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Discussion and Decision
1
Introduction
RAN1#87-AH the following agreements have been make related to the support of CSI-RS for beam management:
Agreements:
· Indication of QCL between the antenna ports of two CSI-RS resources is supported.

· By default, no QCL should be assumed between antenna ports of two CSI-RS resources.

· Partial
QCL parameters (e.g., only spatial QCL parameter at UE side) should be considered. 

· For downlink, NR supports CSI-RS reception with and without beam-related indication,

· When beam-related indication is provided, information pertaining to UE-side beamforming/receiving procedure used for CSI-RS-based measurement can be indicated through QCL to UE

· QCL information includes spatial parameter(s) for UE side reception of CSI-RS ports 

· FFS: information other than QCL

Agreements:

· The CSI-RS RE mapping pattern of one N-port CSI-RS resource is composed of one or multiple CSI-RS RE mapping patterns of CSI-RS resources of equal or smaller number of ports, [e.g., 2, 4, or 8]
· A CSI-RS RE mapping  pattern is defined within a slot

· FFS: A CSI-RS RE mapping  pattern can span multiple configurable consecutive/non-consecutive OFDM symbols 
· FFS on mapping of ports to the CSI-RS RE mapping pattern
· Density per port in terms of RE per port per PRB is configurable supports for density greater than 1 is not precluded
Agreements:

· 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

RAN1#88 the following agreements have been make related to the support of CSI-RS for beam management:
Agreements:

· For beam management overhead and latency reduction, NR considers following options for a CSI-RS supporting beam sweeping within an OFDM symbol
· Opt-1: IFDMA [e.g., R1-1700350, R1-1703179]

· Opt-2: Larger subcarrier spacing [e.g., R1-1700350, R1-1701813]

· Opt-3: DFT-based [e.g., R1-1702329, R1-1703179]

· Other options are not precluded

· If supported, down-selection among the options during WI phase

· Note: the symbol duration is based on a reference numerology

Agreements:
· The RE pattern for an X-port CSI-RS resource spans N ≥ 1 OFDM symbols in the same slot and is comprised of one or multiple component CSI-RS RE patterns where

· A component CSI-RS RE pattern is defined within a single PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain

· FFS: Support for more than one component CSI-RS RE pattern definition, i.e., value of Y and Z

· FFS: Supported value(s) of Y and Z, e.g. (Y, Z) = {(1,2), (2,1), (4,1), (8,1), (2,2), (2,4)} 

· FFS: How to apply CDM within a component CSI-RS RE pattern and across multiple component CSI-RS RE patterns

· Note: Depending on the density reduction approach agreement(s), the Y REs of a component CSI-RS RE pattern may be non-adjacent in the frequency domain

· The multiple component CSI-RS RE patterns can be extended across the frequency domain within the configured CSI-RS bandwidth

· At least the following numbers of OFDM symbols for a CSI-RS resource are supported

· N = {1, 2, 4}

· FFS, other value(s) of N

· The N OFDM symbols can be adjacent/non-adjacent

· FFS, down-selection on adjacent/non-adjacent OFDM symbols

· OFDM symbol(s) can be configured to contain CSI-RS only

· FFS: the applicability of above proposals for beam management (e.g., for beam sweeping, for generation of sub-time units)

· FFS on the following aspects:

· Location of N OFDM symbols within a slot

· Replication of RE pattern across the N OFDM symbols

· Supported CDM values

· Exact port number assignment to CSI-RS RE pattern, considering at least CDM of ports and relationship of port numbers to dual polarized antenna elements

· Support for densities D > 1 RE/port/PRB

· Mapping of other physical channels and/or reference signals within the same OFDM symbol(s) as CSI-RS

The following working assumptions related to beam managenement have been agreed in RAN1#88bis:
Agreements:
· 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
The following working assumptions related to CSI-RS design have been agreed in RAN1#88bis:
Working assumption:

· For CSI-RS for Beam Management, NR supports sub-time units equal to and smaller than an OFDM symbol in a reference numerology
· FFS details including configurability, e.g., taking into account UE implementation complexity/capability and impact on CSI-RS design 

· FFS the case of time unit larger than an OFDM symbol in a reference numerology

· E.g., 

· Opt-1: IFDMA 
· Opt-2: Larger subcarrier spacing 
· Opt-3: DFT-based
RAN1#88bis the following agreements have been make related to the support of CSI-RS for beam management:
Agreements:

· At least for CSI-acquisition, for density 1 RE/port/PRB, X<8, and N=1 or 2 OFDM symbol, support X-port CSI-RS resource composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain
· FFS X=1

· X=2: (M, N)= (2, 1) , FFS (1, 2)
· X=4: (M, N)= (4, 1) , (2, 2)
· FFS N > 2

· FFS: RE patterns for beam management

· FFS: the RE pattern for an X-port CSI-RS resource when X>=8

· FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources

· Strive to minimize the possible pairs of (Y,Z) for the component CSI-RS RE patterns while considering configuration complexity and overhead
Agreements:
· Support at least CDM-2, CDM-4 and CDM-8

· FFS: Support of no CDM

· FFS: Time-domain and/or frequency-domain CDM can be configured on or off

· Consider CDM pattern design with at least the following aspects

· Measurement target, e.g. CSI acquisition, beam management, fine time/frequency tracking

· A CDM pattern cannot span over more than U OFDM symbols and V subcarriers, FFS the values of U and V

· Full power utilization

Possible agreements:

· At least for CSI-acquisition, for density 1 RE/port/PRB, X<8, and N=1 OFDM symbol, support X-port CSI-RS resource composed of M adjacent RE(s) in the frequency domain

· FFS X=1, e.g. (M, N)= (1, 1), (2, 1)

· X=2: (M, N)= (2, 1)

· X=4: (M, N)= (4, 1)

· FFS N >= 2

· FFS: RE patterns for beam management

· FFS: the RE pattern for an X-port CSI-RS resource when X>=8

· FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources

· Strive to minimize the possible pairs of (Y,Z) for the component CSI-RS RE patterns
Agreements:
· At least CSI-RS for CSI acquisition, NR supports CSI-RS density d RE/RB/port for x-port CSI-RS

· Value(s) of d are at least d=1,1/2.

· For d<1, PRB-level comb-type transmission is supported.

· FFS whether offset value(s) can be the same or different across antenna ports

· FFS on supporting d>1 in the consideration of use case, e.g., NZP CSI-RS for IMR.

· FFS on the supported combinations of value(s) of x and d. 

In this contribution, there aspects of CSI-RS design for different beam management procedures are discussed.
2
Motivation

In RAN1#86 and RAN1#86bis meetings,  three different downlink L1/L2 beam management procedures, i.e. P1-P3, have been agreed to be supported in NR when UE is in RRC connected mode. The agreements define also that a beam reporting related to P1-P2 is based L1/L2 UE reporting The major target of a procedure P1 is to enable TX beam measurements and indentification over different TRPs as well as UE RX/TX beam training. The objective of P2 is to enable TX beam switch based on UE measurments over  different TX beams  associated with a TRP or inter-TRPs with corresponding beam feedback reports. In comparison to P2,  P3 enables UE RX beam refinement on TX beams associated with same TRP without any beam report.

In addition to UE DL beam management measurements for P1 procedure, UE performs also beam based mobility measurements based on periodically transmitted RS in beam domain from serving and neighbouring cells in RRC connected mode. In our companion paper [2], mobility measurements in RRC connected mode are more closely discussed. Since measurement are based on periodic downlink RS in both mobility and DL beam management procedure P1 at UE-side, it is reasonable to exploit commonalities between these measurements as much as possible in a RS design. This can be achieved by multiplexing a CSI-RS into a SS-block.Further details of multiplexing are discussed in the next section. As a result of multiplexing, system overheads and latencies associated with measurements can be minimized. 
Observation 1: Both beam-level UE measurements related to mobility and DL beam management procedure P1 are performed in RRC connected mode based on periodically transmitted RSs.
Observation 2: It is reasonable to exploit the commonalities between DL beam-level mobility and beam management P1 measurements in large extent. This can be achieved by multiplexing CSI-RS into a SS-block with different ways.
Observation 3: CSI-RS can be configured via user-specific and broadcast type of signaling. 
In RAN1-87 meeting, it was agreed that NR provides support for CSI-RS based DL beam management procedures P1-P3. Furthermore, it was discussed that the resources of a CSI-RS are RRC preconfigured and shared by UEs. As a result of this transmission of the CSI-RS can be dynamically enabled via L1 or MAC-CE message. 
Figure 1 shows an example of multiplexing of CSI-RS for downlink beam management procedure P1 into a SS-block.  The SS-block includes PSS/SSS, PBCH and related DMRS for a cell detection, time/frequency synchronization as well for a broadcasting  of common control information.  As shown, by multiplexing CSI-RS with the SS-block  UE beam-level mobility and downlink beam management procedure P1 measurements and related functionalitiees can be enabled. 
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Figure 1 An example of multiplexing of a periodically transmitted CSI-RS associated with P1 into a SS-block. 
To enable a cell-specific beam based measurements for different downlink beam management procedures as well as for mobility measurements, CSI-RS sequence needs to be cell-specifically determined. Further details on mobility measurements associated with SS-block can be found from our companion paper [2].   
Observation 4: To enable cell-specific beam-level measurements for different downlink beam management procedures as well as mobility measurements, a sequence associated with CSI-RS needs to be cell-specifically determined.
Proposal 1: To enable beam-level mobility and P1 beam management measurements  in terms of low system overhead, the BM P1 CSI-RS should be multiplexed with a periodically transmitted SS-block.
Proposal 2: Support CSI-RS to be configured via both user-specific and broadcast type of signaling.
Proposal 3: To enable cell-specific beam-level measurements for different downlink beam management procedures as well as mobility measurements, a sequence associated with CSI-RS needs to be a cell-specifically scrambled.

3  CSI-RS Design for DL Beam Management Procedures P1-P3

In this section, the design aspects of CSI-RS for different DL beam management procedures P1-P3 are considered. 
3.1. CSI-RS Pattern Design for P1
Figure 2 shows an illustration of beam space per coverage area. As shown, the size of coverage beam space, i.e. the number of beams per coverage area, depends on the intended beam space in both azimuth and elevation domains. It is worth noting also that the size of the coverage beam space may depend on deployment scenario. To provide support for an intended service coverage for beam space in azimuth and elevation domain, TRP or a set of TRPs needs to have a sufficient amount of hardware resources available, i.e. APs associated with antenna array panels. In practice, due to a potential use of  hybrid digital-analog transceiver architechtures at TRP-side, it is not possible to transmit beams into the desired beam space simultaneously at one shot. In previous RAN1 meetings, downlink beam sweeping  was agreed as a pragmantic way to carry out a beam indentification and related measurements to be used in NR system. To support for different TRP implementations, in term of different hardware capabilities, it is highly important that the NR system enables a flexible support for different TRP implementations.   
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Figure 2 An example of beam space definition for a service coverage area.
In practice, the periodiocity of DL sweeping subframe containing DL beam management RS for P1, depends on each TRP capability to simultaneously use NP antenna ports for CSI-RS transmission per a sub-time unit. It is worth noting that, to enable robust measurements, orthogonal multiplexing of APs is preferred for beam and mobility measurements. As a result of NP options, different DL beam sweeping periodicities need to be supported in NR. To enable flexibly scalable network deploymements in NR, it is important to support the total number of CSI-RS APs for BM P1 to be up to 32 APs. 
Observation 5: To enable different multi-TRP deployments as well as TRP implementations in terms of different hardware capabilities, it is important that CSI-RS design for BM P1 provides support up to 32 APs. 
According to the objectives of DL beam management procedure P1 and mobility measurements discussed in previous section, UE is assumed to exploit CSI-RS and compute at least following information and provide a feedback report  via L1/L2 signaling to eNB: beam ID/CSI resource indicator (CRI), beam quality information. TX beam ID can be computed at UE-side based on AP ID(s) associated with indentified TX beam(s) and sweep symbol number(s) associated with identified TX beam(s).  For CRI based operation, UE monitors multiple CSI-RS resources and feedbacks the subset of AP indices mapped to configured CSI-RS resources.  Beam quality, e.g. RSRP, can be measured at UE based on received signal powers of CSI-RS APs  that are associated with TX beams. In our companion paper [3], the further details of beam reporting can be found. 
Regarding to a numerology discussion related to SS-block and CSI-RS design, it is worth noting that the bandwidth and numerology options and configurations for initial access and RRC connected mode are still remaining open and need to be discussed in upcoming meetings. Therefore, it is possible that bandwidth configurations for RRC connected mode and initial access differ from each others leading possibility for different bandwidth configuations between CSI-RS and SS-block. 

Observation 6: SS-block based RSRP accuracy requirement has a significant impact on the number of CSI-RS REs per AP together with sub-carrier-spacing and bandwidth options.
The following SS-block and CSI-RS multiplexing options can be considered:
· Frequency division multiplexing (FDM) with CSI-RS and SS-block

· Time division multiplexing (TDM) with CSI-RS and SS-block

Figure 3 a) and b) show  both FDM and TDM options for CSI-RS and SS-block . It is worth noting that the number of OFDM symbols for a SS-block block has not yet been agreed. Hence, the number of OFDM symbols for SS-block can be assumed to be larger or equal to four. Furthermore, it can be assumed that the number of PRBs per symbol reserved for SS-block is 24 PRBs. Therefore, for FDM option by taking into account PRB reservation for SS-block, the remaining part of system bandwidth can be leveraged for CSI-RS transmission of DL beam management P1. For TDM option, it can be assumed that CSI-RS symbols are TDM:ed independently with respect to SS-block.   
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Figure 3 Multiplexing options for CSI-RS and SS-block.
Table 1 summarizes the number of available PRBs for TDM and FDM based CSI-RS designs for P1. As can be seen, with 30 KHz sub-carrier spacing both FDM and TDM options can be considered as feasible with all bandwidth configurations. However, with 60 KHz and 120KHz sub-carrier spacings some challenges in terms of number of PRBs can be observed with FDM option. Based on this, the support of higher number of CSI-RS antenna ports (>8), can be seen more limited with FDM compared to TDM option. Therefore, the FDM design can be designed to provide support up to 8 APs whereas with TDM also the larger number of APs may be supported. From multi-TRP scenario perspective, it is highly important that larger number of APs (>8) is supported in NR. 
Table 1 The number of PRBs for FDM and TDM based CSI-RS designs for P1. 
	Sub-carrier spacing
	PRB size [MHz]
	Number of PRBs reserved for SS-block
	Number of PRBs 

	
	
	
	20[MHz]
TDM
	20[MHz]
FDM
	40[MHz]
TDM
	40[MHz]
FDM
	80[MHz]
TDM
	80[MHz]
FDM

	30 KHz
	0.36
	24
	54
	30
	110
	86
	222
	198

	60 KHz
	0.72
	24
	27
	3 
	55
	31
	111
	87

	120 KHz
	1.44
	24
	13 
	N/A
	27
	3 
	55
	31


To understand the number of required REs per CSI-RS antenna port for RSRP measurements in P1, the same metholodgy described in our companion paper [2] for NR-SSS RSRP absolute accuracy is applied in this paper. To obtain similar absolute RSRP accuracy as for NR-SSS, the same number of REs is assumed to be used per AP, i.e . 255 RE per port to obtain at least the RSRP accuracy of 2dB. Due to composite beam based transmission of SS-block, it remains open whether SS-block based RSRP accuracy requirement is feasible or not for BM P1 beam-level based transmission Furthermore, it is worth noting that there is no agreement available in RAN1/RAN4 on RSRP accuracy requirement for SS-block or BM P1 in NR.
Observation 7: The feasibility to use composite beam based SS-block RSRP accuracy requirement as beam-level RSRP requirement in BM P1 remains open. 
Observation 8: At the moment, there is no agreement in RAN1/RAN4 on the required RSRP accuracy for SS- block and BM P1. 
Table 2 shows the summary of number of REs per AP for different configurations with FDM approach. Here, it is assumed that the length of SS-block is at least 4 OFDM symbols, i.e. 4 times the available RE in SS-block, impacting to the total number REs in SS-block. Furthermore, it is assumed that the total amount REs is equally divided per AP. The values not fulling the assumed target accuracy of NR-SSS with one SS-block are underlined. The number of SS-block samples required to fulfill the requirement is given in a parenthesis. By using multiple SS-block samples for cell-specific beam level RSRP measurements, up to 8 APs can be supported with different sub-carrier spacing and bandwidth combinations. The number of required SS-block samples is subject to sub-carrier spacing and bandwidth configurations.
Table 2 The number of REs per CSI-RS AP with FDM with SS-block for P1. 
	Sub-carrier spacing
	Number of REs per antenna port and SS-block

	
	20[MHz] FDM

2


	20[MHz] FDM

4
	20[MHz] FDM

8
	40[MHz] FDM

2
	40[MHz] FDM

4
	40[MHz] FDM

8
	80[MHz]  FDM

2
	80[MHz]  FDM

4
	80[MHz]  FDM

8

	30 KHz
	700
	360
	180 (2)
	2064
	1032
	516
	4752
	2376
	1188

	60 KHz
	72 (4)
	36 (8)
	18 (15)
	744
	372
	186 (2)
	2088
	1044
	522

	120 KHz
	N/A
	N/A
	N/A
	72 (4)
	36 (8)
	18 (15)
	744
	372
	186 (2)


Observation 9: By using multiple SS-block samples of FDM:ed CSI-RS for cell-spacific beam-level RSRP measurements,  up to 8 APs can be supported with different sub-carrier spacing and bandwidth configurations.  

Table 3 shows the summary of number of REs per AP for different configurations with TDM approach. Here, it is assumed that REs are spread over one OFDM symbol dedicated for CSI-RS. Furthermore, it is assumed that the total amount of REs is equally divided for each AP. The values not fulling the target accuracy of NR-SSS with one CSI-RS symbol are underlined. The number of CSI-RS samples required to fulfill the requirement is given in a parenthesis. With respect to previously discussed FDM approach, a network can configure the sweeping periodicity of TDM:ed CSI-RS for P1 independently with respect to the sweeping periodicity of SS-block. Figure 4 provides an illustration of transmission configuration of periodic cell-specific CSI-RS burst for BM P1. Furthermore, the number of CSI-RS symbols within CSI-RS burst for P1 can be flexibly configured by a network. Therefore, TDM approach can enable more flexible and lower latency way to organize TX beam sweeping as well as potential UE RX beam training.     
Table 3 The estimated number of REs per CSI-RS AP with TDM with SS-block for P1. 
	Sub-carrier spacing
	Number of REs per antenna port and one CSI-RS symbol

	
	20[MHz] TDM

2


	20[MHz] TDM

4
	20[MHz] TDM

8
	40[MHz] TDM

2
	40[MHz] TDM

4
	40[MHz] TDM
8
	80[MHz]  TDM
2
	80[MHz]  TDM
4
	80[MHz]  TDM
8

	30 KHz
	324
	162 (2)
	81 (4)
	660
	330
	165 (2)
	1332
	666
	333

	60 KHz
	162 (2)
	81 (4)
	41 (7)
	330
	165 (2)
	83 (4)
	666
	333
	167 (2)

	120 KHz
	78 (4)
	39 (7)
	20 (14)
	18 (15)
	9 (29)
	5 (15)
	186 (2)
	93 (3)
	47 (6)


Observation 10: The assumed SS-block based RSRP accuracy requirement can have a significant impact on the estimated number of REs per AP with different SCS and bandwidth options.
Observation 11: Network can configure the sweeping periodicity of TDM:ed CSI-RS burst for P1 independently with respect to the periodicity of SS-burst set. Furthermore, the number of CSI-RS block within CSI-RS burst for P1 can be flexibility configured by a network.

[image: image4]
Figure 4 An illustration of periodic cell-specific CSI-RS burst transmission for BM P1.  
To further enhance cell-specific beam-level measurements for P1 and beam-level operation, it can be benefical to combine TDM and FDM approaches into a hybrid one. As a result of this, different multi-TRP deployments and network configurations can be flexibly supported with hybrid approach in UE and network implementation friendly way. 
Observation 12: Hybrid of TDM and FDM approaches can enable different multi-TRP deployments and network configurations to be supported in UE and network implementation friendly way.
To enable harmonized CSI-RS RE pattern design over different functionalities, commonalities between  CSI aquisation  and beam management need to be considered targeting for multi-functional CSI-RS pattern design. As a result of this, layer 1 specification writing as well as actual UE and gNB implementations can be further simplified.  
Observation 13: It is benefical to exploit commonalities between CSI aquisation and beam management in terms of CSI-RS RE pattern design targeting for multi-functional CSI-RS pattern design. 
To target for multi-functional CSI-RS RE design, previous meeting agreements related to CSI-aquisation, i.e. 1 RE/port/PRB with the number of APs being less than 8 and the number of OFDM symbols either one or two,  can be used as a guideline for the design of CSI-RS BM P1. However, from the perspective of BM for P1, the number of configured CSI-RS symbols may require the number of symbols to be larger with respect to CSI aquisation for obtaining intended RSRP accuracy, as discussed earlier in this section. 
To support flexible beam based operation in NR irrespective of antenna array architechture, e.g. digital, hybrid analog-digitalarchitechture,  at gNB and UE side for wide range of carrier frequencies, the utilization of CDM for the multiplexing of APs is relatively limited for a beam management. The reason for this is that the impact of phase-noise at higher carrier frequencies may limit the use of CDM over different symbol/sub-time instants. Furthermore, the use of CDM in time can impose scheduling constraints for CSI-RS with hybrid analog-digital antenna architectures. Due to aforementioned limitiations,  CDM could be only used in frequency with relatively short code lenghts, e.g. 2 with different polarization layers associated with the same beam direction in azimuth and elevation domains.   
Observation 14: The feasibility for the usage of CDM for the multiplexing of different APs can be rather/relatively  limited in the case of BM. Hence, instead of using CDM, it is benefical to use FDM with different APs and configure CDM  to be off in resource configurations for BM.

Figure 5 provides different P1 CSI-RS RE pattern options for both FDM and TDM of CSI-RS and SS-block up to 24 APs. Here, common design principle, i.e. 1 RE per AP per PRB, between CSI-aquisation and beam management is followed. Depending on the number of configured APs, the leftmost RE pattern, i.e. port density per PRB D=1, can provide support up to 12 APs per CSI-RS symbol/sub-time unit. This approach can be used with FDM with CSI-RS and SS-block. To further enhance AP multiplexing capability, the AP density per PRB can be reduced to be less than one, leading to rightmost RE pattern design, i.e. D=1/2. As a result of this, 24 APs can be supported per OFDM symbol/sub-time unit. By using aforementioned CSI-RS RE pattern designs, PRB bundling can be seen as a feasible way to enhance the quality of channel estimates at UE-side. The exact size of PRB bundling window at UE-side needs to be determined with help of simulations.  

[image: image5]
Figure 5 CSI-RS RE pattern options for BM P1.
Observation 15: By using D=1, up to 12  orthogonal APs per OFDM symbol/sub-time unit can be supported for CSI-RS BM P1.
Observation 16: By using D=1/2, up to 24  orthogonal APs per OFDM symbol/sub-time unit can be supported for CSI-RS BM P1.
Observation 17: It can be seen as benefical to use PRB bundling with CSI-RS RE patterns for BM P1, i.e. D=1 and D=1/2, at UE-side to enhance the quality of channel estimates.  
Observation 18: To enable UE implementation friendly approach, same basic CSI-RS RE pattern can be leveraged with both FDM and TDM options of CSI-RS and SS-block. 
Figure 6 shows an example of TX beam sweeping configuration for BM P1. For both FDM and TDM options with CSI-RS and SS-block, it is assumed that TX beams are kept fixed over the number of consecutive time instants, N, e.g. N=4 with FDM and N≥4 with TDM, especially with a large number of APs. Here, it is assumed that same UE RX beam(s) from single/multiple RX panels are used as with the reception of SS-block with a maximum RSRP value. Therefore, there is a linkage between SS-block index and CSI-RS block enabling UE to use same RX beam(s) as with SS-block reception. This may be a good starting point for further UE RX beam aligment if needed. From specification perspective, extra UE RX beam training can be seen as vendor specific issues in the context of DL BM P1.   
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Figure 6. An example of TX beam sweeping configuration for P1 with 2 CSI-RS APs.
Observation 19: For BM P1 TX beam sweeping configuration, TX beams are kept fixed over the configured number of consecutive time instants N, where N may differ between FDM and TDM options.  
Proposal 4:  To enable different multi-TRP deployments as well as TRP implementations in terms of different hardware capabilities, it is important that CSI-RS design for BM P1 provides support up to 32 APs.
Proposal 5: To enable flexible support for different number of APs, sub-carrier spacings, and bandwidth configurations, NR needs to support FDM, TDM and hybrid multiplexing between BM P1 CSI-RS  and SS-block.  
Proposal 6: Commonalities between CSI aquisation and beam management in terms of CSI-RS RE pattern design needs to be considered as much as possible targeting to multi-functional CSI-RS pattern design in NR. 
Proposal 7: Support FDM for CSI-RS AP multiplexing for beam management in NR.  

Proposal 8: By using D=1, BM P1 CSI-RS needs to support both up to 12 and 24 orthogonal APs per OFDM symbol/sub-time. 

Proposal 9: To enhance the quality of BM P1 CSI-RS based channel estimates, PRB bundling shall be used at UE-side.  

3.2. CSI-RS Design for P2  
The target of downlink beam management for P2 is to enable a TX beam switch based on UE measurements and reports over different TX beams associated with a TRP or inter-TRPs. In comparison to a downlink beam management procedure P1, it can be assumed that a CSI-RS for P2 is configured as user-specifically and aperiodically or semi-persistant way for beam refinement purpose based on beams indentified in P1. 
Observation 20: CSI-RS for P2 can be aperiodic or semi-persistant and user specifically configured.

Regarding to CSI-RS RE pattern design for BM P2, exactly the same pattern design can be used as with BM P1.

Observation 21: It is beneficial to use same CSI-RS RE pattern design for P2 as in P1.  

Figure 7 shows an example of beam sweeping configuration for BM P2. Here, it is assumed that BM P2 CSI-RS APs  have spatial QCL, i.e. RX and/or TX,  association with respect to BM P1 CSI-RS APs. By utilizing this association at UE side, efficient user-specific TX beam sweeping and UE RX beam aligment can be enabled. It is worth noting that similar beam sweeping configuration as in P1 with TDM of SS-block and CSI-RS can also be used in P2. 
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Figure 7 An example of beam sweeping configuration for BM P2 CSI-RS. 
Proposal 10: Support same CSI-RS RE pattern design for both P2 and P1.  

3.3. CSI-RS Design for P3  
With respect to downlink beam management procedure P2, the P3 procedure enables enhanced UE RX beam refinement on TX beams associated with same TRP without any beam report. In comparison to a downlink beam management procedure P1, it can be assumed that a CSI-RS for P3 is configured as user-specifically and aperiodically or semi-persistant for beam refinement purpose based on beams indentified in P1. Furthermore, it can be assumed that the CSI-RS design for P3 needs to provide support for enhanced UE RX/TX beamformer training capability with respect to P1 and P2. 
Observation 22: CSI-RS for P3 can be aperiodic or semi-persistant and user specifically configured.

To enable CSI-RS support for simultaneous TX beam identification from single/multiple TRPs and UE RX beam training, CSI-RS need to have a special structure for enabling enhanced UE RX beam/TX beamformer training. More specifically, the structure of CSI-RS needs to enable the generation of multiple copies of transmitted signal to appear within a OFDM symbol. In general, this can be obtained either by increasing a sub-carrier spacing or the exploitation of IFDMA structure. 

Due to a reduced CP overhead and flexibile configurability of IFDMA with respect to sub-carrier spacing option, IFDMA can be seen as a feasible option for CSI-RS design for beam management P3. In IFDMA structure, NP CSI-RS are distributed evenly to every k-th RE in frequency while allocating zero power for intermediate REs. As a result of this, a total amount of REs for a single IFDMA block is NP ×k. It is worth noting that the size of IFDMA block in terms of REs may not be alligned with the definition of a PRB. Clearly, multiple IFDMA blocks in frequency are needed to enable reliable UE RX beam training. By using IFDMA structure, k- repetitions of transmitted beam associated with each AP are generated in time domain after CP. In the case of IFDMA CPs are not needed between repeated TX beams in time. The time domain repetitions of same TX beams enable UE to perform the testing of different RX beams. 
A network can flexibly configure a user-specific RX/TX beamformer training by using IFDMA based CSI-RS design with different repetition factor values, k, and the number of antenna ports, NP, according to UE and network needs. Even though UE has also a possibility to request a user-specific training, the network has always control over P3.

Observation 23: By exploiting IFDMA based CSI-RS design for downlink beam management procedure P3, a network can flexibility configure a user-specific RX/TX beamformer training by using IFDMA based CSI-RS design with different repetition factor values, k, and the number of antenna ports, NP, according to UE and network needs.
Table 4 shows some possible IFDMA configurations for CSI-RS design with NP=8, k=4 and k=2. Naturally, other antenna port and repetation factor configurations can be supported by taking into account sub-carrier spacing and bandwidth configurations.  

Table 4.  Possible IFDMA configurations with different bandwidth options for CSI-RS design for P3.
	Sub-carrier Spacing
	Number of APs, NP
	Repetition factor, k
	IFDMA block size [MHz]
	Number of IFDMA blocks

	
	
	
	
	20 [MHz]
	40 [MHz]
	80 [MHz]

	60 KHz
	2
	4
	0.48
	41
	83
	166

	
	2
	2
	0.24
	83
	166
	333

	
	8
	4
	1.92
	10
	20
	41

	
	8
	2
	0.96
	20
	41
	83

	120 KHz
	2
	4
	0.96
	20
	41
	83

	
	2
	2
	0.48
	41
	83
	166

	
	8
	4
	3.84
	5
	10
	20

	
	8
	2
	1.92
	10
	20
	41


Figure 8 shows examples of two different  IFDMA structures with NP=8 and and k=4, and k=2. By using k=4, the IFDMA based design enables the UE to test four different RX beams within a single OFDM symbol. 

[image: image8]
Figure 8  An example of different IFDMA based CSI-RS patterns for P3 with NP=8, k=4, k=2. 

Figure 9 shows an illustration of beam sweeping configuration for DL BM P3. Here, it is assumed that BM P3 CSI-RS APs  have spatial QCL, i.e. RX and/or TX, association with respect to BM P1 or P2 CSI-RS APs. By utilizing this association at UE side, efficient user-specific UE RX beam aligment can be enabled.

[image: image9]
Figure 9 An example of beam sweeping configuration for DL BM P3. 
Proposal 11:  Support IFDMA based CSI-RS design for downlink beam management procedure P3.

4
Numerical Results

In this section, preliminary link-level evaluations results on CSI-RS-RE patterns for P1 described in Section 3 are provided. 

Prelimary results were carried out CDL-A channel profile of TR 38.900 with delay scaling values 100ns. For a single TRP and UE antenna models, single-panel cross-polarized antenna configurations of (M,N,P,Mg,Ng) = (4, 8, 2, 1, 1) and (M,N,P,Mg,Ng) = (2, 4, 2, 1, 1), respectively with antenna element spacings of (0.5, 0.5) ( were used. The simulation assumptions are summarized in the Appendix
Figure 12  shows a relative RSRP degradation loss for 2 AP with 60 kHz sub-carrier spacing CSI-RS transmission between 6 REs per AP, 1  RE per AP for the strongest TX beams (having same TX beam direction for v- and h-pol).Here, 6 REs per AP works as a reference case, i.e. 0 dB RSRP degradation, for the rest of the options. As can be seen, the best TX beam with 1 Re per AP have at 50%-tile a loss around 3dB. RSRP degradation loss is mainly due to the smaller amount of REs per AP leading to worse channel estimates. 
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Figure 12 Comparison of different 2-AP BM CSI-RS options in terms of RSRP degradation  in CDL-A 100ns,with 60 KHz.

5
Conclusions
In this contribution, the CSI-RS pattern design for beam management procedures P1-P3 has been considered. 
Based on the discussions, the following observations have been made:

Observation 1: Both beam-level UE measurements related to mobility and DL beam management procedure P1 are performed in RRC connected mode based on periodically transmitted RSs.

Observation 2: It is reasonable to exploit the commonalities between DL beam-level mobility and beam management P1 measurements in large extent. This can be achieved by multiplexing CSI-RS into a SS-block with different ways.
Observation 3: CSI-RS can be configured via user-specific and broadcast type of signaling. 

Observation 4: To enable cell-specific beam-level measurements for different downlink beam management procedures as well as mobility measurements, a sequence associated with CSI-RS needs to be cell-specifically determined.
Observation 5: To enable different multi-TRP deployments as well as TRP implementations in terms of different hardware capabilities, it is important that CSI-RS design for BM P1 provides support up to 32 APs. 
Observation 6: SS-block based RSRP accuracy requirement has a significant impact on the number of CSI-RS REs per AP together with sub-carrier-spacing and bandwidth options.
Observation 7: The feasibility to use composite beam based SS-block RSRP accuracy requirement as beam-level RSRP requirement in BM P1 remains open. 
Observation 8: At the moment, there is no agreement in RAN1/RAN4 on the required RSRP accuracy for SS- block and BM P1. 
Observation 9: By using multiple SS-block samples of FDM:ed CSI-RS for cell-spacific beam-level RSRP measurements,  up to 8 APs can be supported with different sub-carrier spacing and bandwidth configurations.  

Observation 10: The assumed SS-block based RSRP accuracy requirement can have a significant impact on the estimated number of REs per AP with different SCS and bandwidth options.

Observation 11: Network can configure the sweeping periodicity of TDM:ed CSI-RS burst for P1 independently with respect to the periodicity of SS-burst set. Furthermore, the number of CSI-RS block within CSI-RS burst for P1 can be flexibility configured by a network.
Observation 12: Hybrid of TDM and FDM approaches can enable different multi-TRP deployments and network configurations to be supported in UE and network implementation friendly way.
Observation 13: It is benefical to exploit commonalities between CSI aquisation and beam management in terms of CSI-RS RE pattern design targeting for multi-functional CSI-RS pattern design. 

Observation 14: The feasibility for the usage of CDM for the multiplexing of different APs can be rather/relatively  limited in the case of BM. Hence, instead of using CDM, it is benefical to use FDM with different APs and configure CDM  to be off in resource configurations for BM.

Observation 15: By using D=1, up to 12 orthogonal APs per OFDM symbol/sub-time unit can be supported for CSI-RS BM P1.

Observation 16: By using D=1/2, up to 24 orthogonal APs per OFDM symbol/sub-time unit can be supported for CSI-RS BM P1.

Observation 17: It can be seen as benefical to use PRB bundling with CSI-RS RE patterns for BM P1, i.e. D=1 and D=1/2, at UE-side to enhance the quality of channel estimates.  

Observation 18: To enable UE implementation friendly approach, same basic CSI-RS RE pattern can be leveraged with both FDM and TDM options of CSI-RS and SS-block. 
Observation 19: For BM P1 TX beam sweeping configuration, TX beams are kept fixed over the configured number of consecutive time instants N, where N may differ between FDM and TDM options.  

Observation 20: CSI-RS for P2 can be aperiodic or semi-persistant and user specifically configured.

Observation 21: It is beneficial to use same CSI-RS RE pattern design for P2 as in P1.  

Observation 22: CSI-RS for P3 can be aperiodic or semi-persistant and user specifically configured.

Observation 23: By exploiting IFDMA based CSI-RS design for downlink beam management procedure P3, a network can flexibility configure a user-specific RX/TX beamformer training by using IFDMA based CSI-RS design with different repetition factor values, k, and the number of antenna ports, NP, according to UE and network needs.
Based on the dicussions, the following proposals have been made:

Proposal 1: To enable beam-level mobility and P1 beam management measurements  in terms of low system overhead, the BM P1 CSI-RS should be multiplexed with a periodically transmitted SS-block.

Proposal 2: Support CSI-RS to be configured via both user-specific and broadcast type of signaling.
Proposal 3: To enable cell-specific beam-level measurements for different downlink beam management procedures as well as mobility measurements, a sequence associated with CSI-RS needs to be a cell-specifically scrambled.

Proposal 4:  To enable different multi-TRP deployments as well as TRP implementations in terms of different hardware capabilities, it is important that CSI-RS design for BM P1 provides support up to 32 APs.
Proposal 5: To enable flexible support for different number of APs, sub-carrier spacings, and bandwidth configurations, NR needs to support FDM, TDM and hybrid multiplexing between BM P1 CSI-RS  and SS-block.  
Proposal 6: Commonalities between CSI aquisation and beam management in terms of CSI-RS RE pattern design needs to be considered as much as possible targeting to multi-functional CSI-RS pattern design in NR. 
Proposal 7: Support FDM for CSI-RS AP multiplexing for beam management in NR.  

Proposal 8: By using D=1, BM P1 CSI-RS needs to support both up to 12 and 24 orthogonal APs per OFDM symbol/sub-time. 

Proposal 9: To enhance the quality of BM P1 CSI-RS based channel estimates, PRB bundling shall be used at UE-side.  

Proposal 10: Support same CSI-RS RE pattern design for both P2 and P1.  

Proposal 11:  Support IFDMA based CSI-RS design for downlink beam management procedure P3.
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Appendix – Simulation Assumptions

Table 5 Simulation Assumptions 

	Parameters
	Value

	Carrier Frequency 
	30 GHz

	Channel Model
	CDL-A (100ns),

	Subcarrier spacing
	60 kHz

	Slot duration
	0.125 ms

	Cyclic prefix duration 
	1.19 µs 

	UE velocity
	0 km/h

	eNB antenna array 
	(M,N,P,Mg,Ng) = (4, 8, 2, 1, 1), (0.5, 0.5) (  

	UE antenna array 
	M,N,P,Mg,Ng) = (2, 4, 2, 1, 1), (0.5, 0.5) (

	Channel estimation scheme
	Practical
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