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Introduction 
RAN1 made the following agreements and working assumption in RAN1#106bis-e:
	[bookmark: _Hlk85448036]Agreement
· For a cell that allows a RedCap UE to access, network can configure a separate initial UL BWP for RedCap UEs in SIB
· It can be used both during and after initial access.
· It is no wider than the maximum RedCap UE bandwidth.
· It is always configured if the initial UL BWP for non-RedCap UEs is wider than the maximum RedCap UE bandwidth
· This applies to both TDD and FDD (including FD FDD and HD FDD) cases



	Working Assumption
· For a cell that allows a RedCap UE to access, network can configure a separate initial DL BWP for RedCap UEs in SIB.
· Working assumption: It can be used during initial access
· It can be used after initial access.
· It is no wider than the maximum RedCap UE bandwidth.
· FFS: It is always configured if the initial DL BWP for non-RedCap UEs is wider than the maximum RedCap UE bandwidth.
· This applies to both TDD and FDD (including FD FDD and HD FDD) cases.
· Working assumption: It applies at least after initial access for FR1 when MIB configured CORESET#0 is included


In RAN1’s LS to RAN2/4, RAN1 provide two options for BWP configuration:
	· For FR1, following options:
· Option 1:
· For a separate initial DL BWP (if it does not include CD-SSB and the entire CORESET#0),
· RedCap UE does NOT expect it to contain SSB/CORESET#0/SIB.
· For an RRC-configured active DL BWP (if it does not include CD-SSB and the entire CORESET#0),
· RedCap UE does NOT expect it to contain SSB/CORESET#0/SIB.
· Option 2:
· For a separate initial DL BWP (if it does not include CD-SSB and the entire CORESET#0),
· If it is configured for random access while not for paging in idle/inactive mode, RedCap UE does NOT expect it to contain SSB/CORESET#0/SIB.
· FFS: For BWP#0 configuration option 1, whether the UE can expect SSB transmission in the separate initial DL BWP when it is used in connected mode.
· If it is configured for paging, RedCap UE expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB.
· For an RRC-configured active DL BWP in connected mode (if it does not include CD-SSB and the entire CORESET#0),
· RedCap UE expects it to contain NCD-SSB for serving cell [FFS: or CSI-RS or measurement gap configuration] but not CORESET#0/SIB.


In addition, in the LS RAN1 ask RAN2/4’s input on the feasibility of using NCD-SSB in RAN2 procedures and whether any additional requirements/restrictions are needed for the use of NCD-SSB [1].
The discussion of this paper centers around the questions asked by RAN1 in their LS, especially whether NCD-SSB can be used in initial BWPs and dedicated BWPs. 
Discussion
In NR, multiple SSBs may be transmitted within the frequency span of a carrier used by the serving cell [2] to support multiple BWPs. However, each serving cell has at most one CD-SSB [2], which is transmitted on the sync raster. The PSS and SSS of a CD-SSB carry the PCI. The MIB of a CD-SSB includes the scheduling information for SIB1 of the serving cell. Different from CD-SSB, one or multiple NCD-SSBs can be transmitted on or off the sync raster of a serving cell, which can be configured with different PCIs and are not associated with SIB1 or any other SIB of a cell. 
Hence the main difference between a CD-SSB and NCD-SSB is that NCD-SSB is not associated with the SIB1 of the serving cell and it may be transmitted by another cell. Therefore, in legacy only CD-SSB can be used as the source of DL timing of the serving cell and as the reference signals in RLM/RRM measurements on the serving cell. However, such differences may no longer exist if we impose additional requirements on the configuration of NCD-SSB, e.g. if NCD-SSB is QCL’ed with CD-SSB or is transmitted by the same serving cell. 
Use of NCD-SSB in initial BWPs
In RRC Idle/Inactive, UE performs RRM measurements on its serving cell at least once every DRX cycle. This RRM measurement is L3 RSRP measurements on SSBs transmitted by UE’s serving cell. In addition, those measurements are taken from N best beams of the cell. Therefore, we think both NCD-SSB and CD-SSB can be used for that purpose as long as they are transmitted by the same cell and transmitted at the same power level (defined as the total power of a beam). 
Observation 1. NCD-SSB can be used for RRM measurements on serving cell in RRC Idle/Inactive, if it is transmitted by the same cell, with the same SCS, and at the same power level as the CD-SSB of the cell.
UE monitors its paging occasions (PO) once every DRX cycle. Before a PO, UE typically first acquires DL timing from SSBs, finds the right DL beam to use, and tunes its AGC/tracking loop/etc for PDCCH/PDSCH reception. Therefore, it is desirable to have SSB configured within the initial BWP of RedCap UE. If the RedCap-specific initial DL BWP does not include the CD-SSB, NCD-SSB can be used instead. For NCD-SSB to be usable for paging reception,
· It should be able to provide the same DL timing as the CD-SSB. This requirement can be met if NCD-SSB is transmitted by the same serving cell. 
· For UE to use SSB as QCL source in determining which DL beam to use for its PDCCH/PDSCH reception, since SSB and PDCCH/PDSCH are transmitted in the same BWP, there is no particular requirement needed, as long as the beam index of the SSB is consistent with the index of TCI states used for PDCCH/PDSCH. This can be done irrespective of whether the SSB is a CD-SSB or NCD-SSB. 
· For RF tuning, UE only needs right sequence and Tx power from a reference signal. So there is little difference between NCD-SSB and CD-SSB for that purpose, if they are transmitted at the same power level 
If neither CD-SSB nor NCD-SSB is transmitted in RedCap-specific initial DL BWP, RedCap UE would have to retune between its RedCap-specific initial DL BWP and non-RedCap initial DL BWP (i.e. MIB-configured CORESET#0) to perform the above procedures, in every DRX cycle. This repetitive retuning clearly is not a power-efficient design for RedCap UEs. Configuring NCD-SSB within UE’s initial DL BWP hence is a more efficient approach, as long as it is transmitted by the same serving cell, at the same power level.
Observation 2. NCD-SSB configured within RedCap-specific initial DL BWP can be used for paging reception, if it is transmitted by the same serving cell as the CD-SSB. 
When UE performs RACH to access a cell, it needs to measure RSRP of SSBs to determine which DL beam (then the associated RO) it should use to receive the RAR. This measurement cares only about the radio signal strength, therefore either NCD-SSB or CD-SSB can be used. However, this set of SSB need to be QCL’ed with the QCL source of the RA search space in which UE receives RAR. Otherwise, UE would have trouble with the RAR reception.
Observation 3. NCD-SSB can be used for RO selection in RedCap-specific initial UL BWP, if it is QCL’ed with the QCL source of the RA search space configured for RedCap UEs. 
Based on the above observation, we can conclude that NCD-SSB can be used in paging reception and RO selection in the configuration specified in Option 2 of the RAN1 LS [1] for RedCap-specific initial DL BWP, if that NCD-SSB is transmitted by the same cell as the CD-SSB and is QCL’ed with the QCL source of the RA search space configured for RedCap UEs.
Proposal 1. 	NCD-SSB can be used for paging reception and RO selection in RedCap-specific initial DL BWP as specified in the Option 2 in the RAN1 LS, if it is transmitted by the same cell as the CD-SSB and is QCL’ed with the QCL source of the RA search space configured for RedCap UEs. 
Use of NCD-SSB in dedicated BWPs
Measurement procedures
In RRC Connected, SSBs are used in measurement-related procedures such as RRM, RLM, link recovery (BFD), DL pathloss estimation, RO selection, time/frequency tracking and AGC. 
In legacy, RRM measurements on serving cell in RRC Connected is based on L3 RSRP measurements on selected reference signals transmitted by the serving cell (typically selected beams in CD-SSB). First, since only RSRP measurements are involved, either NCD-SSB or CD-SSB can be used, as long as it is transmitted by the serving cell. Second, since the reference signals for measurements are selected and not just any SSBs, NCD-SSB should be QCL’ed with the CD-SSB (in the sense that SSB beams with the same beam index are QCL’ed) that network intends UE to measurement (i.e. if UE’s BWP could cover the entire CD-SSB).  
RLM is based on L1-RSRP measurements of selected RLM reference signals transmitted by UE’s SpCell. Other than using L1-RSRP instead of L3-RSRP, the rest of requirements for RLM is very similar to RRM, i.e. it can be performed based on NCD-SSB as long as those beams are QCL’ed with the CD-SSB that network intends UE to measure.
BFD is based on L1-SINR measurement on configured BFD reference signals on a SpCell and SCell. These BFD reference signals can be either SSBs or CSI-RS. In NR R15/16, CSI-RS based BFD/BFR (FG 2-31) is an optional capability for non-RedCap UE. Therefore, a RedCap UE should support SSB-based BFD/BFR as  baselineAs far as the measurement of SINR itself is concerned, we think there is no difference between NCD-SSB and CD-SSB. Similar to RLM, NCD-SSB can be used as BFD reference signal if it is QCL’ed with the CD-SSB that network intends UE to measure.
DL pathloss measurements are used in RACH and power control procedures. They are based on L3-RSRP measurement of configured DL reference signals. So similar to RLM, we think NCD-SSB can be used as long as it is QCL’ed with the CD-SSB that network intends UE to measure. 
For RO selection in RACH (CBRA), as we explained in the previous section, NCD-SSB can be used for RO selection as long as NCD-SSB is QCL’ed with the RA search space in which UE receives RAR. 
For time/frequency tracking and AGC, as we mentioned in Section 2.1, those procedures only require the same sequence and Tx power. So there is little difference between CD-SSB and NCD-SSB, as long as they are transmitted by the same cell and at the same Tx power level. SSB is still preferred over TRS/CSI-RS, because TRS/CSI-RS often is not configured/transmitted in the field, whereas network has to configure SSB in a cell and the overhead of SSB is smaller than that of periodic TRS/CSI-RS.
In summary, we think NCD-SSB can be as good as CD-SSB when used for RAN2 measurement procedures in dedicated BWPs as long as it meets the three basic requirements: 1. transmitted by UE’s serving cell; 2. transmitted with the same SCS and at the same power level as CD-SSB; 3. QCL’ed with the CD-SSB of the serving cell. 
[bookmark: _Hlk85573816]Observation 4. NCD-SSB can be used in measurement procedures in RedCap UE’s dedicated BWPs if it is transmitted by UE’s serving cell with the same SCS and at the same power level as the CD-SSB, and QCL’ed with the CD-SSB of UE’s serving cell.
NCD-SSB as QCL source
For a reference signal to be used as a QCL source, at least it needs to be indexable. In the current framework, one CD-SSB is included in SSB index. Even if network configures an NCD-SSB for UE in a dedicated BWP, its beam indices cannot be included in its SSB index. Hence currently there is no direct way to use NCD-SSB as QCL source. 
We think a simple approach to fix this problem is that network can configure a NCD-SSB fully QCL’ed with the CD-SSB (i.e. if two beams have the same beam index, then they are QCL’ed). Then the SSB block index indicated by ssb-PositionsInBurst in SIB1 or inServingCellConfigCommon can be reused by NCD-SSB, for indexing TCI states. And an added benefit of this QCL relationship between NCD-SSB and CD-SSB is that it can enable consistent TCI states across UE’s dedicated BWPs, i.e. when UE switches its BWP, its TCI states do not change, because the QCL source practically does not change. This consistency across BWPs avoids loss in efficiency during BWP switch and enables better and more dynamic adaptation of bandwidth. 
Observation 5.	NCD-SSB can be used as a QCL source in dedicated BWPs without CD-SSB, if it is fully QCL’ed with the CD-SSB of UE’s serving cell.
Based on the above observations, we can conclude that NCD-SSB can be used for measurement procedures and as a QCL source in dedicated BWPs without CD-SSB, if it is transmitted by UE’s serving cell at the same power level as the CD-SSB and is QCL’ed with the CD-SSB of UE’s serving cell.
Proposal 2.	NCD-SSB can be used for measurement procedures and as a QCL source in dedicated BWPs without CD-SSB, if it is transmitted by UE’s serving cell with the same SCS and at the same power level as the CD-SSB and is fully QCL’ed with the CD-SSB of UE’s serving cell.
Other aspects of NCD-SSB
PCIs of NCD-SSB
According to the current spec, multiple SSBs can be transmitted within the frequency span of a carrier, and different SSBs in different frequency locations can have different PCIs [2]. And SSBs with different PCIs have different PSS and/or SSS. However, if NCD-SSB and CD-SSB are transmitted by the same serving cell, they should have the same PCI and the same PSS/SSS.
Proposal 3. 	NCD-SSB and CD-SSB transmitted by the same serving cell have the same PCI.
Periodicity, Tx power and SSB block index
As explained in the previous sections, if NCD-SSB is used in procedures such as RACH or measurements or used as a QCL source, then it needs to have the same SCS, same Tx power and same block index (QCL’ed) as those of the CD-SSB of UE’s serving cell. 
On the other hand, since NCD-SSB does not have some of the responsibilities as CD-SSB (e.g. reference signal for cell search), it does not need to be transmitted at a periodicity shorter than the default periodicity of CD-SSB (20ms). On other hand, its periodicity should not be too sparse either, as otherwise UE would have to retune to CD-SSB to perform measurements. That would deplete the original purpose of configuring NCD-SSB. For these two reasons, we think a good rule can be that the periodicity of NCD-SSB is max{20ms, periodicity of CD-SSB}.
Proposal 4.	NCD-SSB can be configured with a periodicity different from that of the CD-SSB. Its recommended value is max{20ms, periodicity of CD-SSB}.
Coexistence with legacy UEs
Since we do not want NCD-SSB to interfere with legacy UEs’ cell search, it is better to have NCD-SSB used by RedCap UEs configured off the sync raster.
To avoid error when NCD-SSB is discovered by legacy UEs, NCD-SSB should have the same subcarrier spacing, PCI (hence PSS/SSS) and ssb-PositionsInBurst as the CD-SSB of UE’s serving cell. 
Proposal 5.	NCD-SSB should be configured off sync raster and with the same subcarrier spacing, PCI and ssb-PositionsInBurst as the CD-SSB.
CSI-RS vs NCD-SSB
In theory, CSI-RS can be configured in a dedicated BWP of RedCap UE to serve the same purpose as SSB, if CD-SSB is not available in that BWP. However, use of CSI-RS in procedures such as RRM/BFD requires extra complexity in UE implementation. For this reason, its use is an optional UE capability for non-RedCap UE in NR R15/16. By the principle of complexity reduction for RedCap, CSI-RS hence should not be countered on as the main means for those procedures and should not be mandatory for RedCap UE. 
Furthermore, in the real-world deployment, periodic CSI-RS/TRS are not widely configured in the field. In some cases, TRS is transmitted at a much later time after being configured. On the other hand, SSB is much more commonly available and has less overhead. Therefore, designs built upon SSBs instead of CSI-RS is much more pragmatic for both UE (less complexity in measuring SSB) and NW (less overhead for transmission).
On the other hand, the use of NCD-SSB does not exclude the configuration of TRS/CSI-RS in the same BWP, just like in legacy CD-SSB and TRS/CSI-RS can be jointly configured in a BWP. The only requirement for that case is that the configured TRS/CSI-RS should have the same time alignment as NCD-SSB.
Observation 6. TRS/CSI-RS are not widely configured in the field and hence should not be counted on to replace the use of SSB in RedCap UEs’ dedicated BWPs.
Retuning vs NCD-SSB
In theory, it is possible that, instead of configuring a NCD-SSB for UE to use, UE retunes to the frequency location of CD-SSB, perform necessary measurements on the CD-SSB and then tune back to its active BWP. Such a retuning requires intra-frequency measurement gaps for any dedicated BWP without SSB. Due to reduced capabilities of RedCap UEs, measurement gaps reduce reduce UE’s throughput, increase UE’s power consumption and cause load imbalance and loss in spectral efficiency for network. Hence designs based on retuning are not desirable for both UE and NW. 
NCD-SSB does NOT require much overhead. For example, in FR1 TDD bands with 30KHz subcarrier spacing, 8 beams per SSB, and a DL/UL split of 3 (i.e. 75% DL and 25% UL), then for channel bandwidth of {50, 60, 80, 100} MHz and SSB periodicity of {20, 40, 80} ms, the resulting system overhead of NCD-SSB is ~1% or lower, as illustrated in the charts below. So its configuration is well justified by the benefits it can enable for RedCap UEs.
[image: ]
Observation 7. Retuning to use CD-SSB is NOT a desirable design, as it requires measurement gaps, which reduce UE’s throughput, increase UE’s power consumption and cause load imbalance and loss in spectral efficiency for NW.
Based on all the discussions above, we conclude that 
Proposal 6.	In summary, NCS-SSB can be used in place of CD-SSB in RedCap-specific BWPs where CD-SSB is not available, if it meets the following requirements:
· It is transmitted off sync raster by the same serving cell as the CD-SSB;
· It has the same PCI, subcarrier spacing, Tx power level and ssb-PositionsInBurst as the CD-SSB;
· It is fully QCL’ed with the CD-SSB.
Conclusion
Based on the above analysis, we’d recommend RAN2 to discuss and adopt the following proposals:
Observation 1. NCD-SSB can be used for RRM measurements on serving cell in RRC Idle/Inactive, if it is transmitted by the same cell and at the same power level as the CD-SSB of the cell.
Observation 2. NCD-SSB configured within RedCap-specific initial DL BWP can be used for paging reception, if it is transmitted by the same serving cell as the CD-SSB. 
Observation 3. NCD-SSB can be used for RO selection in RedCap-specific initial UL BWP, if it is QCL’ed with the QCL source of the RA search space configured for RedCap UEs. 
Observation 4. NCD-SSB can be used in measurement procedures in RedCap UE’s dedicated BWPs if it is transmitted by UE’s serving cell at the same power level as the CD-SSB, and QCL’ed with the CD-SSB of UE’s serving cell.
Observation 5.	NCD-SSB can be used as a QCL source in dedicated BWPs without CD-SSB, if it is fully QCL’ed with the CD-SSB of UE’s serving cell.
Observation 6. TRS/CSI-RS are not widely configured in the field and hence should not be counted on to replace the use of SSB in RedCap UEs’ dedicated BWPs.
Observation 7. Retuning to use CD-SSB is not a desirable design, as it requires measurement gaps, which reduce UE’s throughput, increase UE’s power consumption and cause load imbalance and loss in spectral efficient for NW.
Proposal 1. 	NCD-SSB can be used for paging reception and RO selection in RedCap-specific initial DL BWP as specified in Option 2 in the RAN1 LS, as it is transmitted by the same cell as the CD-SSB and is QCL’ed with the QCL source of the RA search space configured for RedCap UEs. 
Proposal 2.	NCD-SSB can be used for measurement procedures and as a QCL source in dedicated BWPs without CD-SSB, if it is transmitted by UE’s serving cell at the same power level as the CD-SSB and is fully QCL’ed with the CD-SSB of UE’s serving cell.
Proposal 3. 	NCD-SSB and CD-SSB transmitted by the same serving cell have the same PCI.
Proposal 4.	NCD-SSB can be configured with a periodicity different from that of the CD-SSB. Its recommended range is [20ms, periodicity of CD-SSB].
Proposal 5.	NCD-SSB should be configured off sync raster and with the same subcarrier spacing, PCI and ssb-PositionsInBurst as the CD-SSB.
Based on all the observations and proposals above, we conclude that 
Proposal 6.	In summary, NCS-SSB can be used in place of CD-SSB in RedCap-specific BWPs where CD-SSB is not available, if it meets the following requirements:
· It is transmitted off sync raster by the same serving cell as the CD-SSB;
· It has the same PCI, subcarrier spacing, Tx power level and ssb-PositionsInBurst as the CD-SSB;
· It is fully QCL’ed with the CD-SSB.
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