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Introduction
According to the increasing number of future applications based on wireless communication, a study item on ‘New Radio Access Technology (RAT)’ was approved [1]. Since one of key requirements for NR is high data rate, MIMO is crucial feature for this new RAT. As discussed in our companion contribution [2], CSI reporting is one of the most important components in MIMO to enhance system performance and satisfy the requirement. In this contribution, we discuss about CSI reporting design considering various design aspects.
Discussion on CSI reporting for NR
In Rel-13 LTE, both periodic CSI reporting (P-CSI) and aperiodic CSI reporting (A-CSI) methods are provided. While A-CSI reporting provides more concrete information via PUSCH which has larger container, P-CSI provides compact information via PUCCH which is more robust. Considering such benefits and drawbacks, it would be preferred to support both in NR with streamlining to avoid unnecessary overlap which increases the number of redundant features and extra signalling. In order to streamline the specification, following design aspects should be considered with the main objective of both P-CSI and A-CSI:
· CSI content
· CSI reporting procedure. 
In this contribution, two types of CSI-RS can be considered. A first 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 nonprecoded (NP) CSI-RS and cell-specific beamformed (BF) CSI-RS. 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 dynamically beamformed and composed of smaller number of ports than those for the coverage CSI-RS. More details are given in a companion contribution [3]. 
1.1 CSI content
Implicit feedback paradigm where the UE reports CQI/PMI/RI assuming a single-user transmission from the eNB is inherited from HSDPA to Rel-8 LTE. As Rel-8 LTE MIMO is single-user (SU)-centric, this feedback paradigm fits quite well for all practical purposes and has advantages on testability (i.e. RAN4 PMI test inherited from HSDPA) and relatively low feedback overhead. However, considering evolution of LTE MIMO (dynamic switching between SU-/MU-MIMO by the introduction of DMRS-based transmissions, introduction of 12-/16-CSI-RS ports), the adequacy of implicit feedback paradigm was being questioned as per following aspects:
· Scalability: As implicit feedback requires a codebook design (designed for a small subset of particular array geometries), it is unclear how this is scalable for larger number of antenna ports. When we support larger number of antennas, possible candidate numbers of CSI-RS ports and its 2D antenna configurations should be considered. For example, combinations of CSI-RS ports and antenna combinations are provided in Table 1 when we consider maximum 20, 24, 28 and 32 CSI-RS ports in Rel-14 eFD-MIMO. In order to cope with the difficulty, parameterized codebook and Codebook-Config are introduced in Rel-13 FD-MIMO, but, it will not be sufficient when we support larger number of antenna ports for NR.
· SU-MU mismatch: As the system becomes more and more MU-centric due to the limit of UE hardware size and enhanced antenna capability of eNB on spatial separation, an inherent mismatch between CSI feedback (assuming SU) and eNB MU transmission becomes a limiting factor. This mismatch will result in an irreducible throughput loss regardless of the CSI resolution. In order to reduce such mismatch, the eNB typically employs any MU-CSI prediction algorithm from received SU CSI in conjunction with MU precoding algorithm such as ZF-BF or SLNR-BF. It is clear, however, that this scheme is sub-optimal. While ZF-BF or SLNR is a good criterion for MU precoding, it works quite well with uncompressed (albeit quantized) DL channel estimates rather than their coarse estimates with typical constraints from implicit feedback codebooks (e.g. constant modulus imposed to avoid performance penalty for SU transmission). 

Table 1 Number of possible CSI-RS ports and its possible 2D antenna configuration
	Number of
aggregated
CSI-RS ports
	Number of aggregated
CSI-RS ports per polarization
	Available antenna array geometry, (N1, N2)

	20
	10
	(1,10)
	(2,5)
	(5,2)
	(10,1)
	
	

	24
	12
	(1,12)
	(2,6)
	(3,4)
	(4,3)
	(6,2)
	(12,1)

	28
	14
	(1,14)
	(2,7)
	(7,2)
	(14,1)
	
	

	32
	16
	(1,16)
	(2,8)
	(4,4)
	(8,2)
	(16,1)
	



In the new radio interface, however, the maximum number of CSI-RS ports is expected to be the same as Rel.14 eFD-MIMO (i.e., 32) at the least. This implies that an MU-centric design becomes more important (since the primary source of cell throughput gain for large number of transmit antennas comes from MU transmission). It is also expected that the drawbacks mentioned above become more severe. In order to better facilitates MU-MIMO multiplexing and circumvents the SU-MU mismatch inherent in implicit feedback paradigm, advanced CSI algorithm can be considered. Some examples of advanced CSI are direct (quantized) channel feedback, covariance matrix feedback, or eigenvector feedback via an UL control. This is also known as explicit feedback (during the Rel-10 SI).
For the explicit feedback, CQI and RI may not be needed. When UE reports implicit CSI, acquiring direct channel information is impossible for eNB (except DL channel reciprocity in TDD). However, the situation is different when UE reports explicit feedback. Since UE reports explicit information on channel, eNB is able to find the optimized rank, modulation, channel coding rate and PMI. Moreover, it will be more accurate considering additional available information in eNB (e.g. MU-MIMO scheduling, coordination with other cell). However, additional interference feedback may be considered since eNB cannot directly measure inter-cell interference in UE’s position.
Based on the above discussion, proposals can be summarized as follows:
Proposals: 
· Support both implicit and explicit feedback in NR. 
· While implicit CSI is supported for both P-CSI and A-CSI, advanced CSI is only supported for A-CSI.
1.2 CSI reporting procedure
Based on the CSI content discussed in the above, following design aspects should be considered to design CSI reporting procedure:
· Support of CSI-RS transmission types
· Reporting instances and PUCCH format for P-CSI
· Support of CSI reporting modes
Support of CSI-RS transmission types
A streamlined CSI reporting framework can be obtained by correlating CSI reporting with CSI-RS type. While P-CSI is targeted for link maintenance rather than providing higher resolution CSI, A-CSI is to acquire detailed and accurate CSI. In order to provide such information, measurement on coverage CSI-RS resources is essential. In this case, coverage CSI-RS doesn’t have to be periodic since the A-CSI trigger is performed only when needed which reduces DL overhead (hence increases cell throughput) and potential inter-cell interference. In contrast to A-CSI, periodic CSI-RS transmission is essential for P-CSI. Support of relatively smaller number of CSI-RS ports would be enough considering the objective of P-CSI (link maintenance) and therefore UE-specific CSI-RS would be suitable. 
Support of PUCCH format and corresponding reporting instances for P-CSI 
In order to design reporting instances for P-CSI, inter-subframe dependency inherent in LTE design should be reassessed. When UE reports only one CSI report in a subframe in Rel-13, UE provides it CSI via PUCCH format 2/2a/2b which supports 11 bits payload per report. There had been several proposals for class A CSI reporting including support of PUCCH format 3. However, increasing the maximum PUCCH payload may result in some adverse effects such as reduction in PUCCH coverage and lead to more frequent failed attempts on PUCCH decoding. For this reason, the maximum payload of 11 bits is maintained for only one CSI report. However, this leads to inter-subframe dependency which can be susceptible to the following factors:
· Error propagation: CSI decoding error in one subframe will result in faulty inference of the CSI hypothesis in the following subframes. In Rel-13, this is deteriorated for PUCCH mode 1-1 by introducing additional reporting instance for first PMI reporting.
· Priority rules: If a CSI report in a subframe is dropped due to a collision with another higher-priority UCI (such as SR or HARQ-ACK), a set of (possibly complex) priority rules needs to be defined. Typically this is feasible and has been done in Rel-13.
This feature is more important when we consider ‘flexible TDD’. As a new feature, compatible design with ‘flexible TDD’ is proposed in our companion contribution [2]. To allow better synergy with flexible TDD, excessive inter-subframe dependency in P-CSI reporting which is characteristic to Rel-13 LTE should be avoided at all costs (ideally, one complete P-CSI report should be contained within one subframe). This design goal is aligned with avoiding subband reporting for P-CSI. 
This is possible with a new PUCCH format which is similar to PUCCH format 3/4/5. Although new PUCCH format is available to carry larger payload per resource, the total number of available resources is smaller compared to PUCCH format 2/2a/2b. It should be noted that eCA capable UE already reports periodic CSIs for multiple cells via PUCCH format 3 and 4 which have lower performance and coverage than PUCCH format 3.
Support of CSI reporting modes
In legacy LTE, there are multiple CQI feedback types and PMI feedback types. Table 2 summarizes the comparison of supported CQI (wideband CQI, UE selected subband CQI and high layer-configured subband CQI) and PMI (no PMI, single PMI and multiple PMI) feedback types. 
Table 2 Summary on CQI and PMI feedback types
	CQI feedback type
	Features
	PMI feedback type
	Features

	Wideband CQI
	- Only one CQI feedback per codeword assuming wideband transmission
- PMI assumption can be one or multiple
- Supported in both P-CSI and A-CSI
	No PMI
	- CQI feedback assuming SFBC/FSTD
- When eMIMO type is class B, codebook subset restriction based CQI can be provided
- Supported in both P-CSI and A-CSI

	UE selected subband CQI
	- Multiple CQI feedback per codeword
- UE selects and reports its CSI for preferred subband
- Supported in both P-CSI and A-CSI
	Single PMI
	- UE selects only one PMI regardless of configured CQI feedback type
- Supported in both P-CSI and A-CSI

	High layer-configured subband CQI
	- Multiple CQI feedback per codeword
- UE selects and reports its CSI for preferred subband
- Supported only in A-CSI
	Multiple PMI
	- UE selects multiple PMIs regardless of configured CQI feedback type
- Supported only in A-CSI



Among the described CQI feedback types, support of UE selected subband CQI for NR would be redundant feature. In order to report UE selected subband CQI, UE selects one of subband among subband group and calculates its CQI. This subband group is so called as ‘bandwidth parts’. This operation may reduce CSI reporting overhead, but limits the benefits of subband reporting. In contrast to high layer-configured subband CQI in which UE reports PMI/CQI for whole subbands, PMI/CQI is available only for the reported subbands. It is difficult to match eNB’s scheduling requirements and reported subbands and therefore there would be limited gain. Therefore, streamlining UE selected subband CQI for NR would be desirable. It should be noted that UE requires additional overhead to report the position of selected subband among the subband group in UE selected subband CQI.
In A-CSI, supporting both wideband CQI and high layer-configured subband CQI would be beneficial. Each of CQI feedback type has its own benefits. For example, when CSI is reliable, having detailed information for each subband can enhance system performance despite of its reporting overhead. However, when CSI is not reliable (e.g. high mobility or high inter-cell interference), reporting subband CSI would be meaningless. In that sense, supporting both wideband CQI and higher layer-configured subband CQI for NR is preferred.
Designing CQI feedback types for P-CSI would be different with it for A-CSI. As discussed above, PUCCH supports only limited size of CSI reporting overhead. Considering such aspects, support of high layer-configured subband CQI would be difficult. Moreover, characteristics of UE-specific BF CSI-RS should be also considered. When eNB transmits UE-specific BF CSI-RS, transmission beam is already optimized in the large scale channel characteristics since eNB is aware of it via coverage CSI-RS or SRS. Therefore, difference between calculated subband CQIs is not severe. Also, multiple reporting instances should be considered to report subband CSIs and this leads to inter-subframe dependency. However, as discussed above, such inter-subframe dependency should be avoided.
Support of PMI feedback type is already well streamlined in Rel-13 and does not require any additional streamlining. In addition to the support of PMI feedback type, design of PMI feedback type configuration can be considered for NR. In Rel-13, for CRS based TMs, PMI feedback type configuration when UE reports its CSI relies on the configured TM (for example, TM3 only supports No PMI). The precoding that is predefined in the specification and indicated by configuration of TM is applied on top of the CRS. Therefore, a UE needs to receive only TM configuration and its CQI feedback type. Compared to CRS based TMs, independent RRC parameter (P-CSI) or explicit mode configuration (A-CSI) to turn on/off PMI/RI reporting is provided for DMRS based TMs. DMRS is more flexible in that the precoding that is applied on it is totally transparent to the UE. Considering such characteristics of DMRS, eNB can indicate its precoded channel without relation to CSI. As discussed in [4], RS which has always-on property should be minimized and therefore separate configuration of PMI feedback type which is not related to the configured TM should be provided at least for eMBB.
Based on the above discussion, proposals can be summarized as follows:
Proposal: 
· Aperiodic CSI reporting procedure for NR should be designed by considering following proposals:
· Aperiodic CSI supports both coverage and UE-specific CSI-RS with large CSI-RS overhead.
· Both wideband and subband CQI feedback are supported.
· For PMI feedback type, no PMI/single PMI/multiple PMI are considered.
· Periodic CSI reporting procedure for NR should be designed by considering following proposals:
· Support UE-specific CSI-RS transmission with relatively low CSI-RS overhead for P-CSI.
· Consider only wideband CQI feedback with no PMI/single PMI.
· Excessive inter-subframe dependency should be avoided. 
Exemplary operation
An exemplary operation utilizing the above features is illustrated in Figure 1. A simple LTE subframe structure is assumed. Within one CSI process, a UE is configured with P-CSI linked to a UE-specific CSI-RS and A-CSI linked to 2-resource coverage CSI-RS (two 16-port CSI-RS resources, forming a 32-port partial-port CSI-RS). Upon receiving an UL grant accompanied with one of the two resources associated with coverage CSI-RS, the UE reports A-CSI containing explicit channel feedback. Unlike implicit feedback, the eNB can assemble these two A-CSI reports without any reconstruction issue. Assembling these two reports simply amounts to concatenating two sets of disjoint 16-port quantized channel into a 32-port quantized channel. With a 32-port DL channel estimate, the eNB performs UE-specific beamforming on CSI-RS. Configured with a 4-port UE-specific CSI-RS, the UE reports P-CSI (consisting of wideband CQI, PMI, and RI) to maintain the link. Since the number of ports is small, the link can be well maintained with wideband PMI.   



Figure 1 Joint use of aperiodic advanced CSI (using K=2 coverage CSI-RS) and periodic legacy CSI (using UE-specific CSI-RS) 

Conclusions
In this contribution, CSI design for NR is considered considering two design aspects: CSI contents and CSI reporting procedure. Building on the latest MIMO LTE features via streamlining and adding differentiating features, our proposals on CSI reporting can be summarized as follows:
· Support both implicit and advanced CSI feedback in NR. 
· While implicit CSI is supported for both P-CSI and A-CSI, advanced CSI is only supported for A-CSI.
· Aperiodic CSI reporting procedure for NR should be designed by considering following proposals:
· Aperiodic CSI supports both coverage and UE-specific CSI-RS with large CSI-RS overhead.
· Both wideband and subband CQI feedback are supported.
· For PMI feedback type, no PMI/single PMI/multiple PMI are considered.
· Periodic CSI reporting procedure for NR should be designed by considering following proposals:
· Support UE-specific CSI-RS transmission with relatively low CSI-RS overhead for P-CSI.
· Consider only wideband CQI feedback with no PMI/single PMI.
· Excessive inter-subframe dependency should be avoided. 
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