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1. Introduction
In last NR Ad Hoc meeting, the following agreement is achieved on CSI framework [1].
Agreement:
· Refine the agreement on RS and IM settings as follows:
· “RS setting” is renamed as “Resource setting”, comprising configuration for signal for channel and/or interference measurement
· Remove “IM setting”
· Terminology clarification
· A UE can be configured with N≥1 CSI reporting settings, M≥1 Resource settings, and 1 CSI measurement setting, where the CSI measurement setting includes L ≥1 links
· Each of the L links corresponds to a CSI reporting setting and a Resource setting
· At least the following configuration parameters are signaled via RRC at least for CSI acquisition: 
· N, M, and L – indicated either implicitly or explicitly
· In each CSI reporting setting, at least: reported CSI parameter(s), CSI Type (I or II) if reported, codebook configuration including codebook subset restriction, time-domain behavior, frequency granularity for CQI and PMI, measurement restriction configurations
· In each Resource setting: 
· A configuration of S≥1 CSI-RS resource set(s) 
· Note: each set corresponds to different selections from a “pool” of all configured CSI-RS resources to the UE
· A configuration of Ks ≥1 CSI-RS resources for each set s, including at least: mapping to REs, the number of ports, time-domain behavior, etc.
· In each of the L links in CSI measurement setting: CSI reporting setting indication, Resource setting indication, quantity to be measured (either channel or interference)
· One CSI reporting setting can be linked with one or multiple Resource settings
· Multiple CSI reporting settings can be linked with the same Resource setting
· At least following are dynamically selected by L1 or L2 signaling, if appilicable
· One or multiple CSI reporting settings within the CSI measurement setting
· One or multiple CSI-RS resource sets selected from at least one Resource setting
· One or multiple CSI-RS resources selected from at least one CSI-RS resource set
· FFS until the next meeting about details of dynamic triggering
In [2], we have given a high-level description and some detailed proposals on the design concepts of multi-level and multi-component CSI acquisition for NR MIMO. In this contribution, we discuss more detailed design on signaling framework to support multi-level and multi-component CSI.
2. Multi-level and multi-component CSI framework
2.1 Overall structure
For NR MIMO, hybrid beamforming, which combines digital baseband beamforming and analog RF beamforming, is a potential technology considering different aspects including performance, cost, overhead and flexibility [3]. The general structure of hybrid beamforming is depicted in Fig. 1.


Fig. 1 Hybrid beamforming
As shown in Fig. 1, digital beamforming FBB maps data streams to ports, and analog beamforming FRF maps the signal in each port to antenna elements. To acquire the best beamforming, gNB and UE need to perform hybrid beam selection.  Due to the constraint that the same analog beam is applied to each TXRU in a panel across the entire bandwidth, multiple OFDM symbols are required to switch analog beams in each panel. Moreover, as digital beams can be configured flexibly in the frequency domain, multiple sub-bands are required for sub-band CSI acquisition. Hence the RS should be configured in multiple time/frequency resources to acquire accurate CSI.
In NR, the design of multi-components and multi-level CSI measurement and feedback can be considered to obtain the final CSI by selecting and merging these component CSIs. 
2.2 Multi-components CSI
NR can define some basic CSI components and these components should have good support for joint operation. The gNB configures multiple component CSIs, different component CSIs corresponds to the channel condition of different rays/virtual sectors/TPs. Based on these component CSIs, the gNB can decide the number of transmission layers and the transmission scheme of each layer flexibly, and each layer can correspond to one or multiple rays/virtual sectors/TPs. Alternatively, gNB can configures multiple component CSIs, with some of the component CSIs corresponds to base band beams and the others corresponds to RF beams. To achieve the appropriate MIMO beamforming and multiplexing gain, gNB can choose to utilize RF beams, baseband beams or a combination of RF and baseband beams for transmission according to these component CSIs. 
Different CSI components can also correspond to different antenna groups. One well known way to group antennas is horizontal antennas and vertical antennas. If the antennas are dual-polarized, the CSIs in horizontal and vertical domains can be combined to form the final CSI. Moreover, horizontal antennas and vertical antennas can be further classified into multiple antenna groups and each of the groups corresponds to a CSI component. Different CSI components can correspond to the same channel part but have different interference assumption. The network can decide which CSI component reflect the actual channel condition according to scheduling results and utilize to guide MIMO transmission. gNB can also merge multiple CSIs to obtain the CSI for MIMO transmission.  The advantage of component CSI is that it can be used to guide MIMO transmission directly or merged to obtain more accurate or more complicated CSI information. The CSI information provided by component CSI can also be merged with the channel information gNB acquires via channel reciprocity. There can also be redundancy in the information from different CSI components. High redundancy can be adopted for better robustness while low redundancy is used to optimized feedback efficiency. The structure of CSI components and how to merge information from different CSI components could be the research topic of NR MIMO. 
Note that multi-component CSI is similar to multiple CSI processes in some cases.   Compared to multiple CSI processes, the design of multi-component should be more flexible to support dynamic configuration of CSI components e.g. in the self-contained structure.  Therefore, it can be seen as there is basically no limitation on the number of CSI components.
CSI component should have good scalability, includes scalability in accuracy and scalability in the dimension of CSI. To further improve the flexibility and scalability, each CSI component should also support multi-level feedback.  The key difference between multi-component and multi-level is that multi-level considers different levels of granularity and the formation of the current level is based on upper level.  Multi-level design can enable efficient adaptation in terms of both reference signals and CSI feedback overhead to different requirements in CSI granularity.  
2.3 Multi-level CSI
Multi-level can refer to different levels of beam granularity, frequency granularity, etc. In details, for the case that multi-level refers to different level of CSI granularity, the following three-level structure is recommended:
Level 1: Coarse beam selection 
Due to the high path loss and penetration loss of the HF channel, beam selection should be performed right after initial access. After initial access, gNB has acquired coarse beam information for the UE, which can be regarded as the first level CSI. Moreover, this level can be acquired through periodic CSI-RS or periodic CSI reporting.
Level 2: Beam refinement
The second level CSI is beam refinement. Specifically, gNB and UE perform finer beam selection based on the results of the coarse beam information.  This level can be acquired via semi-persistent CSI-RS or semi-persistent CSI reporting.
Level 3: Further CSI acquisition
After the UE feeds back the fine beam information, gNB configure reference signals for further CSI, such as channel quality, channel matrix, channel rank and so on, which can be seen as the third-level CSI.  Depending on the use cases, this level may also refer to further beam refinement/tracking. To achieve flexible CSI for this level, aperiodic CSI-RS or aperiodic CSI reporting is needed.
The multi-level structure increases the efficiency of beam selection. In the level-1 coarse beam selection and level-2 beam refinement, the total number of beams to be selected can be decreased compared with the one level beam selection to achieve the same fine beam. The beam selection efficiency is critical in NR since the beam selection procedure costs multiple resources as analyzed above. 
Proposal 1：Support multi-level and multi-component CSI for NR MIMO.
Based on the illustration above, the first and send level CSI focuses on the acquisition of hybrid beams with multi-level granularity. On the other hand, the third level CSI acquisition deals with how the beam information is utilized to obtain further CSI. If the third level CSI and the beam information are jointly optimized, the overall CSI acquisition will be robust, accurate and efficient. Hence the key problem is how the beam acquisition cooperates with further CSI acquisition in NR MIMO.
One simple approach to cooperate the beam acquisition and further CSI acquisition is Class B K>1 in LTE Rel-13. K CSI-RS resources are configured by the network and measured by the UE. Then UE feeds back the selected CRI and the corresponding PMI/CQI/RI. This approach is simple by performing beam information feedback and further CSI feedback in the same stage. However, it is not flexible enough since the number of CSI ports for each resource is determined by the network and the UE only feeds back one resource. Another approach is the hybrid CSI-RS approach discussed in LTE Rel-14 currently. For hybrid CSI-RS with Class B K>1 and Class B K=1, CRI is reported in the first stage, and further PMI/CQI/RI is reported in the second stage. In this approach, only the best beam is reported in the first stage, so the network cannot acquire the full knowledge of UE’s beam information. Hence the performance of the joint optimization of this two-stage CSI feedback is constrained. 
We propose a method for joint optimization of beam acquisition and further CSI acquisition in Fig. 2. 


Fig. 2 Joint optimization of beam acquisition and further CSI acquisition
It follows the steps as shown in Fig. 2:
· gNB configures multiple resources for RS to acquire beam information firstly. 
· Then UE feeds back one or more beams based on the measurement of multiple beams. UE also reports the beam grouping information of the Tx beam, the grouping criteria can be different Rx beams, different channel properties, QCL information and so on.
· After collecting the beam information from multiple UEs, the gNB configures the RS for further CSI flexibly. The configuration of the RS for further CSI can be associated with the feedback, and the gNB also has the flexibility to adjust. 
· Then the configured RS is sent for further CSI. Meanwhile, gNB indicates UE the configured RS is associated with which reported beam group(s).
· Moreover, after the gNB has already got the beam information of different UEs, it can perform user scheduling and MU pairing based on the beam information. As a matter of fact, in this way, beam information is used to increase the MU performance, whereas further CSI is used to optimize the performance for each user.
Proposal 2: NR should support joint optimization of beam acquisition and further CSI acquisition in the multi-level CSI framework. 
2.4 Signaling framework for CSI acquisition
To support multi-level and multi-component CSI framework, multi-level configuration of CSI framework is necessary, especially for the configuration of CSI-RS and CSI reporting. In this subsection, we give some specific design on the configuration of CSI-RS and CSI report settings. 
CSI report resource pooling
As multi-beam based MIMO transmission is one of the key technologies to combat high path loss and penetration loss in NR with high frequency, multiple beams should be used by UE for CSI reporting. The beamforming contains both wideband analog beamforming and frequency-selective digital beamforming. The indication of beam used for CSI reporting should be UE specific, and it can be the same indication for beam used for uplink data/control transmission. Compared with LTE, beamformed CSI transmission may cause larger interference. Moreover, gNB needs to use Rx beams which can be paired well with UE Tx beam to have better receiving. Hence gNB needs to allocate the CSI report resources for different UEs appropriately. On the other hand, it has been agreed that periodic, aperiodic and semi-persistent CSI reporting should be all supported for NR CSI reporting. CSI report resource pooling shared by multiple UEs can be considered to support flexible and efficient CSI report resource configuration for these CSI report types. 
Proposal 3: Configuration of CSI report resource pooling should be contained in CSI settings.
The procedure of multi-level configuration on CSI report resource pooling is depicted in Fig. 3.


Fig.3 CSI report resource pooling
As shown in Fig.3, a resource pool which can be shared among a group of UEs is configured through high layer signaling. Each element of the configured resource pool contains the potential resource used for CSI reporting. Each resource can contain the following parameters:
1) Information on time domain resources, e.g., subframes and OFDM symbols. 
2) Information on frequency domain resources, e.g., RBs and sub-bands. As frequency-selective precoder is applied for OFDM-based uplink, gNB may also need to allocate different RBs or sub-bands to different groups of UEs. This also depends on the design of uplink control channel and data channel.


Fig. 4 Flexible CSI report resource indication
As shown in Fig.4, flexible CSI report resource indication needs to be supported to enable dynamic gNB Rx beam switching. For periodic CSI reporting, gNB is able to configure the resource allocation semi-statically in subframe-level. RRC signaling is enough to carry the subframe-level parameters. Further, since gNB Rx beam can change in symbol-level to adjust to dynamic channel varying, gNB needs to configure symbol-level CSI report resource to UE dynamically based on the configured subframe-level resources. For semi-persistent CSI reporting, as whether CSI reporting appears is based on the semi-persistent activation/deactivation procedure, gNB needs to allocate CSI report resource semi-persistently to adjust Rx beam and eliminate interference. Then CSI report resource allocation based on a shared pool and activation/deactivation with L1/L2 signaling is more suitable for semi-persistent CSI reporting. Similarly, for aperiodic CSI reporting, gNB needs to allocate CSI report resource dynamically to adjust Rx beam at least in subframe-level. Then DCI is required to indicate CSI report resource in the configured pool. Based on the above discussion, we have the following proposal.
Proposal 4: NR should support dynamic CSI report resource indication based on CSI report resource pooling.
Flexible codebook configuration with CSR
In LTE, codebook based CSI measurement and feedback is built with a set of configured parameters, e.g., codebook dimensions, oversampling factors, codebook config and so on. Except codebook dimensions, other parameters describes how W1 beam group is constructed from the grid of beams. Moreover, the constructed beam group can only be uniformly distributed in the spatial domain. As a matter of fact, this function can be implemented with one parameter, codebook subset restriction (CSR). Moreover, as Type I feedback is more suitable for non-rich scattering scenarios, only a few clusters exist in the wireless channel. Then only a small angular range of the entire space needs to be oversampled with large factor. Based on a baseline grid of beams, CSR can be used to indicate which angular range can be oversampled with larger factor, and which angular range can be quantized with more coarse beams. Hence configuration based on CSR can achieve similar performance as the current parameterized codebook in LTE with lower overhead. Additionally, with CSR, flexible codebook configuration can be more forward compatible. 
Proposal 5: CSR configuration should be contained in CSI settings.
Based on the above discussion, CSR is the essential parameter for codebook configuration. Then the flexibility and signaling overhead for CSR are important metrics in the design of CSI settings. Fig.5 gives a good example of CSR indication with a multi-level structure. In our companion contribution [4], we give a more specific description on the design of CSR.


Fig. 5 Flexible CSR configuration
Proposal 6: Dynamic CSR indication based CSI feedback should be supported for NR CSI measurement and report.
Resource-specific CSI-RS resource pool configuration
As illustrated above, CSI-RS resource pool is used for AP and SP CSI-RS resource configuration. However, as the entire CSI reported the one UE may contain multiple components, only one CSI-RS resource pool is not sufficient for CSI acquisition in some scenarios. Several use cases for supporting multiple CSI-RS resource pool can be identified. For example, as dense urban with Het-Net layers is an important scenario in NR, to support eICIC-like technology, different subframe sets can be considered. This feature can be implemented by configuring multiple CSI-RS resource pools as shown in Fig.6. Different pools are associated with different sets of subframe configurations, i.e., each CSI-RS pool is associated with a subframe set. To avoid interference from macro in non-ABS, CSI-RS with different beams can be configured compared to the cases when it has no interference from macro in ABS.  In general, different beams are used for different resources since different resources may suffer different spatial interference due to interference coordination.  Therefore, it is desirable to configure resource-specific CSI-RS resource pools. Similarly, configuring multiple resource-specific CSI-RS pools facilitates implementation of DPS, SSPS, eIMTA and so on.


Fig. 6 Multiple CSI-RS pools
Based on the above discussion, as CSI acquired from different CSI-RS resource pools can be regarded as different CSI components, it can be concluded that configuring multiple CSI-RS pools is beneficial to support multi-component CSI. Therefore, we have the following proposal. 
Proposal 7: NR should support configuring multiple resource-specific CSI-RS resource pools.
3. Conclusions
In this contribution, we discuss the detailed design of CSI framework to support multi-level and multi-component CSI. Based on the discussion, we have the following proposals.
Proposal 1：Support multi-level and multi-component CSI for NR MIMO.
Proposal 2: NR should support joint optimization of beam acquisition and further CSI acquisition in the multi-level CSI framework.
Proposal 3: Configuration of CSI report resource pooling should be contained in CSI settings.
Proposal 4: NR should support dynamic CSI report resource indication based on CSI report resource pooling.
Proposal 5: CSR configuration should be contained in CSI settings.
Proposal 6: Dynamic CSR indication based CSI feedback should be supported for NR CSI measurement and report.
Proposal 7: NR should support configuring multiple resource-specific CSI-RS resource pools.
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