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1 [bookmark: _Ref118271349]	Introduction
RAN plenary discussed the topic BWP operation without restrictions in Meeting RAN#97-e and the guidance on how to progress is captured below [1]: 
	Conclusion:
· No new solution for FG 6-1a shall be added to Rel-17
· If CSI-RS based RLM/BM/BFD are supported by a UE, FG6-1a can work without any issue. FG1-7 (CSI-RS based RLM) and FG 2-24 (SSB/CSI-RS for beam measurement) are mandatory with capability signalling features.
· No change to TU allocation for current RAN4 work in Q4 2022. 
· RAN asks RAN 4 to do a high level analysis of the options (copied below) in RAN 4’s answer to Q2 in RP-221911 and report it to RAN#98 for RAN decision.
Options from RP-221911:
a) Perform BM/RLM/BFD based on CSI-RS within active BWP
b) Perform BM/RLM/BFD based on SSB outside active BWP
i)  UE’s capability to operate using larger BW covering SSB outside active BWP, or a UE that is equipped 
    with a separate RF chain
ii)  BM/RLM/BFD on SSB outside BWP are performed with shared MG or NCSG for L3 measurement, or
    dedicated MG or NCSG for RLM/BFD/BM measurements.
c) NCD-SSB approach which would work with existing UE hardware architectures (FG6-1) and be compatible 
     with existing RAN4 specifications for BM/RLM/BFD


In previous RAN4 meeting, this RANP task was further discussed, and the following agreement were achieved [2]:
	<Agreement >: 
[bookmark: _Hlk117061504]<During GTW on 13th Oct., following agreements were reached.>
· Agreements
· RAN4 works on the below aspects/criteria for highest-level analysis on options for UE performing RLM/BFD/BM when CD-SSB is outside active BWP
· RRM requirements impact (Spec impact) / workload in RAN4
· Mobility performance impact
· Throughput impact (Data interruption)
· UE power consumption / UE complexity
<Agreement >:
Options from RP-221911 are further split as below for high-level analysis.
· Option A) Perform BM/RLM/BFD based on CSI-RS within active BWP
· Option B) Perform BM/RLM/BFD based on SSB outside active BWP
· Option B-1) UE’s capability not requiring additional measurement gap for BM/RLM/BFD
· Option B-1-1) Using larger BW covering SSB outside active BWP without interruptions
· Option B-1-2) Using larger BW covering SSB outside active BWP with interruptions
· Option B-1-3) Using a separate RF chain without interruptions
· Option B-1-4) Using a separate RF chain with interruptions
· Option B-2) BM/RLM/BFD on SSB outside BWP within measurement gaps
· Option B-2-1) Shared MG or NCSG for RLM/BFD/BM and L3 measurement
· Option B-2-2) Dedicated MG or NCSG for RLM/BFD/BM measurements
· Option C) NCD-SSB approach which would work with existing UE hardware architectures (FG6-1) and be compatible with existing RAN4 specifications for BM/RLM/BFD


Therefore, in this contribution paper, we provide analysis and discussion on the feasibility of performing BM/RLM/BFD on reference signals that are not contained within the active BWP following the RAN plenary guidance and the RAN4 WF from the previous R4#104-bis-e meeting. 
2 Discussion
In order to assess the feasibility of performing measurements without SSB in the active BWP, we assess the methods of performing measurements within the BWP or outside the BWP based on four criteria, where the options and the assessment criteria are given in the agreement captured in section 1. However, it should be mentioned that out of these four criteria, the throughput impact criterion is not as important as the other three criteria, which are (i) RRM spec impact, (ii) power consumption, and (iii) mobility impact, in other words, the throughput is not the main KPI in this evaluation. This is because the discussion on this topic is about FG 6-1a (i.e. for a BWP with smaller BW) where the throughput is not considered the main focus for this feature. In fact, this feature group FG 6-1a is used to enable devices with low throughput. Therefore, assessing the throughput impact for this topic seems unnecessary and not as critical as the other evaluation criteria.
Proposal 1: [bookmark: _Ref115357801]RAN4 shall mention in the LS response to RAN plenary that the throughput impact is not the main assessment criterion as the other three criteria.
Furthermore, in order to quantify the impact of each option, the evaluation and assessment for the provided options shall be assessed based on a reference scenario, in other words, to simplify the discussion a reference scenario shall be used as a benchmark for the comparison reason only. The scenario should be the scenario of FG 6-1, which is the mandatory feature group. Thus, the scenario shall be the CD-SSB within active BWP with the maximum BW (i.e. 100 MHz for FR) this allows all operation to be performed within active BWP.
Proposal 2: [bookmark: _Ref118298866]RAN4 used the scenario of CD-SSB within the active BWP with maximum BW (i.e. 100MHz BW for FR1 as the reference scenario to assess the other options. 
The detailed technical discussion and analysis are provided in the in the following subsections:
2.1. RRM requirements impact/workload in RAN4
Option A (CSI-RS): Based on the requirements in RAN4 specification (TS 38.133), the BM/RLM/BFD measurements can be performed based on CSI-RS contained within the BWP. For BM/RLM/BFD based CSI-RS in FR1/FR2 the existing requirements in RAN4 can be directly applied with no additional changes is needed to perform the required measurements for the case of active BWP without SSB. Regarding the timing issue: the SSB is used for rough timing estimation at the very early stage when the UE sync to the NW (i.e. the requirement of initial timing requirements), which happens with RACH procedure that is based on SSB. After that, the UE rely on the NW providing the timing adjustment (timing advance command) to the UE and currently there is no requirements on how the NW calculate/estimate such timing adjustment, which is based on UPLINK reference signals (such as SRS and DMRS). Therefore, there is no need to define any CSI-RS based timing requirements. Besides, when the UE needs to measure the L3 measurements and switch with MG to measure the CD-SSB then the UE can perform timing estimation on that SSB. Therefore, there is no need to change the existing timing requirements.
Option B: One straight forward UE implementation is to use large BW that cover both the active BWP and the SSB outside that BWP, hence, the UE can perform BM/RLM/BFD without any interruption or gaps. Yet, this means the UE BW can be up to 100MHz for FR1 regardless of the active BWP size. While another implementation is to have additional RF chain to measure SSB outside the active BWP.
Option B-1-1 (Large BW with no interruption): enlarging the UE BW to cover both active BWP and CD-SSB at all times is currently not covered by the existing requirements to measure BM/RLM/BFD, hence some spec adaptation is needed to cover this change. However, these changes in RAN4 specs (TS 38.133) can be considered as minor changes and the workload is not high. In addition, there is a need to introduce a new feature group to allow larger RF BW while keeping the BB BW as the same size as FG 6-1a. Hence, some workload is expected in other RAN WGs. In case the BW of BB is enlarged then RAN4 need to further discuss whether interruption is needed.
Option B-1-2 (Large BW with interruption): on top of the comment in B-1-1, the existing requirements for L1 (RLM/BFD/BM) measurements have not covered interruption, hence some workload is expected to define measurement delay requirements. Now, given that NCSG requirements are already defined in Rel-17, hence these requirements can be used as baseline to derive the new requirements. Nevertheless, defining new interruption requirements for RLM/BFD/BM could impact existing requirements and hence further study is needed.
Option B-1-3 (Separate RF chain without interruption): using a separate RF chain to measure the SSB outside the active BWP to perform RLM/BFD/BM measurements is currently not covered by the existing requirements. Furthermore, UE may need to fallback to other scheme to measure outside its active BWP when there is no vacant/separate RF available under certain band combinations. In addition, there is a need to introduce a new feature group to allow a separate RF chain to measure SSB outside the active BWP, hence, some workload is expected in RAN4 and other RAN WGs.
Option B-1-4 (Separate RF chain without interruption): on top of the comment in B-1-3, same comment for Option B-1-2 for the interruption requirements can be considered in here too. 
Option B-2-1 (Shared gap/interruption): 
· The existing RAN4 requirements specify that the UE is not required to perform BM/RLM/BFD outside the active BWP, which means there is no existing MG or NCSG requirements to allow the UE to measure outside its BWP. Yet, we believe adding such new requirements to allow the UE to measure with MG or NCSG could require some work and discussion (e.g., on measurement delay, interruption requirements and CSSF), which can be considered as medium/average workload.
· In addition, gap sharing mechanism for L1 measurements and L3 measurements shall be introduced.
Option B-2-2 (Dedicated gap/interruption): first bullet from Option B2-1 apply in here, also, gap collision handling from existing Rel-17 Concurrent-MG can be used as a baseline for collision requirements between L1 gap and L3 gap.
Option C: The existing RAN4 requirements specify that the UE is not required to perform BM/RLM/BFD outside the active BWP. Now, if the NCD-SSB is contained within the active BWP then the existing requirements in RAN4 can be directly applied with no additional changes is needed to perform the required measurements for the case of active BWP without CD-SSB. In addition, RedCap Rel-17 has already supported the use of NCD-SSB, also, the 2Rx RedCap requirements can be directly applied to non-RedCap UE, thus, the existing requirements can be reused. Besides, the timing requirements can be directly applied with the use of NCD-SSB and hence no changes to the existing requirements are expected.
For RLM/BFD/BM based on SSB outside active BWP or CSI-RS and NCD-SSB with active BWP, the RRM requirements impact, and workload are analysed and summarized in Table 1.
[bookmark: _Ref47480075]Table 1: RRM requirements and workload impact for UE operating with BWP without restrictions
	[bookmark: _Hlk118746494]Options
	RRM requirements impact/workload in RAN4

	
	Technical analysis
	Summary

	Option A)
	· CSI-RS based RLM/BFD/BM requirements are already specified.
· There is no need to change the existing timing requirements.
· The UE rely on the NW providing the timing adjustment (timing advance command) to the UE and currently there is no requirements on how the NW calculate/estimate such timing adjustment, which is based on UPLINK reference signals (such as SRS and DMRS)
· When the UE needs to measure the L3 measurements and switch with MG or NCSG to measure the CD-SSB then the UE can perform timing estimation on that SSB
	There is no impact on RAN4 RRM requirements.

	Option B-1-1)
	· Applicability of existing requirements for RLM/BFD/BM measurement, including applicability of measurement restrictions and scheduling restrictions, need to be defined.
· No interruption is allowed.
· There is a need to introduce a new feature group to allow larger RF BW while keeping the BB BW as the same size as FG 6-1a. Some workload is expected in other WGs.
· RAN4 needs to further investigate the feasibility of zero interruption time for enlarging BB BW.
	Some minor changes are expected to the RRM requirements, and some workload is expected for other WGs.

	Option B-1-2)
	· Applicability of existing requirements for SSB based RLM/BFD/BM measurement, including applicability of measurement restrictions and scheduling restrictions, need to be specified 
· Interruption requirements and measurements delay need to be developed additionally to allow UE for switching, or
· Interruption requirements of NCSG can be used as baseline.
· RLM/BFD/BM measurements delay need to be introduced, which could impact existing specs.
	Moderate changes are expected to the RRM requirements.

	Option B-1-3)
	· Applicability of existing requirements for SSB based RLM/BFD/BM measurement, including applicability of measurement restrictions and scheduling restrictions, need to be specified 
· There is a need to introduce a new feature group to allow additional RF chain to operate on the SSB BWP. Some workload is expected in other WGs.
· No interruption is allowed.
· UE May need to fallback to other scheme to measure outside its active BWP when there is no vacant/separate RF available under certain band combinations.
	Minor changes are expected to the RRM requirements.

	Option B-1-4)
	· Applicability of existing requirements for SSB based RLM/BFD/BM measurement, including applicability of measurement restrictions and scheduling restrictions, need to be specified 
· Interruption requirements and measurements delay need to be developed additionally to allow UE for switching, or
· Interruption requirements of NCSG can be used as baseline.
· RLM/BFD/BM measurements delay need to be introduced, which could impact existing specs.
· UE May need to fallback to other scheme to measure outside its active BWP when there is no vacant/separate RF available under certain band combinations.
	Some minor changes are expected to the RRM requirements and some workload is expected for other WGs.

	Option B-2-1)
	· New requirements should be developed for the gap sharing mechanism.
· Existing MG or NCSG requirements from L3 could be reused for gap-based RLM/BFD/BM with some changes
· Measurement delay requirements
· Interruption requirements of NCSG can be used as baseline.
· CSSF for measurements within gaps for MG
· Gap sharing mechanism for L1 measurements and L3 measurements.
	Moderate changes are expected to the RRM requirements. This can be seen as major workload.

	Option B-2-2)
	· New requirements should be developed for L1 measurements with dedicated measurement gaps.
· Existing MG or NCSG requirements from L3 could be reused for gap-based RLM/BFD/BM with some changes
· Measurement delay requirements
· Interruption requirements of NCSG can be used as baseline.
· CSSF for measurements within gaps for MG
· Gap collision handling from existing Rel-17 Concurrent-MG can be used as a baseline for collision requirements between L1 gap and L3 gap. 
	Moderate changes are expected to the RRM requirements. This can be seen as major workload.

	Option C)
	· BM/RLM/BFD measurement with NCD-SSB can work with existing RAN4 requirements. Also, RedCap 2Rx using NCD-SSB can be reused with no changes required. Thus, no new requirements are needed.
· Existing timing requirements can be reused with no modification.
	There is no impact on RAN4 RRM requirements. Only clarification sentence needed in the spec. 



2.2. Mobility performance impact
Option A (CSI-RS): Based on the requirements in RAN4 specification (TS 38.133), using CSI-RS for BM/RLM/BFD measurements has no additional delay compared to using CD-SSB. 
Option B:
Option B1-1 (Large BW with no interruption): enlarging the UE BW to cover both active BWP and CD-SSB at all times results in no additional delay compared to using CD-SSB within the active BWP. However, given that the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance accuracy impact. For example, this leads to trigger radio-link failure (RLF) either too early or too late. Furthermore, given that CD-SSB is cell specific then there could be a numerology mismatch. 
Option B1-2 (Large BW with interruption): Some additional delay is expected compared to using CD-SSB within the RF BW, which could impact the mobility. In addition, given that the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. For example, this leads to trigger radio-link failure (RLF) either too early or too late.
Option B1-3 (Separate RF chain without interruption): using a separate RF chain to measure the SSB outside the active BWP to perform RLM/BFD/BM measurements results in no additional delay compared to using CD-SSB within the active BWP. However, given that the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. For example, this leads to trigger radio-link failure (RLF) either too early or too late.
Option B1-4 (Separate RF chain without interruption): same comment as in Option B1-2. 
Option B2-1 (Shared gap/interruption): the RLM/BFD/BM measurement is performed within gap, and gap is shared with L3 measurements, hence, there could be mobility performance degradation. In addition, given that the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. For example, this leads to trigger radio-link failure (RLF) either too early or too late.
Option B2-2 (Dedicated gap/interruption): the RLM/BFD/BM measurement is performed within gap, and gap could be collided with L3 measurements, hence, there could be mobility performance degradation. In addition, given that the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. For example, this leads to trigger radio-link failure (RLF) either too early or too late. 
Option C: Using NCD-SSB for BM/RLM/BFD measurements has no additional delay compared to using CD-SSB.
For RLM/BFD/BM based on SSB outside active BWP or CSI-RS and NCD-SSB with active BWP, the mobility performance impact is analysed and summarized in Table 2.
[bookmark: _Ref118298372]Table 2: mobility performance impact for UE operating with BWP without restrictions
	[bookmark: _Hlk118746597]Options
	Mobility performance impact

	
	Technical analysis
	Conclusion

	Option A)
	· Using CSI-RS for BM/RLM/BFD measurements has no additional delay compared to using CD-SSB
	No additional delay is expected compared to using CD-SSB within active BWP.

	Option B-1-1)
	· No additional delay is expected compared to using CD-SSB within the RF BW.
· Yet, because the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance accuracy impact. 
· For example, to trigger RLF too early or too late.
· Mismatch numerology because CD-SSB is cell specific
	No additional delay is expected compared to using CD-SSB within the RF BW. Yet, performance accuracy could be impacted

	Option B-1-2)
	· Some additional delay is expected compared to using CD-SSB within the RF BW because interruption is expected, which could impact the mobility.
· Yet, because the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. 
· For example, to trigger RLF too early or too late.
	There could be mobility performance degradation

	Option B-1-3)
	· No additional delay is expected compared to using CD-SSB within the RF BW.
· Yet, because the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. 
· For example, to trigger RLF too early or too late.
	No additional delay is expected compared to using CD-SSB within active BWP.

	Option B-1-4)
	· Some additional delay is expected compared to using CD-SSB within the RF BW because interruption is expected, which could impact the mobility. 
· Yet, because the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. 
· For example, to trigger RLF too early or too late.
	There could be mobility performance degradation

	Option B-2-1)
	· BM/RLM/BFD measurement is performed within gap, and gap is shared with L3 measurements. There could be mobility performance degradation.
· Yet, because the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. 
· For example, to trigger RLF too early or too late.
	There could be mobility performance degradation

	Option B-2-2)
	· BM/RLM/BFD measurement is performed within gap, and gap could be collided with L3 measurements. There could be mobility performance degradation.
· Yet, because the CD-SSB could be far away from the active BWP, hence the measured SINR could not be reflect the exact performance. Therefore, there is a chance of mobility performance impact. 
· For example, to trigger RLF too early or too late.
	There could be mobility performance degradation

	Option C)
	· Using NCD-SSB for BM/RLM/BFD measurements has no additional delay compared to using CD-SSB
	No additional delay is expected compared to using CD-SSB within active BWP.



2.3. Throughput impact (data interruption)
Option A (CSI-RS): Based on the requirements in RAN4 specification (TS 38.133), BM/RLM/BFD CSI-RS based measurements can be done without gap and without interruption, hence, no additional delay is expected compared to using CD-SSB. Therefore, no impact on throughput from these serving cell measurements. Nevertheless, interruption (NCSG) or MG may be needed for L3 measurements, in which, a UE can be scheduled for data within ML for NCSG gap but not within the MG. Therefore, when NCSG is used for L3 measurements then this could have minor impact on throughput, while, when MG is used then the throughput impact is slightly higher. 
Option B:
Option B1-1 (Large BW with no interruption): enlarging the UE BW to cover both active BWP and CD-SSB at all times results in no additional delay compared to using CD-SSB within the active BWP. Therefore, as no gap and no interruption are needed for BM/RLM/BFD and intra-frequency measurements, UE can always be scheduled if no other inter-frequency measurement with gap is configured. Nevertheless, interruption (NCSG) or MG may be needed for L3 inter-frequency measurements, where a UE can be scheduled for data within ML for NCSG gap but not within the MG. Therefore, when NCSG is used for L3 inter-frequency measurements then this could have minor impact on throughput, while, when MG is used then the throughput impact is slightly higher.
Option B1-2 (Large BW with interruption): Some additional delay is expected to perform RLM/BFD/BM and/or intra-frequency measurements compared to using CD-SSB within the RF BW, which could impact the throughput. In addition, MG may be needed for L3 inter-frequency measurements and when MG is used then the throughput impact is slightly higher.
Option B1-3 (Separate RF chain without interruption): the throughput impact is similar to that in Option B1-1.
Option B1-4 (Separate RF chain without interruption): the throughput impact is similar to that in Option B1-2. 
Option B2-1 (Shared gap/interruption): the RLM/BFD/BM and L3 measurements measurement is performed within gap or interruption (NCSG), where a UE can be scheduled for data within ML for NCSG gap but not within the MG. Therefore, when NCSG is used for RLM/BFD/BM and L3 measurements then this could have minor impact on throughput, while, when MG is used then the throughput impact is slightly higher.
Option B2-2 (Dedicated gap/interruption): the RLM/BFD/BM and L3 measurements measurement is performed within gap or interruption (NCSG), where a UE can be scheduled for data within ML for NCSG gap but not within the MG. Therefore, when NCSG is used for RLM/BFD/BM and L3 measurements then this could have minor impact on throughput, while, when MG is used then the throughput impact is slightly higher. 
Option C: As no gap and no interruption are needed for BM/RLM/BFD and intra-frequency measurements, UE can always be scheduled if no other inter-frequency measurement with gap is configured. Nevertheless, interruption (NCSG) or MG may be needed for L3 inter-frequency measurements, where a UE can be scheduled for data within ML for NCSG gap but not within the MG. Therefore, when NCSG is used for L3 inter-frequency measurements then this could have minor impact on throughput, while, when MG is used then the throughput impact is slightly higher.
For RLM/BFD/BM based on SSB outside active BWP or CSI-RS and NCD-SSB with active BWP, the throughput impact (Data interruption) is analysed and summarized in Table 3.
[bookmark: _Ref118298431]Table 3: Throughput impact (Data interruption) for UE operating with BWP without restrictions
	Options
	Throughput impact (Data interruption)

	
	Technical analysis
	Conclusion

	Option A)
	· No gap nor interruption is needed for BM/RLM/BFD measurements, hence no impact on throughput from these serving cell measurements.
· Interruption (NCSG) or MG for L3 measurement is needed to be configured,
· UE can be scheduled within ML for NCSG gap but not within the MG.
· If NCSG is used, this could have minor impact on throughput, otherwise, when MG is used then the throughput impact is slightly higher.
	Minor throughput loss

	Option B-1-1)
	· As no gap and no interruption is needed for BM/RLM/BFD and intra-frequency measurements, UE can always be scheduled if no other inter-frequency measurement with gap is configured.
· Interruption (NCSG) or MG for L3 inter-frequency measurement is needed to be configured,
· UE can be scheduled within ML for NCSG gap but not within the MG.
· If NCSG is used, this could have minor impact on throughput, otherwise, when MG is used then the throughput impact is slightly higher.
	Minor throughput loss

	Option B-1-2)
	· As gap is not needed for intra-frequency measurement, UE can always be scheduled if no other inter-frequency measurement with gap is configured.
· Interruption (NCSG) for BM/RLM/BFD and intra-frequency is needed to be configured,
· UE can be scheduled within ML for NCSG gap.
· If NCSG is used, this could have minor impact on throughput.
· MG may be needed for L3 inter-frequency measurements and when MG is used then the throughput impact is slightly higher
	Minor throughput loss

	Option B-1-3)
	· As no gap and no interruption is needed for BM/RLM/BFD and intra-frequency measurements, UE can always be scheduled if no other inter-frequency measurement with gap is configured.
· Interruption (NCSG) or MG for L3 inter-frequency measurement is needed to be configured,
· UE can be scheduled within ML for NCSG gap but not within the MG.
· If NCSG is used, this could have minor impact on throughput, otherwise, when MG is used then the throughput impact is slightly higher.
	Minor throughput loss

	Option B-1-4)
	· As gap is not needed for intra-frequency measurement, UE can always be scheduled if no other inter-frequency measurement with gap is configured.
· Interruption (NCSG) for BM/RLM/BFD and intra-frequency is needed to be configured,
· UE can be scheduled within ML for NCSG gap.
· If NCSG is used, this could have minor impact on throughput.
· MG may be needed for L3 inter-frequency measurements and when MG is used then the throughput impact is slightly higher
	Minor throughput loss

	Option B-2-1)
	· UE cannot be scheduled within gap.
· UE can be scheduled within ML for NCSG gap.
· Interruption (NCSG) or MG for L3 measurement is needed to be configured,
· UE can be scheduled within ML for NCSG gap but not within the MG.
· If NCSG is used, this could have minor impact on throughput, otherwise, when MG is used then the throughput impact is slightly higher.
	Minor throughput loss with NCSG
Major throughput loss with MG

	Option B-2-2)
	· UE cannot be scheduled within gap for L1 and L3 measurements.
· UE can be scheduled within ML of NCSG gap for L1 measurements.
· Interruption (NCSG) or MG for L3 measurement is needed to be configured,
· UE can be scheduled within ML for NCSG gap but not within the MG.
· If NCSG is used, this could have minor impact on throughput, otherwise, when MG is used then the throughput impact is slightly higher.
	Minor throughput loss with NCSG
Major throughput loss with MG

	Option C)
	· As no gap and no interruption is needed for BM/RLM/BFD and intra-frequency measurements, UE can always be scheduled if no other inter-frequency measurement with gap is configured.
· Interruption (NCSG) or MG for L3 inter-frequency measurement is needed to be configured,
· UE can be scheduled within ML for NCSG gap but not within the MG.
· If NCSG is used, this could have minor impact on throughput, otherwise, when MG is used then the throughput impact is slightly higher.
	Minor throughput loss



2.4. UE power consumption / UE complexity
Power consumption is one of the most assessment criterion, this is because FG 6-1a is for devices with low power consumption. For evaluation purpose, it is important to have numerical evaluation to quantify the power consumption based on the operating BW of the UE under evaluation. Therefore, we provide power consumption performance evaluation in the table below (Table 4) for three scenarios/cases, which are (i) case 1: 100 MHz RF with 100 MHz BB, (ii) case 2: 100 MHz RF with 20 MHz BB, and (iii) case 3: 20 MHz RF with 20 MHz BB. The UE power consumption evaluation assumptions are given in the appendix. For all the three cases, the SSB is within either the active BWP or within the RF BW of the UE, hence, no MG or interruption is needed. Out of these cases, case 1 is the baseline/benchmark scenario which is the scenario for FG 6-1, hence the power consumption enhancement is 0%. Then, case 2 is similar to that of option B1-1 where the RF BW is enlarged while keeping the baseband BW small, thus some marginal power consumption equal to 2.6% is observed, where the latter come from the fact BB BW is 20MHz only. Now, the third scenario (case 3) is similar to using CSI-RS and NCD-SSB, where the reference signals are within the BWP. Clearly from the evaluation performance provided in this document, case 3 provides the largest power saving (31.3%), which comes from the fact that the RF BW is 20MHz only. Thus, we could conclude that the larger the RF BW the higher the power consumption.
[bookmark: _Ref118298698]Table 4: Comparison of power consumption for different schemes/cases
	
	Case 1: 100MHz RF + 100MHz BB (baseline)
	Case 2: 100MHz RF + 20MHz BB
	Case 3: 20MHz RF + 20MHz BB

	Power saving gain (%)
	0%
	2.6% 
	31.3%



In addition, further analysis, following the WF guidance, are provided below:
Option A (CSI-RS): Based on the requirements in RAN4 specification (TS 38.133), BM/RLM/BFD CSI-RS based measurements can be done without gap and without interruption, hence, the power consumption equivalent to that of measuring CD-SSB within the active BWP. However, because the BW is smaller than the case of FG 6-1 then the power saving is large, which 31.3% based on our performance evaluation. Besides, using CSI-RS based measurements is not expected to increase the UE complexity compared to using CD-SSB based measurements. 
Option B:
Option B1-1 (Large BW with no interruption): enlarging the UE BW to cover both active BWP and CD-SSB at all times means additional power consumption is expected due to enlarged BW. Also, given that the frequency separation between the SSB and the active BWP are not a constant value, hence, power consumption will be different depending on the frequency separation between the active BWP and the measured SSB. However, different UE implementation could be enlarging the BW to the max per FR, i.e. 100MHz for FR1, hence the UE can avoid the dynamic changes in the RF retuning. In addition, based on our evaluation with 100MHz RF BW with 20MHz BB BW, the power saving is very small compared to using 20MHz RF BW, which is 2.6%. Besides, no additional UE complexity is expected in this option.
Option B1-2 (Large BW with interruption): it is clear that larger BW results in higher power consumption, yet in this option the BW is enlarged during the measurement period and hence the power consumption is lower than that of enlarging the BW at all times as in option B1-1. However, it should be also highlighted that interruption is needed to perform RF retuning to enlarge the BW, thus, this RF retuning increases the power consumption as well.
Option B1-3 (Separate RF chain without interruption): using a separate RF chain activated at all times to measure SSB outside the active BWP results in higher power consumption compared to performing RLM/BFD/BM within the active BWP. In addition, having a separate RF chain dedicated for the RLM/BFD/BM measurements increases the UE complexity. 
Option B1-4 (Separate RF chain without interruption): using a separate RF chain to measure SSB outside the active BWP activated during the RLM/BFD/BM measurements leads to increase in the power consumption compared to performing RLM/BFD/BM within the active BWP. Besides, it should be also highlighted that interruption is needed to perform RF chain activation/deactivation, where the latter increases the power consumption as well. In addition, having a separate RF chain dedicated for the RLM/BFD/BM measurements increases the UE complexity. 
Option B2-1 (Shared gap/interruption): for the interruption scenario, it is clear that larger BW results in higher power consumption, yet in this option the BW is enlarged during the measurement period and hence the power consumption is lower than that of enlarging the BW at all times as in option B1-1. However, it should be also highlighted that either interruption is needed to perform RF retuning to enlarge the BW, thus, this RF retuning increases the power consumption as well. On the other hand, the MG is used to perform RF retuning to measure SSB in a different BWP while keeping the same BW, thus, the power consumption in this case comes from the RF retuning only.
Option B2-2 (Dedicated gap/interruption): for the interruption scenario, it is clear that larger BW results in higher power consumption, yet in this option the BW is enlarged during the measurement period and hence the power consumption is lower than that of enlarging the BW at all times as in option B1-1. However, it should be also highlighted that either interruption is needed to perform RF retuning to enlarge the BW, thus, this RF retuning increases the power consumption as well. On the other hand, the MG is used to perform RF retuning to measure SSB in a different BWP while keeping the same BW, thus, the power consumption in this case comes from the RF retuning only. 
Option C: As no gap and no interruption are needed for BM/RLM/BFD and intra-frequency measurements, hence, the power consumption equivalent to that of measuring CD-SSB within the active BWP. However, because the BW is smaller than the case of FG 6-1 then the power saving is large, which 31.3% based on our performance evaluation. Besides, using NCD-SSB based measurements is not expected to increase the UE complexity compared to using CD-SSB based measurements.
For RLM/BFD/BM based on SSB outside active BWP or CSI-RS and NCD-SSB with active BWP, the UE power consumption / UE complexity impact is analysed and summarized in Table 5.
[bookmark: _Ref118298543]Table 5: Impact on UE power consumption / UE complexity for UE operating with BWP without restrictions
	Options
	UE power consumption / UE complexity

	
	Technical analysis
	Conclusion

	Option A)
	· Given that the reference signals are already in the active BWP (UE operates in active BWP), hence there is no need for the UE to perform measurement gaps or RF retuning or BWP switching.
· The power consumption is equivalent to that of measuring CD-SSB within the active BWP.
· Power saving can be up to 31.3% compared to using FG 6-1 (i.e., 100 MHz RF + 100 MHz BB).
· No additional UE complexity is expected.
	No additional power consumption is expected.

	Option B-1-1)
	· UE works in larger BW than active BWP. 
· No RF retuning is needed.
· High power consumption is expected. The power consumption will be different depending on the frequency separation between the active BWP and the measured SSB.
· Power saving can be up to 2.6% compared to using FG 6-1 (i.e., 100 MHz RF + 100 MHz BB).
· No additional UE complexity is expected.
	High power consumption is expected due to having the RF BW on all times.

	Option B-1-2)
	· UE works in larger BW than active BWP. 
· RF retuning is needed for UE to switch between larger BW and active BWP.
	Power consumption is considered medium with interruption.

	Option B-1-3)
	· UE needs to always turn on vacant/separate RF chain 
· High power consumption is expected. 
· UE complexity is expected to be high due to the spare RF chain. 
	High power consumption is expected due to having the RF chain on all times.

	Option B-1-4)
	· UE needs to periodically turn on vacant/separate RF chain.
· UE complexity is expected to be high due to the spare RF chain. 
	Power consumption is considered medium with interruption.

	Option B-2-1)
	· UE works in active BWP.
· RF retuning is also needed in measurement gap or interruption.
· The power consumption is considered to be low, which comes from the RF retuning only.
· No additional UE complexity is expected.
	Power consumption is considered medium for MG and low for NCSG.

	Option B-2-2)
	· UE works in active BWP.
· RF retuning is also needed in measurement gap or interruption.
· The power consumption is considered to be low, which comes from the RF retuning only.
· No additional UE complexity is expected.
	Power consumption is considered medium for MG and low for NCSG.

	Option C)
	· Given that the reference signal (i.e. NCD-SSB) is already in the active BWP (UE works in active BWP), hence there is no need for the UE to perform measurement gaps or RF retuning or BWP switching.
· The power consumption is equivalent to that of measuring CD-SSB within the active BWP.
· Power saving can be up to 31.3% compared to using FG 6-1 (i.e., 100 MHz RF + 100 MHz BB).
· No additional UE complexity is expected.
	No additional power consumption is expected.



2.5. Conclusions of the high-level analysis 
Based on this analysis, RAN4 provide the following proposal.
Proposal 3: [bookmark: _Ref118298883]High level analysis on options for UE performing RLM/BFD/BM when CD-SSB is outside active BWP or when using CSI-RS and NCD-SSB within the active BWP are provided in Table 1, Table 2, Table 3, and Table 5.
Proposal 4: [bookmark: _Ref115358048]RAN4 suggest ranking the methods under study from the best option to the worst option as:
1. [bookmark: _Ref115358107]Perform BM/RLM/BFD based on CSI-RS within active BWP.
2. [bookmark: _Ref115358113]NCD-SSB approach which would work with existing UE hardware architectures and be compatible.
3. [bookmark: _Ref115358120]Perform BM/RLM/BFD based on SSB outside active BWP:
a. [bookmark: _Ref115358127]Using Legacy rel-15/rel-16 MG.
b. [bookmark: _Ref115358132]Using NCSG.
c. [bookmark: _Ref115358135]Enlarge BW or using additional RF.

3 Summary
[bookmark: _Ref92572437]In this contribution, discussion on the response to RANP is provided, and we have the following proposals: 
Proposal 1: RAN4 shall mention in the LS response to RAN plenary that the throughput impact is not the main assessment criterion as the other three criteria.
Proposal 2: RAN4 used the scenario of CD-SSB within the active BWP with maximum BW (i.e. 100MHz BW for FR1 as the reference scenario to assess the other options.
Proposal 3: High level analysis on options for UE performing RLM/BFD/BM when CD-SSB is outside active BWP or when using CSI-RS and NCD-SSB within the active BWP are provided in Table 1, Table 2, Table 3, and Table 5.
Proposal 4: RAN4 suggest ranking the methods under study from the best option to the worst option as:
· Perform BM/RLM/BFD based on CSI-RS within active BWP.
· NCD-SSB approach which would work with existing UE hardware architectures and be compatible.
· Perform BM/RLM/BFD based on SSB outside active BWP:
· Using Legacy rel-15/rel-16 MG.
· Using NCSG.
· Enlarge BW or using additional RF.
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Appendix A: UE power Consumption Evaluation Assumptions
In this Appendix A, the evaluation assumptions for Table 4 are provided. Firstly, the methodology is based on TR 38.840 [3], and System-Level Simulation (SLS) is conducted to obtain realistic UE power saving gain under FR1 Dense Urban scenario. Specifically, the following steps are carried out for the evaluations:
1. Conduct SLS over FR1 Dense Urban scenario and with Instant Message (IM) traffic for UEs 
· FR1 Dense Urban setting and IM traffic setting follow the evaluation assumptions as specified in Section 8.2 of TR 38.340 [3]. For ease of check, the key parameters are summarized in the table below:
	Simulation parameters 
	value

	Deployment
	3GPP Dense Urban

	Channel model
	3D-UMa

	Carrier frequency
	4GHz

	SCS and Bandwidth
	30 kHz and 100MHz

	Frame structure for TDD
	DDDDDDDSUU (S: 6D:4G:4U)

	BS Tx antennas number
	64TX; (M, N, P, Mg, Ng) = (8, 8, 2, 1, 1)

	IM traffic
	Model
	FTP model 3

	
	Packet size
	0.1 Mbytes

	
	Mean inter-arrival time
	2 seconds

	
	DRX setting
	(Period, On duration, Inactivity timer) = (320, 10, 80) ms



· IM traffic is assumed since utilization of narrowband BWP is to save UE power consumption under low data rate traffic. If data rate is high, gNB should adapt UE to wide BWP to maximize data efficiency and minimize UE data reception time.

2. Log the time portions of targeted UE power states (as defined in Section 8.1 UE power consumption model of TR 38.840 [3]), and calculate the average UE power consumption by weighting the corresponding power values.
· For ease of reference, the following table summarizes critical DL power states and the corresponding power values for UE RF and BB BW of 100MHz and 20MHz, respectively:
	Power State
	Relative power value (3GPP unit) 
@ UE RF and BB BW of 100 MHz
	Relative power value (3GPP unit) 
@ UE RF and BB BW of 20 MHz

	Deep Sleep
	1
	1

	Light Sleep 
	20
	20

	Micro sleep 
	45
	45

	PDCCH-only
	100
	45 
(max(100Scale(BW), Micro Sleep Power))

	PDCCH + PDSCH
	300
	120
(max(300Scale(BW), Micro Sleep Power))

	PDSCH-only
	280
	112
(max(280Scale(BW), Micro Sleep Power))

	
Note: Scale(BW) = 0.4 + 0.6 * (BW - 20) / 80 according to Section 8.1.3 of TR 38.840 [3]




To estimate the power consumption with the UE of 100 MHz RF BW and 20 MHz BB processing BW, we further consider the following finer power consumption components:
· RF reception power consumption per slot ()
· Control BB processing power consumption per slot ()
· Data BB processing power consumption per slot ()
Accordingly, the power values for PDCCH-only, PDCCH+PDCCH, and PDSCH-only can now be represented as:
	

	

	


[image: ]
With practical values assumed for , one will be able to obtain the power values for the finer power consumption components. For example,
A)  
B)  
In the above two cases, it can be observed that RF contributes a significant partition of power consumption. To provide a more optimistic estimation for the UE power consumption with 100 MHz RF BW and 20 MHz BB processing BW, we select A) to proceed and further scale the BB part of component power consumption values by the BW scaling rule, which then provides the power values for different UE RF and BB BW combo:
	Power State
	Relative power value (3GPP unit) 
@ UE RF and BB BW of 100 MHz
	Relative power value (3GPP unit) 
@ UE RF BW of 100MHz 
and BB BW of 20 MHz
	Relative power value (3GPP unit) 
@ UE RF and BB BW of 20 MHz

	Deep Sleep
	1
	1
	1

	Light Sleep 
	20
	20
	20

	Micro sleep 
	45
	45
	45

	PDCCH-only
	100
	93
(max(, 
Micro Sleep Power))
	45 

	PDCCH + PDSCH
	300
	194
(max(, Micro Sleep Power))
	120

	PDSCH-only
	280
	181
(max(, 
Micro Sleep Power))
	112

	
Note: Scale(BW) = 0.4 + 0.6 * (BW - 20) / 80 according to Section 8.1.3 of TR 38.840 [3], and 
 such that 




With the SLS and the above UE power consumption model, the comparison for different UE RF and BB BW combinations can be obtained. It can be observed that, since RF is a critical power consumption component, keeping wideband RF causes significant loss to UE power saving, which clearly conflicts with purpose of utilizing a narrowband BWP for UE power saving.
	
	Case 1: 100MHz RF + 100MHz BB (baseline)
	Case 2: 100MHz RF + 20MHz BB
	Case 3: 20MHz RF + 20MHz BB

	Power saving gain (%)
	0%
	2.6% 
	31.3%
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