per slot can be supported with this configuration. In Figure 6(b), no subsampling is used (SF = 1) with the consequence that only one Tx-Rx beam pair can be measured in each OFDM symbol.
Note that while the example here considers beam sweeps with a relatively small number of beams, larger beam sweeps can be supported by configuring CSI-RS across additional slots. Alternatively, the subcarrier spacing may be increased to shorten the OFDM symbol time, thus allowing a larger number of beams to be swept in a fixed time duration. Furthermore, if 14 symbol slots are used, this further allows more beams to be swept per slot.
CSI-RS Resource Definition
Considering the above flexible framework, we believe that the basic elements of a CSI-RS resource can be defined with at least the following compact set of parameters. It is FFS which parameters are strictly RRC configured and which parameters can be dynamically indicated.
1. Number of ports P = 1, 2, 4, 8, 12, 16, 24, or 32
2. A bitmap b specifying which of the 6 possible CSI-RS units are used to form the CSI-RS resource
3. A vector x specifying which OFDM symbols in the slot are used to form the CSI-RS resource
· For the case of beam sweeping, each OFDM symbol corresponds to a separate resource, and the port mapping within a symbol may be repeated across OFDM symbols
4. Subsampling factor SF = 1, 2, 3, 4, … and potentially a comb offset 0,1, …, SF - 1
5. CDM configuration, e.g., CDM2, 4, or 8
6. CSI-RS bandwidth indication parameters, e.g., start RB plus length or start/stop RB
7. Periodicity and slot-offset for the case of semi-persistent and periodic CSI-RS
8. NZP/ZP flag
· For the case of NZP, an additional flag indicating if the resource is used for channel measurement or coherent interference measurement
For the last parameter in the list, we propose in a companion contribution [2] that interference measurement resources (IMR) reuse the same definition as CSI-RS for the case of coherent estimation of interference. Hence the purpose of the flag is to indicate how the CSI-RS resource should be used.
[bookmark: _Toc471555650][bookmark: _Toc471555782][bookmark: _Toc471556843][bookmark: _Toc471745838][bookmark: _Toc471745929][bookmark: _Toc471747318]NR supports configuration of a CSI-RS resource as NZP or ZP. NZP resources may be used for channel measurement or as interference measurement resources (IMR) for coherent interference measurement.
Conclusions
[bookmark: _GoBack]Based on the discussion in this contribution we propose the following:
Proposal 1	NR supports a modularized CSI-RS design where the RE pattern for a CSI-RS resource is constructed from a basic single-symbol RE pattern built from a configurable number of 2-RE units. The single-symbol pattern is repeated across a configurable number of OFDM symbol locations.
Proposal 2	CSI-RS resources in NR are defined with OFDM symbol locations contained only within the same slot.
Proposal 3	NR supports CSI-RS densities > 1 RE/port/RB in addition to ≤ 1 RE/port/RB. Allowed set of densities to be supported is FFS.
Proposal 4	NR supports CSI-RS resources with configurable levels of CDM. Allowed set of CDM levels to be supported is FFS.
Proposal 5	NR supports configurable CSI-RS density in the frequency domain via RE level subsampling with integer values of the subsampling factor SF. Allowed subsampling factors to be supported are FFS.
Proposal 6	NR supports configurable CSI-RS density in the time domain for semi-persistent and periodic CSI-RS resources via definition of a periodicity and slot offset. Allowed set of periodicities/slots offsets if FFS.
Proposal 7	NR supports configuration of a CSI-RS resource as NZP or ZP. NZP resources may be used for channel measurement or as interference measurement resources (IMR) for coherent interference measurement.
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