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Introduction
In RAN1 NR Ad-Hoc, it is agreed to support aperiodic CSI reporting with periodic CSI-RS, semi-persistent CSI-RS and aperiodic CSI-RS as follows [3]:
 Agreements:
· For periodic CSI-RS,
· Semi-persistent CSI reporting is activated/deactivated by MAC CE and/or DCI
· Aperiodic CSI reporting is triggered by DCI
· FFS: Necessity of additional signaling with MAC CE
· For semi-persistent CSI-RS,
· Periodic CSI reporting is not supported.
· Semi-persistent CSI reporting is activated/deactivated by MAC CE and/or DCI
· Semi-persistent CSI-RS is activated/deactivated by MAC CE and/or DCI
· FFS: Relationship of signaling between CSI reporting and CSI-RS transmission
· Aperiodic CSI reporting is triggered by DCI
· Semi-persistent CSI-RS is activated/deactivated by MAC CE and/or DCI
· FFS: Necessity of additional signaling with MAC CE
· For aperiodic CSI-RS,
· Periodic [and semi-persistent] CSI reporting is not supported
· Aperiodic CSI reporting is triggered by DCI
· Aperiodic CSI-RS is triggered by DCI and/or MAC CE
· FFS: Relationship of signaling between CSI reporting and CSI-RS transmission, e.g., common DCI signaling between CSI reporting and CSI-RS transmission
· FFS: Necessity of additional signaling with MAC CE
· Note that further down selection can be done later between MAC CE and DCI in above bullets
· Note that it is possible to dynamically trigger RS and reports through links in the measurement setting


CSI reporting is one of the most important components in MIMO to enhance system performance and satisfy performance related requirement. Especially, periodic CSI reporting (P-CSI) and semi-persistent CSI reporting (S-CSI) methods are important for the design of NR CSI reporting since they provide information on link maintenance with competitive overhead. In this contribution, we discuss about design of both P-CSI and S-CSI considering various design aspects.
Design on periodic and semi-persistent CSI reporting for NR
In LTE, P-CSI provides compact information via PUCCH which is more robust while aperiodic CSI reporting (A-CSI) provides more concrete information via PUSCH which has larger container. Compared to existing CSI reporting methods in LTE, S-CSI is newly introduced to NR. The main objective of S-CSI is similar to the objective of periodic CSI reporting. However, the degree of benefits is different since S-CSI allows more dynamic signalling. For example, uplink resources to support CSI reporting can be efficiently utilized by using dynamic deactivation when gNB does not need to acquire channel information with the corresponding configuration. Considering the characteristics, design target of P-CSI and S-CSI should be differentiated. It should be noted that activation and deactivation via higher layer configuration requires relatively low UE complexity than dynamic activation and deactivation via dynamic signalling. Given that situation, design target of P-CSI should be providing robust information with minimized UE complexity (e.g. mMTC) while S-CSI provides relatively accurate information with relatively high UE complexity. In order to maximize such benefits of S-CSI with the design target of both P-CSI and S-CSI, the design of S-CSI should be differentiated on the following principles:
· CSI content
· CSI reporting procedure. 
· Activation and configuration signalling.
1.1 CSI content
In 3GPP RAN1#86bis [2], Type I and Type II CSI with different spatial resolutions are agreed. Between the two types of CSI reporting, Type I feedback supports low spatial resolution feedback with resource selection indicator, RI, PMI and channel quality feedback. For low spatial resolution feedback, implicit CSI which is inherited from HSDPA to Rel-8 LTE is suitable since this feedback paradigm fits quite well for all practical purposes and has advantages on testability (i.e. RAN4 PMI test inherited from HSDPA) and feedback overhead.
In contrast to Type I feedback, Type II feedback provides enhanced spatial information. Possible candidates for type II feedback are advanced CSI feedback via linear combination feedback or analog CSI feedback. Commonality of such candidates for type II feedback is that large reporting overhead is required to acquire accurate channel information. For example, it should be noted that Rel-14 LTE UE should deliver 25 bits only for PMI when UE reports rank 2 CSI. Therefore, considering the functionality and limited payload size, support of Type II feedback is not appropriate for P-CSI. In contrast to P-CSI, support of Type II CSI should be considered in S-CSI. 
Proposals: 
· Support only Type I feedback for P-CSI in NR
· Support both Type I and Type II feedback for S-CSI in NR.
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 RS transmission
· Reporting instances and PUCCH format for periodic CSI reporting
· Support of CSI reporting modes.
Support of RS transmission
In this contribution, dual-level CSI-RS structure is considered. A first type, termed level-1 CSI-RS (for non-UE-specific RS use cases) 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, level-1 CSI-RS are being targeted for the non-UE-specific RS use case for CSI measurement and provides aggregate role of Rel-13 non-precoded (NP) CSI-RS and cell-specific beamformed (BF) CSI-RS. The second level of CSI-RS is analogous to Rel-13 UE-specific BF CSI-RS. Sharing the same characteristics, level-2 CSI-RS can be dynamically beamformed and composed of smaller number of ports than those for the level-1 CSI-RS. More details are given in a companion contribution [5]. 
For P-CSI, support of level-2 CSI-RS with relatively smaller number of CSI-RS ports would be suitable. In order to provide robust information rather than detailed and accurate CSI, limited number of CSI-RS ports would be enough considering limited container of P-CSI.  In contrast to P-CSI, however, both level-1 and level-2 CSI-RS should be supported in S-CSI. As discussed above, support of Type II CSI would be beneficial for S-CSI. Since support of high resolution CSI is much beneficial when UE supports large number of CSI-RS ports, both support of level-2 CSI-RS will provide performance benefits. In addition to level of CSI-RS, CSI-RS transmission type should be considered with CSI reporting type. In 3GPP RAN1#87, support of periodic and semi-persistent CSI-RS is agreed. With regard to CSI-RS transmission type, support of CSI reporting type should considered. 
In Table 1, possible issues on joint operation of P-CSI and S-CSI with periodic and semi-persistent CSI-RS are summarized as follows: 
Table 1 Summary on joint operation of P-CSI and S-CSI with periodic CSI-RS and semi-persistent CSI-RS
	CSI-RS transmission type
	CSI reporting type
	Possible issues

	Periodic CSI-RS

	Periodic CSI reporting
	- Minor issues (Analogous to LTE periodic CSI reporting)

	
	Semi-persistent CSI reporting
	- Redundant CSI-RS transmission when CSI reporting is deactivated
- RS overhead may not optimized, but no critical issues on the operation

	Semi-persistent CSI-RS
	Periodic CSI reporting
	- CSI reporting can be configured when CSI-RS is not activated
- No RS transmission to measure CSI

	
	Semi-persistent CSI reporting
	- Minor issues (both CSI-RS and CSI reporting can be dynamically activated or deactivated)


As summarized in Table 1, major issues related to joint operation occur when CSI reporting type is not identical to CSI-RS transmission type. Especially, when UE supports P-CSI, CSI-RS may not be transmitted since semi-persistent CSI-RS supports more dynamic activation/deactivation than P-CSI. In this case, P-CSI via other signal(s) (e.g. measurement RS designed for some other purposes) should be considered. In Figure 1, exemplary operation for P-CSI via measurement RS is provided.
Figure 1 Exemplary operation of periodic CSI reporting via measurement RS
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As shown in Figure 1, UE can report its CSI based on other RS when CSI-RS transmission is deactivated due to the necessity of RS minimization. For other RS, the number of antenna ports may be limited, but it can provide robust information on channel to gNB.
Support of PUCCH format and corresponding reporting instances for periodic CSI reporting 
In order to design reporting instances for P-CSI and S-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 [4]. To allow better synergy with flexible TDD, excessive inter-subframe dependency in periodic CSI reporting which is characteristic to Rel-13 LTE should be avoided at all costs (ideally, one complete periodic CSI reporting 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 4 and 5 which have lower performance and coverage than PUCCH format 3.
For the transmission of S-CSI, PUSCH like format such as PUCCH format 4 and 5 should be considered. As discussed above, supporting Type II CSI which has relatively larger overhead is major differentiation with P-CSI. Therefore, PUCCH format which has large container should be considered for S-CSI to support Type II reporting.
Support of CSI reporting modes
In legacy LTE, there are multiple CQI feedback types and PMI feedback types. Table 1 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 periodic and aperiodic 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 periodic and aperiodic CSI

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

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


In both P-CSI and S-CSI, supporting only wideband/partial band CQI with no/single PMI is beneficial. As discussed above, PUCCH supports only limited size of CSI reporting overhead. Considering such aspects, support of higher layer-configured subband CQI would be difficult. Especially for P-CSI, characteristics of Level-2 CSI-RS should be also considered. When gNB transmits Level-2 CSI-RS, transmission beam is already optimized in the large scale channel characteristics since gNB is aware of it via level-1 CSI-RS or SRS. Therefore, difference between calculated subband CQIs is not severe. Also, multiple reporting instances which should be considered to report subband CSIs require to inter-subframe dependency which should be avoided in NR.
In addition to the support of CQI and PMI feedback type, independent configuration of CQI and PMI feedback type should 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, gNB can indicate its precoded channel without relation to CSI. 
Based on the above discussion, proposals can be summarized as follows:
Proposals: 
· P-CSI and S-CSI procedure for NR should be designed by considering following proposals:
· Support level-2 CSI-RS transmission with relatively low CSI-RS overhead for P-CSI
· Support both level-1 and level-2 CSI-RS transmission for S-CSI.
· When CSI-RS transmission is not available, CSI reporting based on other RS needs to be considered.
· Consider only wideband/partial band CQI feedback with no PMI/single PMI.
· Excessive inter-subframe dependency should be avoided.
1.3 Activation and configuration signalling
For the activation of S-CSI, DCI and/or MAC CE based activations are agreed in 3GPP RAN1 NR Ad-Hoc [3]. The main difference lies in the trade-off between decoding latency and error protection. That is, MAC CE provides better protection from error, however, the message incurs higher latency since it involves MAC layer. In contrast to MAC CE based activation and deactivation, DCI allows dynamic activation and deactivation with lowest latency, but may induce issues such as collision of UE reports when misdetection of activation or deactivation signalling occurs. Considering such benefits and drawbacks of DCI and MAC CE, multi-level signalling of activation and deactivation is proposed as shown in Figure 2. 
Figure 1 Exemplary operation of multi-level activation/deactivation for S-CSI
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As provided in Figure 2, gNB can activate or deactivate UE’s reporting candidates via MAC CE. Based on the candidate activation/deactivation, UE can receive DCI based indication for actual reporting activation and deactivation. Since relatively lower number of candidates can be activated by MAC CE, impact of misdetection can be minimized into limited resources. Moreover, resources for CSI reporting can be minimized since DCI signalling allows dynamic activation and deactivation with minimum latency. Considering such benefits, it is preferred to support multi-level activation and deactivation for S-CSI. Moreover, it should be noted that multi-step activation/deactivation also can be benefical for semi-persistent CSI-RS as provided in our companion contribution [5]. 
In 3GPP RAN1 NR Ad-Hoc [3], configurations on CSI reporting, resource and CSI measurement are agreed. According to the agreements, each setting can be summarized as follows:
· CSI reporting setting: time-domain behaviour of CSI reporting, frequency granularity
· Resource setting: time-domain behaviour of CSI-RS/IM resource, CSI-RS/IM type, CSI-RS/IM resource set(s)
· Measurement setting: one CSI reporting setting, one RS setting, one IM setting, reference transmission scheme setting.
In order to design configurations for P-CSI and S-CSI, above settings should be main framework for configurations of both P-CSI and S-CSI. For P-CSI, configuration via higher layer signalling should be supported to minimize UE complexity. In NR, main target of P-CSI should be providing robust link maintenance information with low degree of UE complexity, RS transmission and reporting overhead. Given that motivation, configuration via higher layer signalling is highly beneficial for P-CSI. In contrast to P-CSI, dynamic configuration should be considered for S-CSI such as dynamic configuration of CSI reporting setting and CSI-RS resource sets. 
Proposals: 
· For the activation and deactivation of S-CSI, multi-level signalling should be supported.
· For the configuration of P-CSI, configuration of CSI reporting setting, resource setting and measurement setting via higher layer signalling should be supported.
· For the configuration of S-CSI, dynamic signalling of CSI reporting setting and CSI-RS resource selection should be supported.
Conclusions
In this contribution, design of P-CSI and S-CSI is discussed considering various design aspects: CSI contents, CSI reporting procedure and activation/configuration signalling. Building on the latest MIMO LTE features via streamlining and adding differentiating features, our proposals on P-CSI and S-CSI can be summarized as follows:
Proposals: 
· P-CSI and S-CSI procedure for NR should be designed by considering following proposals:
· Support level-2 CSI-RS transmission with relatively low CSI-RS overhead for P-CSI
· Support both level-1 and level-2 CSI-RS transmission for S-CSI.
· When CSI-RS transmission is not available, CSI reporting based on other RS needs to be considered.
· Consider only wideband/partial band CQI feedback with no PMI/single PMI.
· Excessive inter-subframe dependency should be avoided.
· For the activation and deactivation of S-CSI, multi-level signalling should be supported.
· For the configuration of P-CSI, configuration of CSI reporting setting, resource setting and measurement setting via higher layer signalling should be supported.
· For the configuration of S-CSI, dynamic signalling of CSI reporting setting and CSI-RS resource selection should be supported.
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