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Introduction
According to the potentially increasing number of future applications, a study item (SI) on ‘New Radio Access Technology (RAT)’ was approved in RAN#71 meeting [1]. Since some of the key 5G services such as eMBB require high data rate, it is expected that MIMO will be as essential feature for the new RAT. As discussed in our companion contribution [4], CSI-RS is one of the most important components in MIMO for the acquisition of accurate channel state information.
This contribution provides design principles of CSI-RS for NR MIMO, based on the analysis of required functionalities in NR.
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CSI-RS in LTE-A Pro
Depending on the use case, a UE may be configured to measure CSI associated with broader (uncompressed) or narrower (compressed) propagating channel. In the second case, the UE ‘zooms in’ to a smaller part of the channel. Thus, the eNB can increase CSI-RS penetration by applying precoding/beamforming on a CSI-RS with a large number of ports to generate a CSI-RS with a much smaller number of ports. Such beamforming gain is maximized when CSI-RS beamforming is applied in a UE-specific manner. To facilitate such trade-off, several types of CSI-RS can be used. 
In LTE-A Pro (Rel.13 and Rel.14), two types of CSI-RS/CSI reporting configurations (CLASS A and CLASS B eMIMO-Types) are supported to allow the above eNB implementations. CLASS A is associated with the so-called non-precoded (NP) CSI-RS while CLASS B with beamformed (BF) CSI-RS. For CLASS A, up to 32-port CSI-RSs can be configured to show UEs the ‘raw’ CSI with cell wide coverage. For CLASS B, virtual sectorization is enabled when a UE is configured with K>1 CSI-RS resources where each CSI-RS resource represents a macro-beam which is static. The UE reports CRI (CSI-RS resource index) along with a CSI report for the selected macro-beam. This operation is also known as cell-specific BF CSI-RS. CLASS B is also used for UE-specific BF CSI-RS where a UE is configured with 1 CSI-RS resource of m ports and UE-specific beamforming is applied to the m ports. In this case, m/2 micro-beams per polarization group is measured by the UE. In turn, the UE reports a PMI from associated with a codebook, which is designed for port selection. Table 1 provides a summary on functionalities and features of CSI-RS in LTE-A Pro. Note that the features with bracket are expected to be introduced in Rel.14.
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	CSI-RS in LTE-A Pro (Rel.13/14)
	Functionality
	Features

	Non-precoded CSI-RS
	· Wide beam widths (cell wide coverage)
· Same wide beam width and direction for all CSI-RS ports
· Provides raw channel state information
	Support up to 32-port CSI-RS
· Aggregation of CSI-RS config.
· Flexible CDM pattern
· [RS overhead reduction]

	Beamformed CSI-RS
	· Narrow beam widths (high penetration)
· Different beam directions at least for some CSI-RS port-resource combinations
· Provides compressed channel state information
	For cell-specific BF CSI-RS
· Up to 8 CSI-RS resources per CSI process (CRI reporting)

	
	
	For UE-specific BF CSI-RS
· Port selection codebook (single CSI-RS resource based)
· [Aperiodic CSI-RS transmission]



Required functionalities for CSI-RS in NR
For NR, it is foreseen that over-6GHz spectrum is also available in addition to sub-6GHz [2]. Since the path loss naturally increases according to the carrier frequency, high penetration based on CSI-RS beamforming is essential for over-6GHz. In case of sub-6GHz, CSI-RS beamforming for high penetration is still important for accurate CSI generation but not a mandatory option. Therefore, it is possible to consider both of wide coverage and high penetration for CSI-RS design in sub-6GHz. System independency is another aspect that may affect the required functionalities for CSI-RS. For a standalone NR, both wide coverage and high penetration of CSI-RS will be needed to acquire accurate CSI from all UEs in the cell. On the other hands, if NR is aided by other RATs or carrier components, then a dedicated CSI-RS with high penetration might be enough because coarse channel direction information may be provided by those.
The required functionalities of CSI-RS can be different according to the purpose of the corresponding CSI reporting. To acquire high resolution CSI, eNB has following two options: 1) transmit UE-specifically beamformed CSI-RS, 2) transmit CSI-RS with large number of CSI-RS ports. Since the number of CSI-RS resources can be increased according to the number of UEs or the number of eNB antenna ports, CSI-RS transmission overhead reduction is an important issue for both options. Therefore, supporting on-demand transmission of CSI-RS is one of the intuitive ways for efficient resource utilization to obtain high CSI resolution. However, eNB does not need to receive high resolution CSI for the purpose of link maintenance. In this case, periodic CSI reporting with low resolution from many UEs can be utilized. Therefore, periodic transmission of CSI-RS also might be preferable for link maintenance.
In the first phase of NR deployment, the ratio of the NR eNB and UE will be relatively smaller than that of the legacy eNB and UE. Therefore, if NR supports co-existence with LTE/LTE-A, then it will be possible to reduce the cost for additional spectrum for NR at the beginning of 5G. Similarly, in the early stage of NR development, it may be hard to forecast the detailed features of future NR. For this reason, future compatibilities have been discussed intensively during the NR SI [1]. High flexible CSI-RS design in terms of time/frequency resource utilization is a basic condition to meet both requirements, i.e. forward compatibility and co-existence with LTE/LTE-A.

Observation: Following functionalities are required for CSI-RS in NR
According to the carrier frequency and system independency
For sub-6GHz/standalone, both of wide coverage and high penetration
For over-6GHz/non-standalone, high penetration
According to the purpose of the corresponding CSI reporting
On-demand transmission for high CSI resolution
Periodic transmission for link maintenance
According to the development/deployment phase of NR
Forward compatibility and co-existence with LTE/LTE-A
High flexibility in terms of time/frequency resource utilization

CSI-RS design for NR
For NR MIMO, it is possible to further streamline the framework for CSI-RS in LTE-A Pro. For wide coverage, NP CSI-RS and cell-specific BF CSI-RS (both composed of one or more static macro-beams) can be combined into one type, termed the coverage CSI-RS which is composed of K ≥ 1 CSI-RS resources. Each of the K static macro-beams represented by each of the K CSI-RS resources is termed the “coverage beam”. As evident, the use cases of coverage CSI-RS are the combination of use cases of Rel.13 NP CSI-RS and cell-specific BF CSI-RS. When used for virtual sectorization, a UE can be configured with CRI feedback. In addition, partial-port CSI-RS (CSI-RS subsampling in port-domain) can be implemented by configuring a UE to measure K > 1 CSI-RS resources, each resource representing a part of the larger port array. The second type of CSI-RS, analogous to Rel.13 UE-specific BF CSI-RS, is termed the UE-specific CSI-RS. Sharing the same characteristics, UE-specific CSI-RS can be composed of dynamic micro-beams and provides high penetration. Table 2 summarizes the comparison between these two CSI-RS types.
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	System aspect
	Coverage CSI-RS
	UE-specific CSI-RS

	CSI-RS resource usage
	One CSI-RS resource per “coverage beam”, each associated with nk (1,2,4,6,.., 32) CSI-RS ports, K ≥ 1 CSI-RS resources 
	One CSI-RS resource per UE with m (2,4,6,8) ports, m ≤ nk


	CSI-RS “beams”
	K ≥ 1 static “macro/coverage beams” configured per UE
	m/2 dynamic “micro-beams” per polarization group

	Use cases
	1) Virtual sectorization
2) “Partial port” CSI-RS mapping
	1) UE-specific beamformed CSI-RS  



Figure 2 describes the above dual-level CSI-RS design. An eNB transmits two coverage CSI-RSs on two coverage beams to two UEs. These two coverage beams 0 and 1 (hence two coverage CSI-RSs) can be transmitted simultaneously or multiplexed in time or frequency. The eNB transmits two UE-specific CSI-RSs 0.0 and 0.1. The two UE-specific beams utilized for transmitting the two UE-specific CSI-RSs are derived relative to the first coverage beam and hence correspond to subspaces of the coverage beam. Since these two UE-specific beams are transmitted along a smaller range of directions, they have higher penetration due to additional beamforming gains. The second UE measures UE-specific CSI-RS and receives data transmission from the eNB along a data beam 0.1.0. Beamforming vector for the data beam can be formed either from a CSI reporting derived from the UE-specific CSI-RS (more relevant for FDD) or measuring UL SRS (more relevant for TDD).



Figure 1. NR MIMO operation based on dual-level CSI-RS

As aforementioned, considering various aspects such as efficient resource utilization and interference management, CSI-RS should be transmitted on demand in NR. On the other hand, on-demand transmitted CSI-RS may cause burdensome signaling overhead if the UE needs to report CSI only for link maintenance. In this case, periodic CSI-RS transmission might be beneficial for both of eNB and UE complexities.
Support of forward compatibilities and co-existence with LTE/LTE-A is another important issue in NR. Extendable CSI-RS patterns based on small time/frequency granularity might be a good starting point to cover both of forward compatibilities and co-existence with LTE/LTE-A.
Based on above discussions, we propose following CSI-RS design principles for NR:
Proposal: Following CSI-RS design principles should be considered for NR
Dual-level CSI-RS structure (for both wide coverage and high penetration)
Multiple CSI-RS resource components per each CSI-RS level (for ease of CDI acquisition)
Aperiodic/periodic CSI-RS transmission (for high CSI resolution/link maintenance under efficient resource utilization)
Extendable CSI-RS pattern based on small granularity (for high flexibility)

Conclusions
3 
In this contribution, Samsung’s view of CSI-RS for 5G new radio interface (NR) is presented. Based on above discussions, following observation and proposal are made:
Observation: Following functionalities are required for CSI-RS in NR
According to the carrier frequency and system independency
For sub-6GHz/standalone, both of wide coverage and high penetration
For over-6GHz/non-standalone, high penetration
According to the purpose of the corresponding CSI reporting
On-demand transmission for high CSI resolution
Periodic transmission for link maintenance
According to the development/deployment phase of NR
Forward compatibility and co-existence with LTE/LTE-A
High flexibility in terms of time/frequency resource utilization
Proposal: Following CSI-RS design principles should be considered for NR
Dual-level CSI-RS structure (for both wide coverage and high penetration)
Multiple CSI-RS resource components per each CSI-RS level (for ease of CDI acquisition)
Aperiodic/periodic CSI-RS transmission (for high CSI resolution/link maintenance under efficient resource utilization)
Extendable CSI-RS pattern based on small granularity (for high flexibility)
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