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An important feature of 5G NR is beam management [1]. Beam management function relies on measurement and reporting of DL RSs. In additional to UE configured CSI-RS, SS-blocks can also be used. This has been studied and agreed on in the last two RAN1 meetings [2][3]:

Agreements (RAN1#88bis)
· For UE RRC connected mode, periodic signal is supported at least for P1 procedure (Tx/Rx beam alignment) using following options in addition to UE-specifically configured CSI-RS. Down selection from following options will be conducted in the next meeting.
· Opt. 1: SS blocks
· Opt. 2: Cell-specifically configured CSI-RS
· Configuration of CSI-RS is obtained from the broadcast message (e.g., MIB, SIB)
· Opt. 3: No additional option

Agreements (RAN1#89):
· Support spatial QCL assumption between antenna port(s) within a CSI-RS resource(s) and antenna port of an SS Block (or SS block time index) of a cell 
· The other QCL parameters not precluded 
· FFS: indication either explicit or implicit or  configurable or a default
· Note: default assumption may be no QCL

The main functions of SS-blocks are for synchronization and mobility management. SS-blocks are transmitted periodically. At high frequency range, many SS-blocks can be transmitted with high spatial resolution. The following agreements were made in RAN1#88bis and #89 on NR SS block transmission:

Agreements: (RAN1#88bis)
· SS burst set periodicity default value for initial cell selection: 20/20 msec

Agreements: (RAN1#89)
· The transmission of SS blocks within SS burst set is confined to a 5 ms window regardless of SS burst set periodicity
· Within this 5 ms window, number of possible candidate SS block locations is L
· The maximum number of SS-blocks within SS burst set, L, for different frequency ranges are
· For frequency range up to 3 GHz, L is 4
· For frequency range from 3 GHz to 6 GHz, L is 8
· For frequency range from 6 GHz to 52.6 GHz, L is 64
· Note that RAN1 assumes minimum number of SS blocks transmitted within each SS burst set is one to define performance requirements

A UE may report the beam qualities of multiple beams:
· For beam management with beam group reporting the following quantities should be considered
· the max number of groups supported in the specification M, 
· the max number of Tx beams per group supported in the specification N
· the number of groups to report L 
· the number of Tx beams per group in the report Q
· FFS: UE-specific configuration of the parameters L, Q incorporating UE-capability information
· L = 1, Q = 1 are supported which implies no impact to reporting and indication overhead

In the NR ad hoc meeting #2 in Qingdao, RAN1 had agreed to study beam reporting based on L1-RSRP:
Agreements: (RAN1#NR2)
· Study L1-RSRP reporting of multiple beams considering
· Differential L1-RSRP for multiple beams
· Reference RSRP for L1-RSRP differential report,e.g., predefined or configurable
· Bit-width of reporting, 
· Number of groups/beams per group 
· UCI design of the beam reporting, 
· FFS: Other issues


In this contribution, we discuss the measurement and reporting for CSI-RS and SS-blocks for RRC_CONNECTED UEs. For a RRC_IDLE UE, because it has not configured CSI-RS resources, it can only rely on its measurement of SS-blocks to determine the suitable TX and RX beam. It can use the measured SS-block information when it initiates random access in the configured PRACH resources associated with the identified beams. Because a UE in RRC_IDLE mode has no mechanism to explicitly report the RSRP of the SS-blocks, no specification is required for explicit beam reporting for RRC_IDLE UEs. 

Because all CSI-RS are UE specific, they can be configured for each UE depending on the channel/mobility pattern of the UE. CSI-RS can be transmitted in wider bandwidth than SS-blocks, and the resource configurations are more flexible. While SS-blocks are transmitted with a single port, a CSI resource can be transmitted in multiple CSI-RS ports. Multiple CSI-RS resources can be configured. CSI-RS can be transmitted as periodic, aperiodic and semi-persistent with flexible triggering schemes. SS-blocks and CSI-RS can complement each other for UE beam management. There are some potential issues to use SS-blocks and CSI-RS together for beam management. In this contribution, we discuss these issues and their corresponding solutions. 
  
Discussion

The DL beam management process consists of three procedures, P1, P2 and P3. In procedure P1, a UE conducts measurement over a set of beams, transmitted using RRC-configured CSI-RS and/or SS-blocks, and report the beam quality to the gNB. SS-blocks are periodically transmitted by gNB in SS-bursts signaled to the RRC-CONNECTED UEs, and they are good candidates for UE to conduct measurement for P1, at least in the initial beam discovery phase before a UE obtains detailed information regarding the DL channel and the DL beams. They are also the only candidate for RRC_IDLE UEs to conduct measurement on DL beams. It is possible to design a common measurement framework based on SS-blocks for both RRC_CONNECTED UEs and RRC_IDLE UEs, although RRC_IDLE UEs will not report the measurement result explicitly to the gNB. On the other hand, UE-specific CSI-RS resources configured by RRC are also required, for the P2 and possibly P1 processes. This is because a RRC_CONNECTED UE and the gNB are bound to learn DL channel during the DL beam management process, and such information allows gNB to configure UE-specific beams (possibly only through CSI-RS) to either refine the DL beam (P2), and/or to use the refined beam in P1 in future iterations of the P1/2/3 processes. It is also possible to use semi-persistent or aperiodic CSI-RS resources for DL beam management. It is best that a unified beam measurement and reporting mechanism can be used for both P1 and P2, and for periodic/semi-persistent/aperiodic CSI-RS beam reporting. 

Proposal 1: Support using the same CSI-RS beam reporting mechanism for P1 and P2, and for periodic/semi-persistent/aperiodic CSI-RS transmissions. 

Both CSI and RSRP can be in beam management procedure P1 to determine which subset of beams to be further explored and refined in the procedure P2, with the objective of establishing and maintaining a set of DL beams for PDCCH and PDSCH transmission by the gNB to the UE by the end of P2/P3. Of the two possible types of beam feedbacks, RSRP should be given higher priority than CSI. This is because it is much easier for the UE to compute RSRP than to compute CSI from the received CSI-RSs. Also it is not possible to obtain all the CSI metrics, such as PMI, from single port SS-blocks or single CSI-RS port. The reporting overhead for RSRP is also much less than CSI. Therefore RSRP should be the only metric used in the measurement and reported to the gNB. The definition of CSI-RSRP from LTE can be reused, with a range of [-44dBm, -140dBm] and resolution of 1dBm. Because CSI-RS are UE-specific and can be used in both P1 and P2, we first concentrate on measurement and report of CSI-RSRP. 

A UE may report the RSRP of multiple beams. A UE may report up to L groups, and include up to Q TX beams per group in the report. The payload of up to L*Q beams can be significant, and this warrants careful design of the beam report format in order to keep the UL report payload at a manageable level. Several approaches can be used to reduce the report overhead. Some of them are listed below. 

· The gNB can configure a RSRP threshold for the minimum RSRP to be reported by the UE. This threshold can be configured by RRC. Any beam below this threshold is deemed too weak to be useful for DL transmission. By applying this threshold, the number of reported beams can be reduced, as well as the reporting overhead. 
· Differential RSRP beam reporting can be considered. Instead of reporting the absolute RSRP of each beam, the relative difference between the beams, or between a beam and a known reference RSRP level (for example the largest RSRP value), can be reported. The RSRP difference of two beams, by definition, is less than the possible range of the RSRP values (when the CSI-RSRP definition of LTE is reused, RSRP spans a full range of 97dB). The RSRP difference between two beams can be reduced further significantly if all the reported beams are ranked by their RSRPs in descending order, and only the difference between two adjacent beams in the list is reported.  This can be seen from the following figure. 
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Figure 1. Distribution of differential RSRP between pairs of CSI-RS beams. A UE measures the RSRP of 16 CSI-RS beams and reports the largest 8. 

· Suppose the reported beams are arranged with respect to their RSRP in descending order as described above. The differential RSRP between two adjacent CSI-RS beams in the list are expected to be small, as clearly shown in Figure 1. However, they require different number of bits to encode. Using the unsigned binary integer representation,  bits are required to code a positive integer of X.  To using fixed length encoding will forfeit the purpose of using differential RSRP. In order to take advantage of the (usually) small differential RSRP values to reduce the reporting overhead, variable length encoding is required. With the differential RSRP distribution from Figure 1, simulation showed that reduction of 30% reporting overhead can be achieved.
Assuming CRI_ID is used to indicate the beam related with a CSI-RS resource/port, the reported CSI_RS beam list with differential CSI-RS can have the following format:

{{CRI_ID1, ΔRSRP1}, {CRI_ID2, ΔRSRP2}, …, {CRI_IDK, ΔRSRPK}},
where 
ΔRSRPm=RSRPm-1 - RSRPm≥0,  m≤K≤L*Q;

Proposal 2: UE only reports beams with RSRP above a certain threshold. 
Proposal 3: Report CSI-RS beams as an ordered list with descending RSRP, where differential RSRPs between adjacent beams in the list are encoded with variable length encoding scheme. 
A downside of variable length encoding scheme is that the number of bits required for reporting a given number of beams is not fixed. This is not an issue if the beam reporting is done as RRC messages. If UCI is used to carry the beam report in PUCCH, variable length reporting may become problematic (if the size of the report exceeds the PUCCH payload) or wasteful (if too many bits are reserved for beam reporting). A possible solution is to reserve a certain number of bits in PUCCH for beam report, and only report the number of beams that can be accommodated by the fixed overhead. This may not allow reporting of all the L*Q beams every time, but should strike a balance between reduced reporting overhead and the quality of the final beams found through the P1/2/3 procedures.
During procedure P1, a UE may measure and report the RSRP of its configured set of CSI-RSs as well as the SS-blocks. It may need to compare the RSRP of a CSI-RS beam with the RSRP of a SS-block beam and decide which one to report. This requires a meaningful way to compare the RSRP of two different types of signals. If they are transmitted with different transmission powers, the TX power offset should be compensated for before their RSRPs can be compared. This is because the objective of beam management is to find good TX beams (precoders).  This requires the UE to know the offset between the CSI-RS TX power and the SS-block transmission power. This offset can either be signaled to UE through RRC message, or can be derived based on a common reference TX power, such as normal PDSCH TX power, if the respective power offset between CSI-RS and PDSCH, and between SS-block and PDSCH, are known. 
Proposal 4: In order to compare the RSRP of a CSI-RS beam and a SS-block beam, support a mechanism to signal the power offset between CSI-RS and SS-block transmission power, either directly or indirectly. 
Once the power offset between a CSI-RS beam and a SS-block beam is known, the RSRP of a SS-block can be compensated by this offset so it can be compared with the CSI-RS beam. It is our preference that the RSRP of the SS-blocks can be reported to gNB in a similar way to the RSRP of CSI-RSs. But during the Qingdao meeting, several companies opposed to the idea of directly reporting the RSRP of CSI-RS beams. If direct reporting of L1-RSRP of SS-blocks is not supported in Rel.15, indirect reporting method can be considered. For example, the relative position of the RSRP of a SS-block with respect to the RSRPs of the reported CSI-RS beams can be reported. Because the goal of procedure P1 is for gNB to choose a set of candidate beams associated with SS-blocks and/or CSI-RSs to move forward to the P2 phase, the relative RSRPs of the reported SS-blocks and CSI-RSs carry most of the useful information. If direct reporting of L1-RSRP for SS-blocks is not supported in Rel.15, a reporting mechanism is needed to indicate the relative RSRP of SS-blocks with respect to the RSRPs of the reported CSI-RSs.

Proposal 5: If direct reporting of L1-RSRP for SS-blocks is not supported in Rel.15, support reporting of the relative positions of the RSRPs of SS-blocks with respect to the RSRPs of the reported CSI-RS beams.

Conclusion
We have discussed beam measurement and reporting issues for CSI-RS and SS-blocks. We propose to use RSRP as the sole reporting entity for beam measurement and report, and proposed efficient schemes to report the RSRP of CSI-RS and SS-blocks, directly or indirectly. Our proposals are summarized as below:

Proposal 1: Support using the same CSI-RS beam reporting mechanism for P1 and P2, and for periodic/semi-persistent/aperiodic CSI-RS transmissions. 
Proposal 2: UE only reports beams with RSRP above a certain threshold. 
Proposal 3: Report CSI-RS beams as an ordered list with descending RSRP, where differential RSRPs between adjacent beams in the list are encoded with variable length encoding scheme. 
Proposal 4: In order to compare the RSRP of a CSI-RS beam and a SS-block beam, support a mechanism to signal the power offset between CSI-RS and SS-block transmission power, either directly or indirectly. 
Proposal 5: If direct reporting of L1-RSRP for SS-blocks is not supported in Rel.15, support reporting of the relative positions of the RSRPs of SS-blocks with respect to the RSRPs of the reported CSI-RS beams.
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