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1. Introduction

In RAN1#85 meeting, a WF on the CSI and aperiodic RS in NR [1][2] is discussed and agreed as follows:
	Agreements:
· In NR multi-antenna schemes, studies on RS design and CSI acquisition considering following use cases

· Non-UE-specific RS use case for CSI measurement 

· UE-specific RS use case for CSI measurement 

· Note: functionally may be analogous e.g.: to R13/14 UE-specific beamformed CSI-RS (with dynamic beamforming)

· Note: maybe relevant to UE receiving beam sweeping

· Use of a joint operation among multiple RS from the same or different use cases 

· RS for interference measurement use cases

· RS for channel reciprocity use cases

· Other use cases is not precluded

· Note: including measurement over aperiodic/periodic/semi-persistent RS

Note: Subband RS is not precluded

Agreements:
· Study aperiodic CSI reporting in conjunction possibly with aperiodic RS (e.g. one-shot, multi-shot RS) transmission

· Aperiodic RS can be used for CSI measurement including channel measurement (e.g. using CSI-RS) and/or interference measurement (e.g. using IMR)

· Study on demand UE measurement/reports and TRP RS transmission for CSI measurement only when needed 

· Study aperiodic CSI procedure to support CSI triggering, CSI measurement and CSI feedback in certain time interval(s).  These three steps can happen in the same or different time interval.

· Study aperiodic CSI procedure using RS for CSI measurement e.g. CSI-RS, demodulation RS.

· Others are not precluded


In this contribution, we discuss the CSI-RS and CSI reporting design principle for NR-MIMO.
2. Discussions on CSI-RS design
During LTE Rel-8~13, in principle, non-precoded RS(i.e. CRS, CSI-RS) had been used for CSI measurement. In Rel-13, beamformed RS was also introduced for CSI measurement. Compared with non-precoded CSI-RS design, beamformed CSI-RS design can accommodate large number of antennas and diverse antenna configurations more efficiently. By following beamformed CSI-RS design principle, we don’t necessarily design different CSI-RS patterns and relevant PMI codebooks per different number of TXUs. It is also desirable in terms of future-proofness when it comes to various antenna configurations in the future. Accordingly, beamformed CSI-RS can be a baseline for NR MIMO.

Proposal 1: Beamformed CSI-RS can be a baseline design in NR
RS overhead is one of the main challenges in NR MIMO design. We can consider following three approaches for the overhead reduction.

· Approach 1: Hierarchical RS transmission 

· Approach 2: Aperiodic RS design

· Approach 3: Time/frequency/spatial density reduction

Motivation of Approach 1 is due to the fact that if TP knows UE’s coarse beam information prior to the CSI-RS transmission, UE-specific beamforming can be applied to the CSI-RS at the next stage for efficient transmission of CSI-RS. For example, we may consider two stages for the RS transmission, i.e. one for CSI acquisition for coarse beam direction and the other for final CSI acquisition. By controlling number of ports, RS density, and/or period at each stage, overall RS overhead for CSI acquisition can be reduced significantly. It is up to RS design whether different RS is used per stage by optimizing RS designs for each stage or a single RS covers multiple stages. If the same RS is used for multiple stages, this hierarchical RS transmission approach is in line with the hybrid schemes discussing under the Rel-14 eFD-MIMO. This hierarchical RS transmission approach can however cause additional delay for CSI acquisition so that it may not be advantageous for some use cases (e.g. URLLC) and may cause excessive CSI aging problem. 
Observation 1: Hierarchical RS transmission can be beneficial in terms of RS overhead. The impact of additional delay for CSI acquisition should be investigated further.
Regarding Approach 2, the aperiodic CSI-RS measurement can be useful in terms of controlling RS overhead since TRP transmits RS with dynamic indication only when necessary. Because RS resources can be used for data transmission when RS is not transmitted, it is obvious that RS overhead can be reduced. If a certain resource is dedicated for the RS only, it is also possible for TP that the resource is shared by multiple UEs, so different parts of the dedicated resource can be configured for muting, interference measurement, and so on for different UEs so that overall RS overhead can be controlled. Aperiodic CSI-RS transmission is also desirable to follow the flexible and future-proof design principle of NR where ‘always-on’ signals should be avoided. With the aperiodic CSI-RS transmission, it is also possible that RS can be transmitted during indicated period of time if the RS indication is a form of enable/disable, providing DCI overhead reduction for multiple RS transmission also. Therefore, aperiodic CSI-RS transmission can be considered as a candidate technique for RS overhead reduction for CSI measurement.
Proposal 2: Aperiodic CSI-RS with dynamic indication is supported in NR.
Regarding Approach 3, it is a straightforward way to reduce RS overhead with density reduction. For example, in frequency domain, RSs can be allocated on certain RBs, such as odd/even RBs. For time domain, RSs can be allocated over multiple subsequent subframes. If channels on different antenna ports are highly correlated, only partial ports (e.g. one column and one row of 2D antenna array) may be presented to UE, and the whole channel can be reconstructed by using spatial interpolation techniques for CSI measurement. If TP allows restricting UE’s scheduling resources, which means that the allocated subband to UE does not change until the transmission end or additional subband selection procedure is activated, then RSs for CSI measurement can be only transmitted on the localized frequency resources so that CSI-RS overhead is reduced. 

Explained schemes above are basically on the trade-off between RS density and channel measurement accuracy. Therefore for approach 3, the effect of reduced RS density to overall system performance should be investigated.

Observation 2: Low time/frequency/spatial density CSI-RS design can be considered in NR to control RS overhead within a reasonable range. 

With respect to aperiodic CSI-RS transmission, one of the challenges is how to make DCI compact because CSI-RS resource indication/triggering will be transmitted as a PHY layer signalling. For this purpose, we may need to consider keeping the concept of ‘CSI-RS resource’ used in LTE so that only resource configuration index can be indicated through DCI. 

Another consideration point is whether to allow multiple analog beam based CSI-RS transmission. 

· Alt1. All CSI-RS ports transmitted to a UE is on a single analog beam

· Alt2. CSI-RS ports transmitted to a UE can be on multiple analog beams

Alt2 could consume more RS resource but allow multi-analog-beam joint transmission to a UE. In Alt2, a group of RS ports (e.g. CSI-RS resource) can be mapped to an analog beam similarly to Class B operation in Rel-13 FD-MIMO. Note that the maximum number of analog beams per symbol cannot exceed the number of TXUs of TP in this case. For an extreme example, if we would like to support full analog beamforming TP having single TXU, then all CSI-RS ports should be TDMed. 

Observation 3: Whether to allow multi-analog-beam based CSI-RS transmission affect NR CSI-RS design.
3. Discussions on CSI reporting 
3.1 Feedback information types
In NR, both implicit and explicit feedback can be considered. Implicit feedback indicates preferred precoder information whereas explicit feedback indicates MIMO channel directly. Comparing these two types, the main merits of implicit feedback are (1) lower CSI feedback overhead and (2) transparency of UE receiver capability. 
Regarding (1), the size of precoding information is associated with the number of layers rather than the number of receive antennas, which is equal or greater than the number of layers. Following experiences of LTE, low rank transmission will be more common even though UE has a large number of antennas due to the channel conditions. From the enlarged gap between the number of UE antennas and the average achieved rank, the gap in terms of feedback overhead is inherently expected to be enlarged between the two feedback types.  

Regarding (2), the implicit feedback information reflects UE receiver capability transparently to TP. Various MIMO receiver algorithms can be applied to UE and they can make a huge gap in performance even at the same channel condition. By using implicit feedback, the difference is already reflected in the feedback and TP do not need to take the UE receiver capability into account. In case of explicit feedback, TP should assume a specific UE receiver, which may not be the same as reality.
Compared with explicit feedback, main demerit of implicit feedback is the difficulty of reflecting exact inter-UE interference. A set of implicit CSI is basically calculated based on one interference hypothesis. In LTE, UE calculates CSI with no inter-UE interference hypothesis, i.e., SU-MIMO assumption. If TP wants to conduct MU-MIMO, a translation of CSI from the CSI measured by SU-MIMO assumption is needed, which can be inaccurate as the number of paired UEs increases. On the other hand, TP can estimate channel quality according to different inter-UE interference hypothesis by utilizing pure MIMO channel in case of explicit feedback. 

Exact performance comparison of the two approaches still needs to continue in NR, however, explicit feedback approaches in general requires huge feedback overhead to support massive number of TRP/UE antennas (e.g. an order of a few hundred bits [3]) so it seems to be not profitable. Regarding MU-MIMO performance, complementary techniques such as MU-CSI can be considered for implicit feedback. 
Proposal 3: Implicit feedback can be considered as a baseline for NR-MIMO.

3.2. Frequency granularity for feedback
Different frequency unit for CSI measurement and reporting can be considered. Wideband and subband reporting is employed in LTE for frequency granularity for channel measurement. Wideband reporting provides an overall CSI for defined system band with relatively low feedback payload and CSI calculation complexity. Subband reporting provides the CSI for each/selected subband defined within the system band to support efficient frequency resource scheduling by capturing the frequency selective nature of wireless channel. Therefore it provides more accurate CSIs, in exchange of larger feedback payload and relatively high feedback calculation complexity. Since these schemes are well defined and utilized in LTE, it can be a starting point for reference frequency granularity for CSI reporting.

For NR, it is considered that different services can be provided in different partial bands at the same time. Each partial band may use resource structure with different numerology and show different interference, therefore CSI reporting, and possibly the RS as well, for each partial band can be required for TP to decide precoder and MCS for the intended service. A partial band can be decomposed into multiple subbands as well, accordingly, CSI reporting for both entire partial band and subband within a partial band can be considered in NR.
Proposal 4: Wideband/subband/partial band CSI feedback can be considered.
3.3 CSI report timing
With the aperiodic CSI-RS transmission, it is natural to support aperiodic CSI reporting. Since aperiodic reporting can be done on a scheduled UL channel, this can provide highly flexible uplink resource utilization compared with periodic reporting. For periodic reporting, a certain uplink resource needs to be reserved (e.g. PUCCH in LTE). This would cause a negative impact for the flexible utilization of resources especially if we consider more flexible TDD operations. In addition, periodic reporting requires periodic transmission of RS, where the RS transmission period should be shorter or equal to the reporting period. Until CSI reporting termination, this periodic RS acts as an ‘always-on signal’ which should be avoided in NR for forward compatible and flexible design. Periodic CSI report can be useful for tracking the channel quality. However, tracking channel quality of UE can also be possible with aperiodic CSI reporting by triggering CSI feedback repeatedly once every certain time duration. In this regard, the main benefit of periodic CSI reporting over aperiodic CSI reporting is the DCI overhead. DCI overhead can be a critical issue if a large DL resource should be consumed in order to receive relatively small information. This aspect should be carefully considered when designing DCI and feedback channels. 
Observation 4: The main benefit of periodic CSI reporting over aperiodic reporting is the DCI overhead.
Observation 5: The periodic CSI reporting increases (semi-)permanently occupied DL/UL resources including periodic CSI-RS and periodic UL channel for CSI reporting. 

From above observations, it will be beneficial to consider aperiodic CSI reporting as a baseline CSI reporting mode. It should be further studied whether periodic CSI reporting is additionally required or not.
Proposal 5: Aperiodic CSI report can be considered as a baseline report scheme for NR-MIMO.

In order to reduce feedback overhead for massive MIMO, we can consider decoupling CSI into multiple components and controlling reporting period/frequency of each component. One example is to decouple long term CSI and short term CSI reporting, which is analogous to the dual codebook based reporting in LTE-A. Another example is to decouple coarse beam selection and fine beam selection related reporting. The payload size for the fine beam selection reporting can be reduced by using UE-specifically beamformed CSI-RS where the beamforming coefficients are determined by the coarse beam feedback information. The feedback related to coarse beam or long-term CSI can be triggered less frequently so that overall CSI feedback overhead is controlled. 
Another consideration point is the processing delay for CSI calculation. With aperiodic CSI-RS based CSI reporting operation, it would be beneficial to shorten the CSI reporting timing. However, the computational complexity required to calculate associated CSI really depends on various parameters (e.g. feedback type, size of codebook). For example, codebook-based implicit feedback requires relatively large processing time to obtain best PMI/RI/CQI by searching every possible precoding matrix in codebook. Meanwhile, explicit feedback or port selection feedback may have less processing time because they would require only per-antenna-port based calculations. If we combine different feedback types, total aggregated CSI reporting delay can be controlled within certain coherence time based on above property. 
Observation 6: CSI feedback timing can be different according to the feedback types.

4. Conclusion
This contribution discussed RSs for CSIs and CSI feedback schemes for NR-MIMO. Following observations and proposals are given, based on the discussion:
Observation 1: Hierarchical RS transmission can be beneficial in terms of RS overhead. The impact of additional delay for CSI acquisition should be investigated further.
Observation 2: Low time/frequency/spatial density CSI-RS design can be considered in NR to control RS overhead within a reasonable range. 

Observation 3: Whether to allow multi-analog-beam based CSI-RS transmission affect NR CSI-RS design.
Observation 4: The main benefit of periodic CSI reporting over aperiodic reporting is the DCI overhead.

Observation 5: The periodic CSI reporting increases (semi-)permanently occupied DL/UL resources including periodic CSI-RS and periodic UL channel for CSI reporting. 

Observation 6: CSI feedback timing can be different according to the feedback types.

Proposal 1: Beamformed CSI-RS can be a baseline design in NR
Proposal 2: Aperiodic CSI-RS with dynamic indication is supported in NR.

Proposal 3: Implicit feedback can be considered as a baseline for NR-MIMO.

Proposal 4: Wideband/subband/partial band CSI feedback can be considered.
Proposal 5: Aperiodic CSI report can be considered as a baseline report scheme for NR-MIMO.
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