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Introduction
In RAN1#86, the following agreement was made regarding CSI acquisition:
Agreements:
· At least one of following RS configurations for CSI measurement are supported in NR
· Aperiodic RS
· Semi-persistent RS
· Periodic RS
· Study RS pattern for CSI measurement in NR both for DL and UL
· Study the density of RS
· Study the position of RS in the [subframe]
· Study the mapping of RS in one or several symbols

In this contribution we focus on the 2nd bullet on CSI-RS design aspects.
[bookmark: _Ref178064866]Discussion
One aspect of NR is that it is expected to operate over a wide range of carrier frequencies from the low GHz range to several tens of GHz, in either FDD or TDD bands. Furthermore, NR is expected to be deployed using different multi-antenna architectures supporting, for example, full digital beamforming likely at the lower frequencies, and analog/hybrid beamforming at the higher frequencies. Despite the varying requirements, it is highly desirable to have a unified CSI-RS design that supports a wide range of operating scenarios.
[bookmark: _Toc462929282]NR is expected to operate in a wide range of carrier frequencies (e.g., sub 6 GHz and >6 GHz), with different duplex methods (FDD, TDD), and with different UE/BS antenna technologies, e.g., digital, analog, and hybrid beamforming.
The implicit CSI feedback framework that is used in LTE, is a robust feedback mode and provides good performance to support link adaptation for single-user MIMO scheduling. It does not require channel reciprocity nor TX/RX calibration. For LTE, CSI feedback with up to 32 antenna ports is specified in Rel.14 with a very flexible design covering both 1-D and 2-D port layouts. The purpose of this flexible design is to give freedom in implementation of advanced antenna front ends, since the number of ports influences the size, number of radio chains, power consumption, etc. Also, which port layout to use depends on the typical UE distribution in the cell. Because an operator could choose to deploy NR in LTE frequency bands (< 6 GHz and often FDD) and with typical LTE antennas, it is important that NR at least have similar, if not the same, MIMO functionalities as LTE. It may even be so that an operator eventually migrates LTE to NR, without replacing the antenna front end. Hence in our view NR should support the implicit CSI feedback framework as in LTE Class A with up to at least 32 ports. Whether or not more than 32 ports is needed is FFS.
[bookmark: _Toc462929084][bookmark: _Toc462929283]The implicit CSI framework for LTE based on a scalable codebook supporting at least 2,4,8,12,16,20,24,28 and 32 ports with both 1D and 2D port layouts should be supported in NR
[bookmark: _Toc462929085][bookmark: _Toc462929284]The CSI-RS for NR should support up to at least 32 ports
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. For NR, while there will be no CRS, the CSI-RS design still needs to avoid REs occupied by DMRS. In [1], DMRS placement within a slot (or transmission interval, TI) is discussed. To minimize latency, a likely design places the DMRS REs within a single OFDM symbol near the beginning of the slot. An additional OFDM symbol, later in the slot, may be used as well to allow robust channel estimation performance in high Doppler scenarios. 
[image: ]
[bookmark: _Ref462868649]Figure 1: For LTE, the CSI-RS symbols can occupy 40 possible positions within a PRB pair
While the slot/mini-slot/subframe design for NR is not entirely settled yet, it is quite likely that a slot will consists of 7 OFDM symbols. With this small number of symbols, and considering that control and DMRS will occupy 2 or more of them, it makes sense to concentrate the CSI-RS REs to a small number of OFDM symbols.
[bookmark: _Ref462919154][bookmark: _Toc462929086][bookmark: _Toc462929285]CSI-RS REs should be contained within a small number of OFDM symbols within a slot, e.g., 2. Which OFDM symbol(s) to use within a slot is FFS.
Containing all CSI-RS symbols to only one OFDM symbol may be problematic for the case of constructing a 32-port CSI-RS configuration since it will span 4 PRBs (assuming 12 subcarriers per PRB). If the channel has large delay spread, a given CSI-RS port will be allocated resource elements (REs) that are spaced farther apart than the coherence bandwidth, leading to poor channel estimation performance. Thus, a compromise is to multiplex the CSI-RS ports across two OFDM symbols, resulting in a maximum frequency separation of 2 PRBs for a given port instead of 4. This results in the proposed pattern shown in Figure 2. This results in 48 possible CSI-RS symbol locations, compared to 40 in LTE. Note that while OFDM symbol #3 & 4 is shown in Figure 2, this is only an example. Final positioning is FFS.
[image: ]		[image: ]
[bookmark: _Ref462919746][bookmark: _Ref462919190]Figure 2: CSI-RS symbol locations (left) for NR according to Proposal 3. OFDM symbol #3 & 4 is used as an example; final positioning is FFS. Decimation of this pattern by a factor of N (right) may be used to control overhead.
According to the agreement above, the density of CSI-RS should be studied. One approach to reducing overhead is to decimate the pattern in Figure 2 by a factor of N (N is even) in the frequency domain, where N is configurable depending on at least the frequency selectivity of the channel and the system load. This same frequency-domain density reduction approach has been agreed for LTE Rel-14 in [2]. 
[bookmark: _Toc462929087][bookmark: _Toc462929286]Study frequency-domain density reduction of the CSI-RS pattern, e.g., decimation by a configurable parameter N.
The pattern in Figure 2 is well-suited for supporting arbitrary-size CSI-RS configurations of up to 32 ports (or even 48) which is useful for both Class A and Class B type operation. However it is not well-suited for CSI-RS-based beam management for analog/hybrid beamforming systems employing a beam sweep operation. For this use case, it is necessary to place CSI-RS REs in multiple consecutive OFDM symbols, where each OFDM symbol corresponds to a different beam direction within the sweep. For this use case, only a limited number of ports is required, e.g., 2 corresponding to the two antenna polarizations. 
[bookmark: _Ref462923595][bookmark: _Toc462929088][bookmark: _Toc462929287]To support CSI-RS-based beam sweeping, CSI-RS REs should span multiple consecutive OFDM symbols. Which REs in the frequency domain to use is FFS.
[bookmark: _GoBack]Figure 3 shows an example CSI-RS pattern to support beam sweeping. Note that for an analog/hybrid beamforming system, there is no opportunity to transmit data while the beam is swept, at least not from the same antenna panel, hence it is not necessary to avoid REs occupied by data or DMRS symbols. In the example shown in Figure 2, the basic pattern consists of 2 adjacent REs in frequency corresponding to 2 ports (2 polarizations) which is replicated over all 7 OFDM symbols. Hence each OFDM symbol corresponds to a different beam. This pattern is then repeated every M REs in the frequency domain. Suitable values for the configurable frequency periodicity factor M is FFS. Further discussion on CSI-RS beam management is contained in [3].
[image: ]
[bookmark: _Ref462923682]Figure 3: Example CSI-RS symbol locations for supporting beam-sweeping in NR according to Proposal 5. The frequency-domain periodicity factor M is FFS.
In order to simplify the specification of arbitrary size CSI-RS configurations to place within the allowed CSI-RS RE patterns shown in Figure 2 and Figure 3, we propose to “modularize” the CSI-RS configurations. Such modularization is also a very useful construct for CSI-RS pooling as described in [4]. For example, and N-port configuration is built from N/2 basic 2-port CSI-RS units. We refer to those units as “CSI-RS elements,” to draw an analogy with control channel elements (CCEs) in LTE.
[bookmark: _Toc462848996][bookmark: _Toc462849473][bookmark: _Toc462929089][bookmark: _Toc462929288]For NR, support modularization of the CSI-RS configurations through aggregation of a flexible number of basic 2-port CSI-RS units (called “CSI-RS elements”).
Figure 4 shows two possibilities for the basic CSI-RS element from which an N-port CSI-RS configuration is built. As can be seen, the 2 ports can be multiplexed in either time or frequency. The former is useful for building N-port configurations to fit within the pattern in Figure 2, e.g., N = 2,4,6,8,…,32 (or 48). The latter is useful for building N-port configurations to fit within the pattern in Figure 3, e.g., N = 2,4,…,14). Examples of such configurations are shown in Figure 5.
Note that while we have not discussed whether or not orthogonal cover codes (OCCs) are needed for the CSI-RS configurations, this should be studied. OCCs can be applied either in time or frequency or both. In either case, the goal is to improve the CSI-RS SINR, and thus improve channel estimation performance. Detailed study will reveal what SINR requirements are needed to support a desired level of performance. One factor to keep in mind is that at high frequencies, phase noise may induce channel variation between two consecutive OFDM symbols, thus causing a loss in orthogonality between the OCCs.
[bookmark: _Toc462929090][bookmark: _Toc462929289]Whether or not OCCs in time and/or frequency are needed for CSI-RS should be studied.
[image: ]
[bookmark: _Ref462928154]Figure 4: Basic CSI-RS elements comprising of 2 ports multiplexed either in time (left) or frequency (right)
 [image: ]
[bookmark: _Ref462928339]Figure 5: Example CSI-RS configurations built from the basic CSI-RS elements of Figure 4.
Conclusions
In this contribution we have considered various aspects of CSI-RS design for NR. We observe the following:
Observation 1	NR is expected to operate in a wide range of carrier frequencies (e.g., sub 6 GHz and >6 GHz), with different duplex methods (FDD, TDD), and with different UE/BS antenna technologies, e.g., digital, analog, and hybrid beamforming.

Based on the discussion we propose the following:
Proposal 1	The implicit CSI framework for LTE based on a scalable codebook supporting at least 2,4,8,12,16,20,24,28 and 32 ports with both 1D and 2D port layouts should be supported in NR
Proposal 2	The CSI-RS for NR should support up to at least 32 ports
Proposal 3	CSI-RS REs should be contained within a small number of OFDM symbols within a slot, e.g., 2. Which OFDM symbol(s) to use within a slot is FFS.
Proposal 4	Study frequency-domain density reduction of the CSI-RS pattern, e.g., decimation by a configurable parameter N.
Proposal 5	To support CSI-RS-based beam sweeping, CSI-RS REs should span multiple consecutive OFDM symbols. Which REs in the frequency domain to use is FFS.
Proposal 6	For NR, support modularization of the CSI-RS configurations through aggregation of a flexible number of basic 2-port CSI-RS units (called “CSI-RS elements”).
Proposal 7	Whether or not OCCs in time and/or frequency are needed for CSI-RS should be studied.
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