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The following were agreed or proposed as working assumptions in RAN1-87 [1]:
	Agreements:
· CSI-RS supports the DL Tx beam sweeping and UE Rx beam sweeping
· NOTE: CSI-RS can be used in P1, P2, P3
· NR CSI-RS supports the following mapping structure
· NP CSI-RS port(s) can be mapped per (sub)time unit
· Across (sub)time units, same CSI-RS antenna ports can be mapped
· [bookmark: _GoBack]Values of NP is FFS
· Here, “time unit” refers to n>=1 OFDM symbols in a configured/reference numerology,  where the value of n is FFS
· FFS whether OFDM symbols comprising a time unit is consecutive or not
· FFS Port multiplexing method, e.g., FDM, TDM, CDM, any combinations 
· Each time unit can be partitioned into sub-time units
· FFS Partitioning method, e.g., TDM, IFDMA, OFDM symbol-level partition with same/shorter OFDM symbol length(i.e. larger subcarrier spacing)  as/than the reference OFDM symbol length (subcarrier spacing), and other methods are not precluded
· This mapping structure can be used for supporting multiple panels/Tx chains
· Options to map CSI-RS for Tx and Rx beam sweeping for further study
· Option 1: 
· Tx beam(s) are same across sub-time units within each time unit
· Tx beam(s) are different across time units
· Option 2:
· Tx beam(s) are different across sub-time units within each time unit
· Tx beam(s) are same across time units
· Option 3: combination of Alt1 and Alt2:
· Within one time unit, Tx beam(s) are same across sub-time units.
· Within another time unit, Tx beam(s) are different across sub-time units.
· FFS combination of the different time units in terms of e.g., number and periodicity
· Note that only Tx sweeping or Rx sweeping is also a possibility
· Other options are not precluded.
· FFS: how to capture “same beam” and “different beam” in spec
· FFS: Whether the above mapping structure is configured with one or multiple CSI-RS resource configurations



[bookmark: _Ref129681832]
In this contribution, we discuss principles of designing CSI reference signals and procedures for beam management.
CSI-RS Design for Beam Management
Mapping and configuration
In RAN1#86bis, CSI-RS has been agreed to support both functionalities of beam management and CSI acquisition in NR [1]. To simplify the CSI-RS design while making sufficient network flexibility to support both separate and joint procedure of beam management and CSI acquisition, a unified CSI-RS pattern is proposed by aggregation of a flexible number of basic CSI-RS sub-patterns [3][4][5]. A basic CSI-RS sub-pattern is composed of one OFDM symbol and supports up to 8 ports [5]. One 2/4-port or one low-density 8-port CSI-RS resource is confined within one basic sub-pattern, and the configuration parameters include the port number, the location of basic sub-pattern (or symbol), the configuration within a basic sub-pattern (or symbol), density, bandwidth, periodicity and offset. One high-density 8-port or one larger-port (>8, e.g. 12, 16, 32) CSI-RS resource can be aggregated by several lower-port (e.g. 4, 8) CSI-RS resources located at the same or different sub-patterns (or symbols). 
To achieve a flexible number of symbols in CSI-RS pattern, control of signaling overhead needs to be considered. The candidate symbols for CSI-RS pattern can be signaled in high layers (e.g., L2/3). As illustrated in Figure 1, such configuration may consist of starting positions, counting/mapping rules (backward or forward). The number of symbols in which the CSI-RS resources of the current transmission occupy can be further selected from the high-layer configured CSI-RS pattern and the number of spanned symbols dynamically indicated in lower layers (e.g., L1/2). Consequently, the CSI-RS resources can then be configured within the symbols indicated by the starting position, the mapping rule (e.g., backward), and the number of spanned symbols, in a joint manner. 


Figure 1. Examples for two-level configuration on CSI-RS symbols
Proposal 1: Support a flexible number of symbols in CSI-RS pattern by utilizing a combination of high-layer configuration and dynamic indication. 
It was agreed in RAN1#87 that at least three options to map CSI-RS for Tx and Rx beam sweeping should be further studied. Based on the Tx/Rx beams used in these options, it can be found that two types of time unit (TU) or sweeping behavior can be defined:
· TU/Sweeping type 1: Tx beams are the same within one TU;
· TU/Sweeping type 2: Tx beams are different within one TU.
TU/Sweeping type 1 can be used for Rx beam sweeping within one TU, and TU/Sweeping type 2 can be used for Tx beam sweeping within one TU. For Tx/Rx beam sweeping within one TU, one or more CSI-RS resources can be configured, each resource or port mapping to a specific beam. When configuring multiple CSI-RS resources, in one example, each resource can be confined within one symbol and contains up to 8 ports. In this case, one sub-time unit (STU) contains one symbol, and the resource index(es) and/or port(s) are required for the beam-related feedback. As shown in Figure 2, the multiplexing of the CSI-RS resources can be TDM, FDM or both, depending on how the beam is generated. For analog beam sweeping across symbols, TDMed resources are configured from different symbols (or STUs). FDMed resources within the same symbol can be configured for simultaneous analog beam sweeping by multiple panels. Both TDMed and FDMed resources within multiple symbols can be configured as well for analog/hybrid beam sweeping across both panels and symbols. Therefore, the number of CSI-RS resources can be equal to or larger than the number of symbols or STUs configured in one TU.
Proposal 2: Two types of time unit (TU) or sweeping behavior should be supported, distinguished by whether the same or different beams are transmitted within a TU.
· TU/Sweeping type 1: Tx beams are the same within one TU;
· TU/Sweeping type 2: Tx beams are different within one TU.
Proposal 3: For beam management, one or more TDM/FDM CSI-RS resources can be configured within one TU.
[image: ]
Figure 2. Multiplexing of CSI-RS resources in one TU (example: 2-port resources)
· Beam management P1 
P1 can be used for coarse Tx and Rx beam monitoring in connected mode, so (semi-statically configured) periodic CSI-RS configuration should be supported for P1 in cell-specific or group-specific use cases. Two typical methods can be used for P1 beam sweeping. 
As shown in Figure 3(a) and 3(b), Scheme 1 is to concentrate Tx and Rx beam sweeping within one beam sweeping period. TU/Sweeping type 1 or 2 can be considered depending on whether Rx beam switching hardware is faster than Tx beam switching hardware. Taking Figure 3(a) for example, the TU number per period equals to the Tx beam number, and one or multiple CSI-RS resources can be configured in one TU for Rx beam sweeping. The CSI-RS resources within the same or different TUs in one period can be configured at the same or consecutive slots, and may share some configuration parameters at least including the port number, time-domain behavior (e.g. periodic), density and periodicity. The periodicity of these CSI-RS resources is the same as the beam sweeping period. Since different users may have various beamforming capabilities (e.g. Rx beam number), a maximum number of Rx beams should be predetermined in scheme 1. Hence, a large CSI-RS overhead is required for this scheme. 
Scheme 2 is the TU/Sweeping type 2 based distributed P1 as shown in Figure 3(c), in which only one TU is required per beam sweeping period. One or multiple CSI-RS resources within the TU can be configured, each port or resource associated with a different Tx beam. The same Tx beams are transmitted on each period. Rx beam can be switched across periods to perform Rx beam sweeping. Different users may have different capabilities on Rx beamforming, according to which UE can decide by itself how many Rx beams need to be swept. In this scheme, network can be transparent to Rx beam sweeping, therefore the required CSI-RS overhead is less than scheme 1. UE-initiated beam-related feedback can be considered as well as network-triggered feedback. 
Denote the number of TUs within one beam sweeping period by T. In addition to the configuration of one or multiple CSI-RS resources for each TU, the other mapping/configuration parameters to differentiate these two P1 schemes can be configured as follows. 
1) Periodic P1 scheme 1 (T >1, TU/Sweeping type 1): UE reports the TU index(es) indicating the preferred Tx beam(s).
2) Periodic P1 scheme 1 (T >1, TU/Sweeping type 2): UE reports the CSI-RS resource index(es) and/or port index(es) to indicate the preferred Tx beam(s).
3) Periodic P1 scheme 2 (T =1, TU/Sweeping type 2): UE reports the index(es) of CSI-RS resource(s) and/or port(s) to indicate the preferred Tx beam(s).


(a) Scheme 1: concentrated Tx and Rx beam sweeping (option 1)


(b) Scheme 1: concentrated Tx and Rx beam sweeping (option 2)


(c) Scheme 2: distributed Tx and Rx beam sweeping (option 2)
Figure 3. Two schemes of beam management P1 (example: multiple TDM resources)
· Beam management P2/P3
As shown in Figure 4, P2 or P3 can be used for finer Tx or Rx beam selection on top of coarse beam(s) acquired by P1. Aperiodic (one-shot) and semi-persistent (multi-shot) CSI-RS configurations should be supported for P2/P3 in UE-specific use cases. The number of TUs per beam sweeping period T=1. From network perspective, the configuration mechanism of P2 and P1 scheme 2 can be quite similar.
For P3, UE can send a request for Rx beam sweeping which may include the needed resource (i.e. the number of CSI-RS resources within one TU) or number of UE Rx beams to be swept. Similar CSI-RS configurations can be considered as P2, but with a different TU/Sweeping type.  
Therefore, in addition to the configuration of one or multiple CSI-RS resources per TU, the other mapping/configuration parameters for P2 and P3 can be configured as follows. 
1) Semi-persistent/aperiodic P2 (T =1, TU/Sweeping type 2): UE reports the index(es) of CSI-RS resource(s) and/or port(s) within the selected TU(s) indicating the preferred Tx beam(s).
2) Semi-persistent/aperiodic P3 (T =1, TU/Sweeping type 1): Feedback of the preferred Rx beam(s) is not required.


(a) Semi-persistent P2


(b) Semi-persistent P3
Figure 4. Beam management P2 and P3 (example: multiple TDM resources, semi-persistent)
After initial access, multiple beam pair links (BPLs) will likely be maintained for robustness. To remove the ambiguity for which BPL is to be refined/adjusted, and to allow UE to select the corresponding receive beam, it would be beneficial to indicate the current CSI-RS transmission is to be used for which BPL, as illustrated in Figure 5. This BPL information can be gNB beam related index with which UE can infer the corresponding receive beam. Alternatively, the BPL information can be the UE beam related index if RX beam indication/reporting is supported. 


Figure 5. Example of indication of BPL information
Proposal 4: To support various beam management procedures, a unified configuration on CSI-RS can be considered, including the number of TUs within one beam sweeping period, the TU/Sweeping type, the configuration of CSI-RS resource(s) within each TU, and beam pair link information (for assisting UE-side beamforming).
Considerations on sub-symbol-time beam sweeping
It was agreed in RAN1-NR1 to consider schemes such as IFDMA and larger SCS for CSI-RS in order to reduce beam management overhead and latency [6]. While these schemes have the potential to make the intended improvements, the following issues need to be taken into consideration.
Overhead reduction: Reducing transmission time of CSI-RSs to sub-symbol durations increases the frequency occupancy of the symbols proportionally. Therefore, the overhead reduction in terms of the total time/frequency resources required for a certain received power remains essentially the same. Therefore, it will be essential to study in what scenarios and under what system assumptions sub-symbol time beam sweeping schemes result in a net advantage in terms of saving resources.
Beam switching latency: When applying new phase shifts to an array of antennas, the RF hardware latency to settle with the new phase shifts causes a gap in transmission to the intended direction. This gap is normally assumed to be accommodated by the CP while leaving sufficient portion of the CP to take care of the delay spread. In the case of larger SCS (Figure 6.a), since the beam switching latency depends on the RF hardware and does not scale with numerology while the CP length does, the effect of the latency should be taken into consideration for different numerologies and different scenarios.
[image: ]
Figure 6. a) CSI-RS with larger SCS; b) CSI-RS with IFDMA [7]

Coverage: Transmitting multiple CSI-RSs during one symbol time reduces the power proportionally, which effectively changes the coverage area where CSI-RSs provide sufficiently accurate estimates of the channel state to UEs. This issue seems common among all schemes that intend to “pack” multiple beams from one port within one symbol duration including IFDMA (Figure 6.b) and large SCS schemes.
AGC training time: Reduced symbol size for CSI-RS imposes a tighter constraint on AGC training time. A UE design that fulfils this additional constraint may be underutilized because sub-symbol-time CSI-RS transmissions constitute a small portion of transmissions to a UE.
UE grouping: If a group of UEs with different hardware capabilities are grouped for beam management, the CP length of the CSI-RSs should be set to accommodate the worst-case beam switching latency amongst the group of UEs, which may not be possible with a shorter CP.
Proposal 5: Issues such as net overhead reduction, beam switching latency, coverage, AGC training time, and UE grouping should be studied for sub-symbol-time CSI-RS transmission.
Considerations on beam training processes
If analog beamforming (ABF) is employed at the TRP, synchronization signals (SSs) from each antenna will be transmitted directionally and, unless antennas can cover the whole intended coverage area, the SSs will need to sweep multiple directions over time. If ABF is additionally adopted by the UE where antennas do not cover the whole surrounding area, beam sweeping should be performed by UE as well for the purpose of SS detection.
The above beam sweeping process for SS transmission and detection is equivalent to P1, i.e. the initial beam acquisition, if beams are distinguished by, or associated with, unique IDs. In this case, this initial beam acquisition can be followed by further beam training, possibly refined and/or UE/group-specific, through transmission and measurement/reporting of CSI-RSs.
Another option is to map P1 solely to beam sweeping by means of beamformed CSI-RSs. CSI-RSs transmitted for the purpose of beam sweeping can be cell-specific, UE-group-specific or UE-specific. In the latter case, the CSI-RSs can be allocated sub-band resources within the PDSCH resources allocated to that UE. In this case, further beam sweeping for refinement and tracking as well as CSI measurement can follow before data transmission. Transmission of CSI-RSs for the functionalities of beam refinement and tracking can be initiated by the network or triggered by the UE itself, the latter triggered by phenomena such as a change in the channel condition (e.g., increased or decreased pathloss), a mobility measure of the UE itself, etc. This configuration, illustrated in Figure 7, is essentially transparent to UEs that are not scheduled in the current PDSCH.

[image: ]
Figure 7. Sub-band-specific and UE-specific/triggered CSI-RS for beam management

Proposal 6: NR should support UE-specific and UE-triggered CSI-RS transmission for the purpose of beam management.
Considerations on beam report
In a “baseband-SISO” system where only analog beamforming (ABF) is employed, selection of the best beam(s) is straight forward once the quality of received beamformed CSI-RSs are measured by the UE. In a MIMO system, however, beams should be selected and reported based on what communication rank is intended. In order to perform hybrid beamforming (HBF), UEs need to report beam information and CSI for multiple panels or multiple arrays of a panel to the network. Beam/CSI feedback by a UE includes index and quality of a number of beamformed CSI-RSs. In order for beam managements of multiple panels and/or arrays, corresponding sets of CSI-RSs may need to be configured and sent to the UE(s). The UE(s) can then select an RS (of the selected beam) from each set of CSI-RSs. RS selection for beam training  of multiple panels/arrays need to be performed jointly, and the feedback from the UE generally needs to consider various constraints, e.g., constraints related to antenna configurations and port virtualization.
Proposal 7: For hybrid beamforming, beam selection constraints, e.g. due to antenna architectures implemented at the TRP, should be conveyed to UEs through CSI-RS configurations and beam selection constraints.

Conclusions
In this contribution, we reviewed principles of designing CSI-RS and related procedures for beam management. We observed and proposed the following:
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 1: Support a flexible number of symbols in CSI-RS pattern by utilizing a combination of high-layer configuration and dynamic indication. 
Proposal 2: Two types of time unit (TU) or sweeping behavior should be supported, distinguished by whether the same or different beams are transmitted within a TU.
· TU/Sweeping type 1: Tx beams are the same within one TU;
· TU/Sweeping type 2: Tx beams are different within one TU.
Proposal 3: For beam management, one or more TDM/FDM CSI-RS resources can be configured within one TU.
Proposal 4: To support various beam management procedures, a unified configuration on CSI-RS can be considered, including the number of TUs within one beam sweeping period, the TU/Sweeping type, the configuration of CSI-RS resource(s) within each TU, and beam pair link information (for assisting UE-side beamforming).
Proposal 5: Issues such as net overhead reduction, beam switching latency, coverage, AGC training time, and UE grouping should be studied for sub-symbol-time CSI-RS transmission.
Proposal 6: NR should support UE-specific and UE-triggered CSI-RS transmission for the purpose of beam management.
Proposal 7: For hybrid beamforming, beam selection constraints, e.g. due to antenna architectures implemented at the TRP, should be conveyed to UEs through CSI-RS configurations and beam selection constraints.
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