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1 Introduction

In RAN1 #89meeting, the following agreement and working assumption are achieved on CSI-RS for beam management [2]:
Agreements:

· NR supports CSI-RS configuration to support Tx and/or Rx beam sweeping for beam management conveying at least the following information

· Information related to CSI-RS resource configuration

· Information related to number of CSI-RS resources 

· Information related to number of time-domain repetitions (if any) associated with each CSI-RS resource

· FFS: whether different sub-time units have same or different ports

Subsequently, in RAN1 #AH_NR2 meeting, the following agreements are achieved on CSI-RS for beam management [1].
Agreements:

For aperiodic CSI-RS triggering offset X, X is fixed to zero. 
· Down-select among the following two options in the next meeting:

· Option 2-1: From a UE perspective, CSI-RS is not multiplexed on PDCCH OFDM symbol(s) for a slot 

· Option 2-2: From a UE perspective, CSI-RS can be multiplexed on PDCCH OFDM symbol(s) for a slot 

CSI-RS resource with 1-port and 2-port for one OFDM symbol can be used for beam management

· Value of D>=1 represents RE/RB/port within a OFDM symbol.

·         FFS the values of D 

· FFS: the potential number of CSI-RS OFDM symbols for beam management

· FFS: other values of X and D for beam management 

For QCL, NR supports:

· QCL assumption across carriers and bandwidth parts for DL

· FFS whether or not to have UE assisted management

In this contribution, more aspects of CSI-RS for beam management are further discussed and subsequently our views are provided accordingly. 

2 The CSI-RS framework for beam management
 CSI-RS framework for beam management should be consistent with the CSI-RS framework for CSI. There are three levels. It includes CSI-RS resource setting, CSI-RS resource set and CSI-RS resource. 

2.1 CSI-RS for beam measurement

As one kind of wideband signal for channel measurement, CSI-RS has been firstly agreed for beam management besides CSI acquisition. The pattern for CSI acquisition for 2-port is (2,1) @ FD-CDM2. In order to prevent the frequency-domain interference and keep accuracy of estimates, RAN1#AH-NR, the following aspects have been agreed. 

· from UE perspective, frequency domain CDMed DMRS ports are QCLed. 

Similarly, these two CDM ports per CSI-RS resource for beam management also should be QCLed w.r.t. all QCL parameters including spatial Rx parameter. It should be noticed that if two Tx beams (e.g., from two Tx panels, respectively) are expected to be probed for one OFDM symbol, two CSI-RS resources with one port can be configured to achieve this.  The detail can be found in our companion contribution [4]. 
Proposal-1: CSI-RS ports within a CSI-RS resource for beam management are QCLed w.r.t. all QCL parameters including spatial Rx parameter.
2.2 How to inform P2 and P3

In RAN1 NR Ad Hoc#2 meeting, there is some discussion on how to inform Tx or Rx beam sweeping. The following options have been proposed.
· Opt-1: an additional explicit/implicit configuration parameter related to whether the CSI-RS resources in one time unit are of the same or different Tx beam
· Opt-2: an additional explicit/implicit configuration parameter related to number of sub-time unit per time unit per Tx beam
· Opt-3: No need for explicit signalling (e.g. via MR on/off). UE assumes same Tx beam per port per resource, and UE cannot assume same Tx beam is used for different ports/resources
·  Opt-4: Configuration of multiple CSI-RS resources where the same TX beam can be used over more than one time unit or CSI-RS resources
· FFS, the exact definition of the same TX beam

Opt-3 is our preference because it is a simple approach which works well with low beam reporting overhead. Different CSI-RS resources associated with a report setting are mapped to different Tx beams. UE only reports CRI(s) to indicate its choice of Tx beam(s). If Opt-1 or Opt-4 is adopted and gNB configures whether the CSI-RS resources have the same or different Tx beams, there will be more than one CSI-RS resources for one Tx beam by allowing different CSI-RS resources configured for different Rx beams with same Tx beam. Then it increases the number of CSI-RS resources associated with a report setting and the overhead of CRI reporting. This increase in CRI overhead is unnecessary as there’s no need to distinguish Rx beams with CRIs. 

On the other hand, for Opt-3, number of CSI-RS resources equals to number of Tx beams. CRI overhead is not increased. Moreover, as it is already agreed that number of time-domain repetitions are configured for each CSI-RS resource, Rx beam sweeping for each resource can be supported naturally. Hence UE can distinguish Tx beam sweeping or Rx beam sweeping based on whether the physical resources belong to the same or different CSI-RS resources. 

Further, MR window related information can be configured to UE to facilitate resource reusing in multiple beam measurement windows. UE measures and reports beams independently among different MR windows. Then in each MR window, UE assumes the same Tx beam per resource, and UE cannot assume the same Tx beam is used for different resources associated with a report setting.

Proposal 2:  No need for explicit signalling (e.g. via MR on/off). UE assumes same Tx beam per resource, and UE cannot assume same Tx beam is used for different resources associated with a report setting. 
2.3 The time domain repetition of a CSI-RS resource

As described in previous section, different CSI-RS resources associated with a report setting are mapped to different Tx beams. The beam related to a CSI-RS resource doesn’t change at least within a MR window associated with a report. The gNB configures the number of time domain repetitions in one periodicity and the UE can sweep its Rx beams quickly as shown in Figure 1.  
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Figure1: The number of time domain repetition in a period of a CSI-RS resource
We run system-level simulations on the impact of number of time domain repetitions in one periodicity. We compare two schemes as follows. 

Scheme 1: Distributed Rx beam sweeping. The number of time domain repetitions in one periodicity is one. Then Rx beam sweeping is done based on CSI-RS resource in multiple periodicities. After each periodicity, only a sub-optimal Rx beam can be used for UE receiving data.

Scheme 2: Centralized Rx beam sweeping. The number of time domain repetitions in one periodcity is eight. These time domain repetitions are done in adjacent OFDM symbols Then after each periodicity, the best Rx beam can be used for UE receiving data.

Detail of simulation assumption can be found in Table 4 at Appendix. The UE can find its best Rx beam for a Tx beam more quickly with Scheme2 though Scheme2 will increase the overhead of CSI-RS compared with Scheme1. 

                 Table 1: Simulation results of comparing Scheme1 with Scheme2 
	
	Schemes
	Mean throughput

	Without UE rotation
	Scheme 1
	3.0217 (+0%)

	
	Scheme 2
	3.2551 (+7.72%)

	With UE rotation
	Scheme 1
	2.4123 (+0%)

	
	Scheme 2
	2.8906 (+19.83%)


Significant gain of Scheme 2 over Scheme 1 can be observed. The CSI-RS and the PDSCH are multiplexed with TDM mode in order to reduce the complexity of the simulation. The overhead of CSI-RS can be reduced in reality because the CSI-RS and PDSCH can be multiplexed with FDM mode some time. Then the gain of Scheme2 compared with Scheme1 will be larger in reality.     

Observation 1: Centralized Rx beam sweeping performs better than distributed Rx beam sweeping. 

Based on the above simulation results and observation 1, real time Rx beam information is important for beam management performance. Hence at least more than one time-domain repetitions need to be supported in NR. Further, in order to accelerate Rx beam sweeping, time-domain repetitions for one CSI-RS resource in adjacent OFDM symbols should be supported. 

Proposal 3: For NR CSI-RS for beam management, at least support time-domain repetition for one CSI-RS resource in adjacent OFDM symbol in one period associated with each CSI-RS resource.
3 Multiplexing mode between CSI-RS and PDSCH
gNB can use more than one TXRUs to transmit CSI-RS and PDSCH on one OFDM symbol when the beam of CSI-RS for beam management is different from the beam of PDSCH as shown in Figure2. Moreover, the beam of CSI-RS for beam management and the beam of PDSCH may be same sometime. Thus CSI-RS for beam management and the PDSCH can be multiplexed with FDM mode as CSI-RS for CSI acquisition. 

On the other hand if the beam of CSI-RS for beam management is different from the beam of PDSCH, CSI-RS for beam management and PDSCH can also be TDMed considering following aspects: the number of TXRUs at gNB side, the number of TxRUs at UE side, the flexibility of scheduling and so on. For example, the number of TXRU at gNB side is one.   

Similarly, the beam of CSI-RS for CSI and the beam of PDSCH may be different. The multiplexing mode between CSI-RS for CSI and the PDSCH should be considering similarly. Whether CSI-RS and PDSCH can be FDMed impacts the configuration of rate matching parameters for CSI-RS. The rate matching parameters should include the indices of OFDM symbols with CSI-RS for beam management when the CSI-RS and the PDSCH are TDMed. The rate matching parameters also should include the CSI-RS resource configuration when the CSI-RS and the PDSCH are FDMed. CSI-RS resource pool including ZP CSI-RS resources and NZP CSI-RS resources can be configured via high layer signal, but it happens dynamically whether the beam of CSI-RS and the beam of PDSCH are same or not. Dynamic indication on the OFDM symbol indices with CSI-RS or ZP CSI-RS patterns is needed.

[image: image2.emf]TXRU1

TXRU2

Beam for beam 

management

B

e

a

m

 

f

o

r

 

P

D

S

C

H


Figure2: Using two TXRUs when the beam of beam management is different from the beam of PDSCH

Observation2 :  NR should support CSI-RS for beam management and PDSCH can be multiplex with FDM mode.

Proposal 4: Multiplexing mode of CSI-RS and PDSCH should include both FDM and TDM, FFS the detail of rate mating. 

4 CSI-RS for DL-resource-limited slot

In NR, as the time-domain size of DL part in one self-contained slot can be dynamically changed on demand, there may not be enough resource for CSI-RS. For example, only one OFDM symbol is reserved for DL in one slot.  Also, some urgent traffic e.g. URLLC traffic may pre-empt and puncture the transmission of CSI-RS especially for the case of beam management occupying the entire slot. This is a critical issue for periodic and semi-persistent CSI-RS in NR, for which CSI-RS resource is reserved through RRC.  Several potential solutions can be identified as follows.

Solution 1: CSI-RS shares overlapping pattern with DMRS or other RS. Then DMRS resources can be used to do CSI/beam measurement. For CSI acquisition, this is beneficial for better interference measurement. For beam management, it is beneficial for fast Rx beam adjustment though multi-shot DMRS [3]. The OFDM symbols which can be used by DMRS also can be occupied to transmit partial band CSI-RS when there is no PDSCH at some PRB instead of not allowing the CSI-RS on the OFDM with DMRS as like LTE.

Solution 2: CSI-RS can be located in PDCCH region. For periodic and semi-persistent CSI-RS, CSI-RS resource can be reserved in PDCCH region, and DCI can be used to indicate whether CSI-RS is transmitted in DL data region or PDCCH region. Or the frequency region of  CSI-RS and frequency region of PDCCH  have non-overlapping, the DCI doesn’t indicate whether the CSI-RS is transmitted especially for partial band CSI-RS.  

On the other hand. it has been agreed that the time gap between aperiodic CSI-RS triggering and aperiodic CSI-RS transmission is fixed to zero. The aperiodic CSI-RS and the DCI triggering the CSI-RS can be on the same OFDM symbol in order to reduce the number of beam switch at gNB side as shown in Figure 3.  The resource of the OFDM with the triggering DCI can be used effectively when the CSI-RS can be at the OFDM with PDCCH. The UE can also get the measurement result early when the CSI-RS is on the OFDM symbol of PDCCH so that fast CSI feedback e.g. self-contained CSI is supported.
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Figure 3: The beam of the DCI for PDSCH and the beam of the DCI for CSI-RS are different
Solution 3: CSI-RS can be configured with a set of candidate slot offsets. Then CSI-RS is transmitted in the first slot with sufficient DL resource in this configured time window.

Solution 4: For URLLC pre-emption, disabling signaling can be sent to affected UEs either before or after CSI-RS instant to disable the transmission or measurement of CSI-RS and possibly trigger the transmission of CSI-RS in other instant to compensate the measurement.  Measurement is then adjusted accordingly before reporting.  

Proposal 5：NR should consider the following solutions to the issue of CSI-RS in DL-resource-limited slot.

· Solution 1: CSI-RS shares overlapping pattern with DMRS or other RS. 
· Solution 2: CSI-RS can be located in PDCCH region.

· Solution 3: CSI-RS can be configured with a set of candidate slot offsets.
· Solution 4: For URLLC pre-emption, disabling signaling can be sent to affected UEs either before or after CSI-RS instant to disable the transmission or measurement of CSI-RS and possibly trigger the transmission of CSI-RS in other instant to compensate the measurement.  Measurement is then adjusted accordingly before reporting.  
5 Bandwidth of CSI-RS for beam management
In this section, we investigate the impact of beam selection with different bandwidth of CSI-RS and with different CCs.  The simulation under CDL-A channel model is conducted to investigate experienced channel properties for four adjacent CCs. Total 2000 UEs are dropped within this simulation and detailed simulation configurations can be found in Appendix.  For each UE, the best Tx-Rx beam pair is selected according to calculated RSRP per CC. As shown in Figure 4, for some UEs, due to frequency selectivity, both the selected Tx and Rx beams are varying per CC. The statistical results listed in Table 2 show that different beam pairs are selected by different bandwidths of CSI-RS used for beam pair selection.  More than 20% UE selects different subband beam compared to WB beam.  Frequency selectivity is observed and it is not desirable to only consider beam selection by wideband RSRP only.  

Table 3 shows different beam pairs are selected by different CC with each CC for more than 20% UEs. It demonstrates that it is hard for the network to determine whether the ports across two CCs can be QCL’ed, even only w.r.t spatial Rx parameters. With UE feedback, accurate QCL relationship can be established which is beneficial to beam-based transmission and reception for each CC. Meanwhile, the complexity and overhead for CSI feedback and channel tracking can also be reduced.

Table 2: Comparison of selected beam pair for different bandwidths used for beam pair selection
	
Bandwidth used for beam pair selection
	Same beam pair as WB beam selection (168RB)
	Different from WB beam selection (168RB)

	40 PRB
	83.14%
	16.86%

	10 PRB
	76.86%
	23.14%

	5 PRB
	76.29%
	23.71%
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Figure 4 Illustration of beam selection for four CCs
Table 3: Comparison of selected beam pair for different CCs used for beam pair selection (each CC has 138PRB~=100MHz)
	CC Index
	Same beam pair as the 1st CC
	Different with the 1st CC

	2nd CC
	71.70%
	28.30%

	3rd CC
	78.65%
	21.35%

	4th CC
	77.90%
	22.10%


Observation3: A good portion of UEs select different best beam pair on partial bandwidth compared to the best beam pair of wideband.
Observation4: A good portion of UEs select different best beam pair on a CC compared to the best beam pair of adjacent CCs. It is hard for the network to determine whether CSI-RS resources across two CCs can be QCL’ed.

Based on the observations, we have the following proposals:

Proposal 6:  NR supports configuration of partial band CSI-RS for beam management and allows UE beam selection/grouping based on partial band or subband RSRP. 

Proposal 7:  UE-assisted QCL association across different CCs w.r.t. at least the spatial QCL parameter is supported by UE feedback. Beam reporting across CC can be considered as a form of this feedback.    
6  Conclusions

In this contribution, we analyze CSI-RS for beam management and provide the following observation and proposals.
Observation1: Centralized Rx beam sweeping performs better than distributed Rx beam sweeping. 

Observation2:  NR should support CSI-RS for beam management and PDSCH can be multiplex with FDM mode.
Observation3: A good portion of UEs select different best beam pair on partial bandwidth compared to the best beam pair of wideband.
Observation4: A good portion of UEs select different best beam pair on a CC compared to the best beam pair of adjacent CCs. It is hard for the network to determine whether CSI-RS resources across two CCs can be QCL’ed.

Proposal-1: CSI-RS ports within a CSI-RS resource for beam management are QCLed w.r.t. all QCL parameters including spatial Rx parameter.
Proposal 2:  No need for explicit signalling (e.g. via MR on/off). UE assumes same Tx beam per resource, and UE cannot assume same Tx beam is used for different resources associated with a report setting. 
Proposal 3: For NR CSI-RS for beam management, at least support time-domain repetition for one CSI-RS resource in adjacent OFDM symbol in one period associated with each CSI-RS resource.
Proposal 4: Multiplexing mode of CSI-RS and PDSCH should include both FDM and TDM, FFS the detail of rate mating. 

Proposal 5：NR should consider the following solutions to the issue of CSI-RS in DL-resource-limited slot.

· Solution 1: CSI-RS shares overlapping pattern with DMRS or other RS. 
· Solution 2: CSI-RS can be located in PDCCH region.

· Solution 3: CSI-RS can be configured with a set of candidate slot offsets.
· Solution 4: For URLLC pre-emption, disabling signaling can be sent to affected UEs either before or after CSI-RS instant to disable the transmission or measurement of CSI-RS and possibly trigger the transmission of CSI-RS in other instant to compensate the measurement.  Measurement is then adjusted accordingly before reporting.  
Proposal 6:  NR supports configuration of partial band CSI-RS for beam management and allows UE beam selection/grouping based on partial band or subband RSRP. 

Proposal 7:  UE-assisted QCL association across different CCs w.r.t. at least the spatial QCL parameter is supported by UE feedback. Beam reporting across CC can be considered as a form of this feedback.    
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8 Appendix

Table 4: Simulation assumptions

	Attributes
	Values or assumptions

	Channel Model
	CDL-A (DS = 100 ns)

	UE velocity
	3km/h

	Subcarrier space
	60kHz

	FFT Size
	2048*4

	Bandwidth per CC
	100 MHz

	Channel estimation
	Ideal

	Number of Drops
	2000

	Antenna configuration
	gNB: (M,N,P,Mg,Ng)=(4,8,0,1,1) 

UE: (M,N,P,Mg,Ng)=(2,4,0,1,1)

	Channel Model
	CDL-A (DS = 100 ns)

	Carrier Frequency
	30 GHz

	Mode
	DL only

	Bandwidth
	40MHz

	Subcarrier Spacing
	60kHz

	Channel Model
	UMa in TR 38.901

	TXRU mapping to antenna elements
	One TXRU per panel per polarization

	TXRU mapping weights
	2D TXRU virtualization weights for each panel is the Kronecker product between vertical and horizontal weight vectors taken from DFT, i.e., 2D sub-array partition model defined in TR36.897.

	Analog BF scheme
	Based on beam selection

	Scheduling algorithm
	Proportional Fair (PF)

	Traffic Model
	Full buffer

	CSI-RS overhead
	One symbol per analog beam per panel

	ISD
	500m

	BS Tx power
	43dBm

	BS Antenna Configuration
	(M,N,P,Mg,Ng) = (4,8,2,2,2)

(dH,dV) = (0.5, 0.5)λ 

(dg,H,dg,V) = (4.0, 2.0)λ

	BS array orientation
	azimuth 0 degree; mechanic downtilt: 0 degree 

	UE Configuration
	(M, N, P, Mg, Ng) = (2, 4, 2, 1, 2); (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (0, 0)λ. Θmg,ng=90; Ω0,1=Ω0,0+180;
Notes: the polarization angles are 0 and 90. Panel selection is performed in UE side.

	UE array orientation
	ΩUT, uniformly distributed on [0,360] degree, ΩUT,= 0 degree, ΩUT, = 0 degree

	BS antenna pattern
	See wall-mount in Table A.2.1-6 in TR 38.802

	UE antenna pattern
	See Table A.2.1-8 in TR 38.802

	BS antenna height
	25m

	UE antenna height
	Same as 3D-UMa in TR36.873

	UE antenna gain
	5dBi

	Noise figure for BS
	7dB

	UE receiver noise figure
	10dB

	UE distribution
	20% Outdoor in cars: 30km/h,

80% Indoor in houses: 3km/h

10 users per TRP 
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