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1. Introduction

At the RAN1#87 meeting, PHY layer aspects related to initial access and mobility for NR were discussed and RAN1 made following agreements related to RS design for inter-cell RRM measurement [1,2].
	Agreements:
· Consider the following signal combinations for inter-cell RRM measurements for CONNECTED and IDLE until RAN1-NR:

· Option 1: Same RS

· Option 1-1: NR-SSS and/or NR-PSS

· Option 1-2: MRS-1 (Multi-port multi-beam reference signal multiplexed in a SS block)

· Option 1-3: MRS-2 (Multi-port multi-beam reference signal not multiplexed in a SS block)

· Option 1-4: MRS-3 (Single/Multi-port single-beam reference signal)

· Option 1-5: NR-SSS and DM-RS for PBCH if DM-RS is supported for PBCH

· Option 2: Not same RS

· Option 2-1: NR-SSS in IDLE; MRS-{1,2} in CONNECTED

· Option 2-2: NR-SSS in IDLE; NR-SSS and MRS-{1,2} in CONNECTED

· Option 2-3: NR-PSS and/or NR-SSS in IDLE; NR-PSS and/or NR-SSS and CSI-RS in CONNECTED

· Option 2-4: For CONNECTED, RS for IDLE and MRS-{1,2,3}

· Companies are encouraged to bring results and analysis until RAN1-NR considering at least the following aspects:

· Cell coverage in CONNECTED and IDLE

· Overhead of RS resources (e.g. Number of resource elements, BW used for RS mapping, Resource usage in time)

· Accuracy of the RS measurement quantity

· The following impacts resulting from selecting IDLE mode RS option can also be considered for multi-beam case:

· Performance in DL/UL signal reception after RACH before RRC connection, in relation to the associated beams obtained during RACH procedure 


Basically, it is beneficial if NR-SSS can provide additional functionality such as inter-cell RRM measurement since it minimizes RS overhead in NR system and reduces UE power consumption. However, applicability of NR-SSS for inter-cell RRM measurement should be carefully evaluated with considering possible deployment scenarios, e.g., ultra-dense deployment, operation with a huge number of beams and so on. In addition, design target for inter-cell RRM measurement in CONNECTED mode may be different from that in IDLE mode and hence it should be taken into account for designing RS used for CONNECTED mode inter-cell RRM measurement.
In this contribution, we evaluate and discuss on RS design for NR inter-cell RRM measurement. We also discuss on NR mobility procedure in our companion contribution [3].
2. Evaluation on RS design for RRM measurement in IDLE and CONNECTED modes
2.1. Possible RS design directions
In LTE, cell-level mobility is based on the RRM measurement using CRS. In a NR system, a NR cell can comprise one or multiple TRPs and each TRP can have single or multiple beams. Based on current agreements, following possible RS design directions for RRM measurement can be considered.
· Using NR-SSS,
· NR-SSS has continuous resource allocation in frequency domain and is fully overlapped with other cells in synchronized network. Therefore, the measurement accuracy of NR-SSS in single-cell scenario could be guaranteed due to high resource density but the measurement accuracy in multi-cell scenario needs to be carefully evaluated due to overlapped situation.
· Using DMRS for broadcast channel in addition to NR-SSS
· Both NR-SSS and DMRS for broadcast channel can be used for inter-cell RRM measurement if DMRS for broadcast channel is defined.

· Defining new RS for inter-cell RRM measurement

· Design parameters include RS density (within RB), bandwidth, periodicity and corresponding reuse factor, which is related to RS sequence, number of antenna ports for RS, and whether muting capability is supported. It should also be discussed whether RS for inter-cell RRM measurement is multiplexed within SS block or not.
· CRS-like design (middle RS density and low reuse factor) and CSI-RS-like design (low RS density and high reuse factor) can be considered and compared with NR-SSS (high RS density and full overlap with other cells).
2.2. RSRP measurement accuracy in single cell scenario
In this section, we evaluate the RSRP measurement accuracy for possible RS designs in single cell scenario (no interfering cell). The evaluation assumptions are shown in Annex. 4 GHz carrier frequency with 15 KHz subcarrier spacing is assumed. The periodicity of RS is 40 ms and 1 sample is assumed in the evaluation. The RSRP estimation algorithm used in [4] and [5] is applied in the simulation. Evaluation results based on 25 RBs (5MHz) and 50 RBs (10 MHz) are shown in Fig. 1 and Fig. 2, respectively. Possible designs like NR-SSS (12 REs per RB), 1 port CRS (8 REs per RB) and 1 port CSI-RS (2 REs per RB) are evaluated for RSRP estimation error CDF curves. Considering that DMRS for broadcast channel and/or RS for RRM measurement may only occupy 1 symbol, we also evaluate 1 symbol CRS (2 REs per RB) case based on 1 port CRS for comparison. In Fig. 1, NR-SSS and CRS achieve the highest RSRP measurement accuracy. CSI-RS and 1 symbol CRS achieve the worst RSRP measurement accuracy and the performance gap between the two RSs is small due to similar resource density. In Fig. 2, similar performance tendency can be observed. In single cell scenario, the RSRP measurement accuracy is fully dependent on resource density used for measurement, which explains why NR-SSS achieves the highest performance. In LTE, the absolute RSRP accuracy requirement under normal conditions is within +/- 6 dB when the Es/Iot is equal to or greater than -6 dB. Assuming the same level of requirement, NR-SSS with 5 MHz bandwidth could provide sufficient measurement accuracy with one-shot measurement in case of received SNR equal to or higher than -6 dB in single cell scenario. In addition, applying wider measurement bandwidth can improve the measurement accuracy performance. For example, CSI-RS-like design with 10 MHz or wider would provide comparable accuracy with 5 MHz NR-SSS.
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Figure 1: RSRP estimation error with 5 MHz bandwidth
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Figure 2: RSRP estimation error with 10 MHz bandwidth
Observation 1:
· RSRP measurement accuracy in single cell scenario is fully dependent on resource density used for measurement.

· NR-SSS with 5 MHz bandwidth would provide sufficient measurement accuracy with one-shot measurement in case of > -6 dB received SNR in single cell scenario.
2.3. RSRP measurement accuracy in multi-cell scenario
In this section, RSRP estimation error in multi cell scenario is evaluated. 2 interfering cells is assumed with 1st SIR=0 dB and 2nd SIR=-3 dB for target cell with SNR=-3 dB. Fig. 3 and Fig. 4 show the RSRP measurement accuracy in 5 MHz and 10 MHz, respectively. It can be observed that the performance gap between single cell scenario and multi cell scenario is small because of the similar SINR for target cell in two scenarios. 
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Figure 3: RSRP estimation error with 5 MHz bandwidth (2 interfering cell for target cell with SNR=-3dB)
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Figure 4: RSRP estimation error with 10 MHz bandwidth (2 interfering cell for target cell with SNR=-3dB)
For better comparison with single cell scenario, an additional case with 2 interfering cells for target cell with SNR = -6 dB is also evaluated. The RSRP estimation error based on 5 MHz and 10 MHz are shown in Fig. 5 and Fig. 6, respectively. Large performance degradation can be observed for all the RSs in multi cell scenario due to interference and noise. In Fig. 5, CRS achieves the highest measurement accuracy among the RSs. The RSRP estimation error range from 5% to 95% for CRS in multi cell scenario is approximately (-3.4, 2.8), which fulfills the RSRP accuracy requirement. The RSRP estimation error range for CSI-RS and 1 symbol CRS is (-4.2, 4.7) and (-3.8, 4.8), respectively. It cannot fulfill the RSRP accuracy requirement if implementation margin e.g., 2 dB is considered, but muting scheme can be considered to improve the performance. For NR-SSS, the RSRP estimation error range from 5% to 95% in multi cell scenario is approximately (-5.3, 2.9), which could not fulfill the RSRP accuracy requirement considering implementation margin. In that case, DMRS for broadcast channel can be used additionally to improve RSRP measurement accuracy if DMRS for broadcast channel is defined. Moreover, L1 filtering of multiple samples can also improve RSRP measurement accuracy at the cost of reporting delay. In Fig. 6, CRS also achieves the highest measurement accuracy in multi cell scenario. CSI-RS and 1 symbol CRS achieves the worst measurement accuracy in multi cell scenario. The RSRP estimation error range from 5% to 95% for CSI-RS and 1 symbol CRS in multi cell scenario is (-3.6, 3.2) and (-3.4, 3.2), respectively. Comparing the two figures, we can see that with 10 MHz measurement bandwidth, the RSRP measurement accuracy is improved and all the RSs can fulfill the RSRP accuracy requirement with one-shot measurement.
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Figure 5: RSRP estimation error with 5 MHz bandwidth (2 interfering cell for target cell with SNR=-6dB)
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Figure 6: RSRP estimation error with 10 MHz bandwidth (2 interfering cell for target cell with SNR=-6dB)

For inter-cell RRM measurement, muting scheme can be used to improve the RSRP measurement accuracy in multi cell scenario. Fig. 7 and Fig. 8 show the RSRP measurement accuracy of CRS and CSI-RS with muting scheme in 5 MHz and 10 MHz, respectively. In the two figures, it can be observed that with PDSCH muting, the RSRP measurement accuracy can be improved significantly. In addition, the performance with muting scheme is almost the same as that in single cell scenario.
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Figure 7: RSRP estimation error with 5 MHz bandwidth (2 interfering cell for target cell with SNR=-6dB)
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Figure 8: RSRP estimation error with 10 MHz bandwidth (2 interfering cell for target cell with SNR=-6dB)

Observation 2:
· NR-SSS with 5 MHz bandwidth would provide sufficient measurement accuracy with one-shot measurement in case of > -6 dB received SINR in multi cell scenario.

· NR-SSS with 5 MHz bandwidth may not be able to provide sufficient measurement accuracy with one-shot measurement in case of < -6 dB received SINR in multi cell scenario.

· Additional use of DMRS for broadcast channel can improve RSRP measurement accuracy.

· L1 filtering can also improve RSRP measurement accuracy at the cost of reporting delay.

· Coordinated resource allocation for inter-cell RRM measurement, e.g., muting on resource for RRM measurement, can improve RSRP measurement accuracy significantly.

3. Discussion on RS design for RRM measurement
Based on the evaluation results above, we think NR-SSS can be used for cell-level RRM measurement and reporting in both IDLE and CONNECTED modes. DMRS for broadcast channel can be also used in addition to NR-SSS to improve the RRM measurement accuracy if DMRS for broadcast channel is defined. However, since measurement accuracy and delay requirements may be different for UEs in IDLE and CONNECTED modes, at least some parameters e.g., the periodicity and bandwidth of RS for inter-cell RRM measurement can be changed in CONNECTED modes. In CONNECTED mode, beam-level measurement and reporting are beneficial and should be supported in addition to cell-level measurement. The necessity and benefit of beam-level measurement and reporting are discussed in our companion contribution [3]. Therefore, MRS should be defined for CONNECTED mode at least for beam-level measurement and reporting. If MRS is introduced in CONNECTED mode, following two possible usages of MRS can be discussed further.

· MRS is used for beam-level measurement/reporting only and NR-SSS (and DMRS for broadcast channel if defined) is used for cell-level measurement/reporting
· For UEs in CONNECTED mode, the periodicity of NR-SSS (and DMRS for broadcast channel) may be relatively too long for cell-level RRM measurement. However, the problem can be solved if NR cell having CONNECTED UEs can transmit NR-PSS/NR-SSS/PBCH with shorter periodicity than default periodicity used by IDLE UEs and notify the updated periodicity for CONNECTED UEs using signalling.   
· MRS is used for both beam-level and cell-level measurements/reporting in CONNECTED mode
· If different RSs are used for cell-level measurement/reporting in IDLE and CONNECTED mode, the best cell in different UE states may be different and unnecessary handover (or cell reselection) may happen when UE enters into CONNECTED (or IDLE) mode. However, this problem could be solved by appropriate MRS design and appropriate calculation scheme to derive cell-level measurement quantity based on MRS.
No matter which usage is supported,  MRS could support shorter periodicity and wider transmission bandwidth than NR-SSS (and DMRS for broadcast channel), which can be configured by RRC signaling. In multi beam scenario, the beam width of MRS may or may not be the same with that of NR-SSS/PBCH or CSI-RS/data. The beam width of MRS can be wider than that of CSI-RS/data to reduce beam sweeping overhead. The beam width of MRS can be also the same with that of CSI-RS/data so that MRS based L1/L2 beam management is possible. In order to support beam-level measurement, MRS may be associated with beam ID. The detailed design for MRS needs further study.
Proposal 1:

· NR-SSS (and DMRS for broadcast channel if defined) can be used for cell-level measurement and reporting in both IDLE and CONNECTED modes. 
· In CONNECTED mode, beam-level measurement and reporting should be supported in addition to cell-level measurement and reporting. 

· In CONNECTED mode, MRS should be defined and at least following functionalities should be supported by MRS.

· Periodicity and bandwidth of MRS can be configured by RRC.
· MRS may carry beam ID to support beam-level measurement/reporting.
· FFS MRS used for beam-level measurement/reporting only or for both beam-level and cell-level measurement/reporting
4. Conclusion 

In this contribution, we evaluated and discussed on RS design for NR inter-cell RRM measurement. We made the following observations and proposals. 

Observation 1:
· RSRP measurement accuracy in single cell scenario is fully dependent on resource density used for measurement.
· NR-SSS with 5 MHz bandwidth would provide sufficient measurement accuracy with one-shot measurement in case of > -6 dB received SNR in single cell scenario.
Observation 2:
· NR-SSS with 5 MHz bandwidth would provide sufficient measurement accuracy with one-shot measurement in case of > -6 dB received SINR in multi cell scenario.

· NR-SSS with 5 MHz bandwidth may not be able to provide sufficient measurement accuracy with one-shot measurement in case of < -6 dB received SINR in multi cell scenario.

· Additional use of DMRS for broadcast channel can improve RSRP measurement accuracy.

· L1 filtering can also improve RSRP measurement accuracy at the cost of reporting delay.

· Coordinated resource allocation for inter-cell RRM measurement, e.g., muting on resource for RRM measurement, can improve RSRP measurement accuracy significantly.

Proposal 1:

· NR-SSS (and DMRS for broadcast channel if defined) can be used for cell-level measurement and reporting in both IDLE and CONNECTED modes. 
· In CONNECTED mode, beam-level measurement and reporting should be supported in addition to cell-level measurement and reporting. 

· In CONNECTED mode, MRS should be defined and at least following functionalities should be supported by MRS.

· Periodicity and bandwidth of MRS can be configured by RRC.

· MRS may carry beam ID to support beam-level measurement/reporting.
· FFS MRS used for beam-level measurement/reporting only or for both beam-level and cell-level measurement/reporting
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Annex
Table I: Link level simulation assumptions
	
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30, 70 GHz

	Channel Model
	CDL-C for 4 and 30 GHz, and CDL-D for 70 GHz (other CDL models are not precluded), AWGN
· with delay scaling values of 100ns (mandatory), 300ns (optional)  and 1000ns (optional) for 4 GHz, 30 ns for 30/70 GHz
· with combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases
· ZSA = 5 degree, ZSD = 1 degree 
· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	Subcarrier Spacing(s)
	15, 30, 60, 120, 240, or 480 kHz (to be clarified by each proponent; other values are not precluded)

	SNR range
	> -6dB
	> -18dB

	UE speed
	3 km/h and 120 km/h  (mandatory)
 30km/h and 500km/h (optional)
	3 km/h

	Search window
	The time window to search (correlate) NR-PSS. It depends on the periodicity of NR-SS transmission. The value needs to be provided by each proponent

	Antenna Configuration at the TRP
	(1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW=65 degrees, directivity 8dB)
Optional: (M,N,P,Mg,Ng) = (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(2,4,2), with directional antenna element (HPBW=90 degrees , directivity 5dB)

	Antenna port virtualization
	Clarified by each proponent in simulation assumptions 
(e.g. the beamforming method, beam directions, number of beams)

	Frequency Offset
	· Initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 5, 10, 20  ppm (each company to choose one)
· Non-initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 0.1 ppm

	Number of interfering TRPs 
	1. 0 TRP: mandatory
2. 2 interfering TRPs (1st SIR = 0dB, 2nd SIR = -3dB; SIR is defined as the ratio of power between a reference cell and interfered cell) – timing arrival differences from TRPs are provided by each proponent: optional
	1. 0 TRP


