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Beamforming and related beam management are one of the most important features of 5G NR. In RAN1#87 meeting, the following agreements regarding CSI-RS used for DL beam sweeping were reached [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
· 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

In January NR Adhoc meeting in Spokane, the following agreements were reached [2]:

· Beam management overhead and latency are to be considered during the CSI-RS design for NR beam management, considering the following possible candidate solutions:
· Opt1. IFDMA
· Opt2. Larger subcarrier spacing
· Other solutions are not precluded
· FFS: whether the above structure should be utilized for P-1 and/or P-2 and/or P-3.
· Other aspects considered during the CSI-RS design for NR beam management include, e.g. CSI-RS multiplexing, UE beam switch latency and UE implementation complexity (e.g. AGC training time), coverage of CSI-RS, etc.
· Note that it does not imply prioritizing different aspects in CSI-RS design


In this contribution, we discuss some details on CSI-RS design for beam management purposes. 

Discussion

· RS multiplexed with SS vs separate CSI-RS

There have been proposals to use potential MRS multiplexed with synchronization signal in the SS block for beam management [3]. Because MRS is FDMed with PSS/SSS, the same analog beam is applied to both the SS and MRS. The main function of PSS and SSS is for UE to obtain synchronization and cell ID from the TRP. This requires good time resolution but not necessarily high spatial resolution. In order to reduce the UE synchronization delay and the SS block overhead, the TRP should transmit the SS block with relatively wide TX beam width. These wide beams may not meet the spatial resolution required for the P1 beam management purposes. It is best that dedicated CSI-RS are transmitted with TX beams separated from the SS signal, in order to provide TRP the flexibility to transmit the CSI-RS using TX beams with the necessary spatial resolution and sufficient repetition rate. For example, SS signals can be transmitted using 3 wide TX beams every 10ms, while the CSI-RS for P1 purpose can be transmitted with 6 or 12 narrow beams every 40ms or 80ms. Such decoupling provides the optimal performance for both synchronization and beam management. Synchronization and beam management have different requirements for timing resolution and spatial resolution, and may be sent with different periodicities and TX beams. It is necessary that RS used for beam management is not FDMed with the synchronization signal. Therefore we have the following proposal.    

Proposal 1: Use separate CSI-RS not multiplexed in the SS block for process P1 of beam management.

· Mixed UE RX bandwidth and frequency domain consideration

It is likely that there are multiple types of UEs, or UEs in different RRC states in a cell conducting beam management on the same set of P1 CSI-RS. Some UEs receive with only narrow bandwidth, either limited by the RX capability or by the need to reduce power consumption. For example, a UE in RRC_IDLE state may receive with reduced bandwidth to reduce its sampling and clock rate and to save battery power. Some other UEs are receiving with wider bandwidth. All these UEs conduct their P1 measurement on the same set of cell-specific CSI-RS. This raises new requirements for the CSI-RS. For a narrow bandwidth UE, the CSI-RS needs to provide enough REs for sufficient RSRP measurement. For a wide bandwidth UE, it can use the additional CSI-RS REs outside the narrow bandwidth to improve its RSRP measurement accuracy. This makes it necessary to configure the CSI-RS with different resources in the frequency domain, possibly with higher RE densities near the central bandwidth than towards the edge of the bandwidth. Therefore we propose a frequency dependent CSI-RS structure. This can be achieved by either configuring the number of CSI-RS UE in a PRB, or by configuring the set of PRBs with CSI-RS.  Figure 1 shows two alternatives of frequency dependent CSI-RS configurations. The central band is monitored by both high RX bandwidth UEs and low RX bandwidth UEs. All the PRBs in the central band include CSI-RS for P1 beam management. The lower side band and the high side band should are only monitored by UEs with high RX bandwidth. In (a), only a subset of PRBs in the side bands are configured with CSI-RS. In (b), while all the PRBs in the side bands include CSI-RS, they have lower CSI-RS RE density than the PRBs in the central band.  


Figure 1. Frequency dependent CSI-RS configuration. 

Proposal 2: Consider frequency dependent CSI-RS configuration for beam management.    

· TX/RX beamforming and time domain consideration

TRP transmits P1 CSI-RS with sweeping TX beams. Considering analog and hybrid TX beamforming where analog beams can only be generated one at a time, CSI-RS from different TX beams should be TDMed. The situation at the receiver side depends on the type of RX beamforming scheme at the UE. When full digital RX beamforming is used, the UE can determine the best RX beam (or digital receiver weight) from one set of measurement, minimally in one symbol. When analog or hybrid RX beamforming is used at the UE, the UE can only receive with one analog beam at a time. For hybrid RX beaming, this may be a limited set of RX beams all based on a same analog beam. Because the P1 CSI-RS is not UE-specific, it should accommodate UEs of different types and capabilities. It needs to work for the UE with the most limited capability, such as a UE can only measure with one RX beam at a time.  On the other hand, this should not incur significant penalty of those UEs with better RX capabilities.
Suppose the TRP transmits M TX beams for P1 purpose, and a UE receives with up to N RX beams. Considering the worst case where only the best (TX, RX) beam pair meets the RSRP threshold, this requires M*N measurements. The TRP can transmit the CSI-RS corresponding to a TX beam in 1 or multiple (up to N) adjacent symbols before moving on to the next beam. Sweeping the M TX beams one symbol at a time allows a UE with 1 RX beam or with full digital beamforming to measure the CSI of the M TX beam in the shortest time. But since there is no time for a UE to switch its RX beam, a UE may have to wait for multiple (up to N) TX beam sweepings to find its best RX beam. Transmitting CSI-RS from the same TX beam in up to N symbols will allow a UE with analog RX beams to select its best RX beam. But since not all UEs have N RX beams or need N symbols to find the best RX beam, this can be wasteful. Transmitting from a same TX beam in a pair of adjacent symbols is a good compromise. For a UE with up to 2 analog RX beams, it can complete testing of its RX beams and the M TX beams after a CSI-RS cycle. Another benefit of transmitting the same CSI-RS in two adjacent symbols is that it is possible to conduct phase noise measurement in the adjacent CSI-RS symbols. If a UE has more than 2 analog RX beams, it can wait for additional cycles to complete testing its RX beams. Figure 2 shows an example of CSI-RS transmitted from 4 TX beams. Because the CSI-RS transmission overhead can be extensive, it is preferred that the CSI-RS is transmitted with large carrier spacing to reduce the time overhead.


Figure 2. CSI-RS transmitted in pairs of symbols from 4 TX beams.

Therefore we propose the CSI-RS for P1 purpose to be transmitted with the same TX beam in 2 consecutive symbols. 

Proposal 3:  CSI-RS for P1 purpose shall be transmitted from the same TX beam in 2 consecutive symbols. 

· Configuration of CSI-RS

Since the UEs do not have prior knowledge of the DL beams before receiving the CSI-RS for P1, these CSI-RS are non-UE specific and transmitted with a set of (TRP) pre-set beams. These CSI-RS can be configured with SIB message to all UEs, or can be configured by RRC message to specific UE if necessary. A UE can measure the RSRP of the P1 CSI-RS transmitted with different beams and report the RSRP measurement to the TRP. Based on the UE feedback on P1 CSI-RS, TRP can further refine the beam and send UE-specific P2/P3 CSI-RS. The UE-specific CSI-RS can be configured with RRC message. 

Proposal 4: CSI-RS can be configured by SIB message or RRC message, depending on whether they are UE-specific.
    

Conclusions
In this contribution, we discussed detailed CSI-RS patterns for beam management. We make the following proposals regarding CSI-RS:

Proposal 1: Use separate CSI-RS not multiplexed in the SS block for process P1 of beam management.
Proposal 2: Consider frequency dependent CSI-RS configuration for beam management.    
Proposal 3:  CSI-RS for P1 purpose shall be transmitted from the same TX beam in 2 consecutive symbols. 
Proposal 4: CSI-RS can be configured by SIB message or RRC message, depending on whether they are UE-specific.
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