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Introduction
The revised WID on support of reduced capability (RedCap) NR devices has been approved in [1]. RAN4 has started work on the support of RedCap NR devices, where the related study item has been concluded in TR 38.875. The WID has the following objectives on UE complexity reduction: 
	· Specify support for the following UE complexity reduction features [RAN1, RAN2, RAN4]:
· Reduced maximum UE bandwidth:
· Maximum bandwidth of an FR1 RedCap UE during and after initial access is 20 MHz. 
· Maximum bandwidth of an FR2 RedCap UE during and after initial access is 100 MHz.
· Reduced minimum number of Rx branches:
· For frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· [bookmark: _Hlk58502022][bookmark: _Hlk58574559]For frequency bands where a legacy NR UE (other than 2-Rx vehicular UE) is required to be equipped with a minimum of 4 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· A means shall be specified by which the gNB can know the number of Rx branches of the UE.
· Maximum number of DL MIMO layers:
· For a RedCap UE with 1 Rx branch, 1 DL MIMO layer is supported.
· For a RedCap UE with 2 Rx branches, 2 DL MIMO layers are supported.
· Relaxed maximum modulation order:
· Support of 256QAM in DL is optional (instead of mandatory) for an FR1 RedCap UE.
· No other relaxations of maximum modulation order are specified for a RedCap UE.
· Duplex operation:
· HD-FDD type A with the minimum specification impact (Note that FD-FDD and TDD are also supported.)



It is concluded in RAN#100e meeting that there is no RRM impact due to Maximum number of DL MIMO layers and relaxed maximum modulation order [2]. This contribution further provides analysis on the measurement requirements due to NCD-SSB, reduced RX branch and HD-FDD.
Discussion
Use of NCD-SSB for CONNECTED mode measurements
From NCD-SSB configuration perspective, it is not possible to guarantee all neighbour cells send NCD-SSB on the same frequency location as NCD-SSB in serving cell. One typical scenario is that in a downtown cell, the majority users are PC3 terminals rather than RedCap UEs. The NCD-SSB configurations would be less. Then the below scenario depicted in Figure 1 would happen if a RedCap UE moves to a downtown cell.
In Figure 1 NCD-SSB is in active BWP2, neighbour cell 1 has NCD-SSB in the same frequency position but neighbour cell 2 doesn’t have. If UE performs cell detection and measurement on NCD-SSB, although no measurement gap is needed, neighbour cell2 is not able to be identified. It means that the cells observed on NCD-SSB are only a sub-set of all neighbour cells. If UE could not identify a full set of the neighbour cells, there is risk for mobility performance. For example, if UE is moving to neighbour cell2, but this cell is not detectable by the UE, the handover would face enormous risk, and the case shall be highly avoided. Therefore to guarantee UE can observe full set of neighbour cells and avoid mobility performance degradation, CD-SSB MO shall be configured for L3 measurement. 
[image: ]
Figure 1. SSB configuration topo
In addition, RAN2 reached the following agreement which implicitly admit the scenario where some neighbour cells do not send an SSB on UE’s NCD-SSB frequency.
	RAN2 #117e agreement
8. RAN2 confirms that it is up to network implementation, but it is expected that the network configures a MO on the NCD-SSB frequency if it wants the UE to use it only for serving cell measurements when some neighbor cells do not send an SSB on UE’s NCD-SSB frequency.



· Intra-frequency measurement definition for RedCap UE
The legacy intra-frequency measurement definition is specified as below where the neighbor cell SSB is compared to the centre frequency of SSB in servingcellMO.
	A measurement is defined as a SSB based intra-frequency measurement provided the centre frequency of the SSB of the serving cell indicated for measurement and the centre frequency of the SSB of the neighbour cell are the same, and the subcarrier spacing of the two SSBs are also the same.



For RedCap UE, the servingcellMO design is not stable in RAN2. There are multiple options for design servingcellMO in RAN2, for example, a SSB list may include CD-SSB and NCD-SSB(s), or a fixed MO as legacy, or the SSB which is in active BWP, etc. As there is only one meeting left for completing core part of RedCap WI, and intra-frequency/inter-frequency measurement is an essential functionality for RedCap UE, we suggest to decouple the discussion of RAN2 and RAN4. In essence, the intra-frequency measurement definition cares about how to decide the reference SSB which is used to compare to the SSB of neighbor cell. RAN4 can discuss the reference SSB and RAN2 can in parallel discuss servingcellMO design respectively.
One circumstance is supposed to be avoid is that the target MO is regarded as intra-frequency or inter-frequency dynamically. If the serving cell reference SSB is dynamic changing, one target MO may be regarded as intra-frequency or inter-frequency measurement dynamically as well. As we know, the required sample numbers for intra-frequency and inter-frequency measurement are different (5 samples for intra-frequency and 8 samples for inter-frequency). The dynamic changes between intra-frequency and inter-frequency measurement would complicate UE implementation. Moreover the side condition for intra-frequency and inter-frequency measurement is different as well (-6dB for intra-frequency and -4dB for inter-frequency). In order to use the samples efficiently, the better way is to remain one MO measurement type unchanged (i.e., always intra-frequency or inter-frequency) rather than dynamic changing with BWP switching. To address this issue, fix the reference point of serving cell SSB is needed. We propose that the reference centre frequency of SSB of the serving cell is CD-SSB or a fixed NCD-SSB. 
-If it is agreed to use CD-SSB as SSB reference, then it can be explicitly captured in RAN4 spec that all neigbour cell SSB compare to CD-SSB. 
-If it is agreed that the reference SSB can be CD-SSB, or one fixed NCD-SSB frequency, network shall indicate the reference SSB to UE. 
Either option can work, and the first option is simpler and involves less work in RAN2.
The intra-frequency measurement definition for RedCap UE can be specified as,
“A measurement is defined as a SSB based intra-frequency measurement provided the centre frequency of the reference SSB of the serving cell and the centre frequency of the CD-SSB of the neighbour cell are the same, and the subcarrier spacing of the two SSBs are also the same, where reference SSB of serving is CD-SSB or a fixed NCD-SSB.”
Proposal 1: Reference SSB to decide intra-frequency measurement is supposed to be fixed, and it is not expected to be changed with active BWP switching.
Proposal 2: The intra-frequency measurement definition for RedCap UE can be specified as,
[bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK665][bookmark: OLE_LINK666][bookmark: OLE_LINK667]A measurement is defined as a SSB based intra-frequency measurement provided the centre frequency of the reference SSB of the serving cell and the centre frequency of the SSB of the neighbour cell are the same, and the subcarrier spacing of the two SSBs are also the same, where reference SSB of serving cell is CD-SSB or a fixed NCD-SSB. 
In Figure 1, when BWP 2 is active BWP, and network configures both CD-SSB frequency and NCD-SSB frequency for serving cell measurement, UE can only measure NCD-SSB which is in active BWP. Whether CD-SSB (which is outside of active BWP) is measured or not for evaluating the serving cell’s channel quality is up to UE implementation. 
Proposal 3: When both CD-SSB and NCD-SSB are configured for serving cell measurements, UE performs serving cell measurements based on SSB within active BWP. Whether measurement on SSB outside active BWP is up to UE implementation.
When both CD-SSB and NCD-SSB are configured for serving cell measurements and both require MG, the performance gain derived from NCD-SSB is vanished. To align the legacy UE behavior as much as possible, it is suggested to only measurement CD-SSB.
Proposal 4: When both CD-SSB and NCD-SSB are configured for serving cell measurements and both require MG, UE could choose to perform measurement on CD-SSB.
For neighbor cell measurement, when CD-SSB MO and NCD-SSB MO are configured, UE shall follow network’s configuration to perform measurement on all SSB MOs.
Proposal 5: When both CD-SSB MO and NCD-SSB MO are configured for neighbour cell measurements, UE shall follow network’s configuration to measure all MOs.
If UE is configured to perform cell identification/measurement on neighbor cell’s NCD-SSB, whether the neighbor cell’s NCD-SSB information, eg., SSB type (CD-SSB or NCD-SSB) is provided to UE depends on RAN2 discussion. 
Proposal 6: The neighbor cell’s SSB type (NCD-SSB or CD-SSB) shall be provided to UE if UE is configured to perform cell identification/measurement on neighbor cell’s NCD-SSB.
In last meeting, there is a discussion on periodicity of NCD-SSB. In our understanding, the periodicity of NCD-SSB herein refers to the SMTC periodicity of NCD-SSB rather than the periodicity of NCD-SSB we ever discussed before, as there are already have agreements in RAN1, RAN2 and RAN4 that the periodicity of NCD-SSB shall not be less than that of CD-SSB. 
From measurement perspective, the SMTC periodicity is configured per frequency. NCD-SSB and CD-SSB are different frequency, therefore it is not required the SMTC periodicity on each frequency are the same. The SMTC periodicity of NCD-SSB is up to network configuration. In addition, the SMTC periodicity of NCD-SSB shall be not larger than 160ms from mobility performance point of view.
Proposal 7: SMTC periodicity of NCD-SSB is up to network configuration and shall be not larger than 160ms.
CSSF
Regarding the “Inter-frequency without gap’ measurement capability”, it shall be first clarified which case we are discussing. The cases shall be distinguished as shown in Figure 2:
Case 1: MO#1 is an inter-frequency layer which is not overlapping with the serving cell’s SSB. MO#1 falls into UE active BWP.
Case 2: MO#2 is an inter-frequency measurement, if the intra-frequency measurement definition is based on fixed centre frequency of reference SSB where the reference SSB is indicated as NCD-SSB, therefore MO#2 is expected to be measured without gap. The SSB in MO#2 is overlapping with CD-SSB in serving cell, and falls in UE active BWP.
[image: ]
Figure 2: Two cases for inter-frequency measurement
In case 1, if follows R16 principle, whether UE can perform measurement without gap depends on the capability – “Inter-frequency without gap measurement capability”. 
For case 2, it seems RedCap UE shall support to perform inter-frequency measurement without gap, otherwise the gain of introducing NCD-SSB is vanished.
Proposal 8: The cases shall be first clarified when discussing on inter-frequency without gap capability.
The further question is how to define CSSF outside gap after the first issue has clear understanding. It is agreed in [2], as both CA and DC operation are not supported for RedCap UE, single searcher is assumed.
	· Define separate set of requirements for 1RX and 2RX capable RedCap UEs
· For RedCap UEs using 2 RX branches
· Use Release 15 NR UE measurement requirements for single carrier operation as baseline
· Single searcher is assumed
· For RedCap UE using 1 RX branches
· Define a new set of RRM requirements for single carrier operation
· Single searcher is assumed
· Note: the changes related to reduced BW and HD-FDD shall be further discussed



The searcher shall be shared with all frequency layers which are measured without gap. 
Proposal 9: For RedCap UE, one searcher shall be shared with all frequency layers which are measured without gap.

Cell identification, Measurement and CGI reading
It is agreed in the approved way forward in RAN4#99e meeting [3] that 
	· RRM requirements are developed for both 1 Rx and 2Rx for each duplex mode (FD-FDD, HD-FDD type A and TDD).



In R15 NR, the typical antenna configuration is 2 Rx. RedCap UE with 2RX shall reuse the existing NR measurement requirements. In RAN4#101e meeting, the impacts due to 1 RX were identified. The simulation assumptions of cell detection, L3 measurement, L1 RSRP measurement and PBCH detection were approved as well. We carried out the simulation and provided simulation results in [4]. 
· Cell detection
Based on the simulation results for PSS/SSS detection in [4], it is straight forward observed that more samples for cell detection are needed for RedCap UE with 1RX compared with the 2RX when side condition is -6dB. In current requirements (considering 2RX), 5 sample numbers are specified for FR1 intra-frequency PSS/SSS detection. For 1RX, at least 6 samples are needed for FR1. 
Proposal 10: For intra-frequency PSS/SSS detection for RedCap UE with 1RX, at least 6 samples are needed for FR1.
The current lower bound is 600ms which has sufficient margin. 
Proposal 11: Not to extend the lower bound in PSS/SSS detection delay.
· Time index detection
In current requirements (considering 2RX), in FR1, to acquire time index UE needs to perform DMRS matching, then 3 sample numbers are specified. Based on the simulation results for PBCH decoding in [4], it is observed that more samples are needed for RedCap UE with 1RX compared with the 2RX when side condition is -4dB, at least 6 samples are needed in FR1.
Proposal 12: For time index acquisition for RedCap UE with 1RX, 6 samples are needed in FR1 (3 additional samples are needed).
CGI reading
In last meeting, the PBCH decoding delay for CGI reading has the following open issue in [5].
	PBCH decoding delay for CGI reading for 1 Rx in FR1
· Option 1 (HW, E///, CMCC, vivo): The MIB decoding delay requirement of 1Rx RedCap UE can be the same as non-RedCap UE for SNR=-3dB.
SIB1 decodign delay for CGI reading
· Option 1 (E///, Nokia): 	6 samples are needed for 1Rx RedCap UE to achieve the SIB1 90% successful rate.
· Option 2 (HW, QC): More samples are needed. 
· Option 2a (Huawei):12 samples are needed in FR1 for 1Rx RedCap UE to achieve the SIB1 90% successful rate.


According to the simulation results in [4], the sample number of MIB decoding in FR1 can use the same value for non-RedCap UE. 
Regarding SIB1 decoding delay for CGI reading, more samples are required. In legacy requirements with 2RX, 6 samples (means 6 times keep trying) are needed. In theory 1RX with 2 soft –combine is equivalent to 2RX without soft-combine. Therefore totally 12 samples are needed. We also perform simulations shown as Table 1. It is observed and confirmed that 12 samples are needed for 1Rx RedCap UE to achieve the SIB1 90% successful rate.
Table 1. SIB1 decoding performance for 1Rx
	Channel
	SIB1 decoding success rate

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	1Rx AWGN (single sample)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	1Rx TDLC300 
(single sample)
	0.05
	0.10
	0.15
	0.19
	0.23
	0.27
	0.31
	0.35
	0.38
	0.41
	0.44
	0.47

	1Rx AWGN 
(Soft-combining every 2 samples)
	
	0.98
	
	1
	
	1
	
	1
	
	1
	
	1

	1Rx TDLC300 
(Soft-combining every 2 samples)
	
	0.34
	
	0.56
	
	0.71
	
	0.81
	
	0.87
	
	0.91



Proposal 13: CGI reading delay for RedCap UE with 1RX in FR1:
-The MIB decoding delay requirement can be the same as non-RedCap UE for SNR=-3Db;
- 12 samples are needed for SIB1 decoding delay for 1Rx RedCap UE to achieve the SIB1 90% successful rate.
SSB based RRM measurement
As per the definition of SS-RSRP, the measurement result is derived from the maximum value of each individual receiver branch. The existing measurement accuracy is defined based on 2Rx. For the RedCap UE with 1Rx, the receive diversity gain is vanished compared with 2Rx. 
According to the simulation results in [4], the following observations are presented:
-When sample number is 5, the measurement accuracy for 1RX is about 0.5dB degradation compared with 2RX;
- The gain achieved by increasing sample number is not outstanding. It can be observed that when sample number increase from 7 samples to 8 samples, the accuracy improvement is quite small. The measurement accuracy for 1Rx with 8 sample numbers is still worse than the measurement accuracy for 2Rx with 5 sample numbers. 
Therefore we suggest to relax the RRM measurement accuracy for 1RX rather than increasing the measurement delay. At least 0.5dB relaxation is expected.
Proposal 14: For RedCap UE with 1RX, RRM measurement period can be unchanged and RRM measurement accuracy is relaxed by 1dB. 
Measurement conditions for HD-FDD UE
As we know, HD-FDD uplink and downlink is isolated. When one UE transmits uplink and another nearby UE performs downlink measurement, due to the uplink and downlink is on different frequency, the uplink interference from UE-A would not fall in UE-B’s downlink reception. This case is different with legacy TDD FR1 measurement. For TDD FR1 scenario, the uplink and downlink are in the same frequency domain, the interference between uplink and downlink shall be carefully addressed.
Proposal 15: No need to introduce scheduling availability restriction on NR RedCap UEs performing measurements in HD-FDD bands.
Conclusions
This contribution provides analysis on the measurement requirements due to complexity reduction for RedCap UE. The following proposals are provided:
Proposal 1: Reference SSB to decide intra-frequency measurement is supposed to be fixed, and doesn’t expect to be changed with active BWP switching.
Proposal 2: The intra-frequency measurement definition for RedCap UE can be specified as,
A measurement is defined as a SSB based intra-frequency measurement provided the centre frequency of the reference SSB of the serving cell and the centre frequency of the SSB of the neighbour cell are the same, and the subcarrier spacing of the two SSBs are also the same, where reference SSB of serving cell is CD-SSB or a fixed NCD-SSB. 
Proposal 3: When both CD-SSB and NCD-SSB are configured for serving cell measurements, UE performs serving cell measurements based on SSB within active BWP. Whether measurement on SSB outside active BWP is up to UE implementation.
Proposal 4: When both CD-SSB and NCD-SSB are configured for serving cell measurements and both require MG, UE could choose to perform measurement on CD-SSB.
Proposal 5: When both CD-SSB MO and NCD-SSB MO are configured for neighbour cell measurements, UE shall follow network’s configuration to measure all MOs.
Proposal 6: The neighbor cell’s SSB type (NCD-SSB or CD-SSB) shall be provided to UE if UE is configured to perform cell identification/measurement on neighbor cell’s NCD-SSB.
Proposal 7: SMTC periodicity of NCD-SSB is up to network configuration and shall be not larger than 160ms.
Proposal 8: The cases shall be first clarified when discussing on inter-frequency without gap capability.
Proposal 9: For RedCap UE, one searcher shall be shared with all frequency layers which are measured without gap.
Proposal 10: For intra-frequency PSS/SSS detection for RedCap UE with 1RX, at least 6 samples are needed for FR1.
Proposal 11: Not to extend the lower bound in PSS/SSS detection delay.
Proposal 12: For time index acquisition for RedCap UE with 1RX, 6 samples are needed in FR1 (3 additional samples are needed).
Proposal 13: CGI reading delay for RedCap UE with 1RX in FR1:
-The MIB decoding delay requirement can be the same as non-RedCap UE for SNR=-3Db;
- 12 samples are needed for SIB1 decoding delay for 1Rx RedCap UE to achieve the SIB1 90% successful rate.
Proposal 14: For RedCap UE with 1RX, RRM measurement period can be unchanged and RRM measurement accuracy is relaxed by 1dB. 
Proposal 15: No need to introduce scheduling availability restriction on NR RedCap UEs performing measurements in HD-FDD bands.
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