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Introduction
[bookmark: _Hlk22834419]In RAN1 #105-e, the following agreements were made for bandwidth reduction techniques for RedCap UE:
	Agreements: Replace the RAN1#104bis-e working assumption with the following working assumption (for option 1) and working assumption (for option 2):
· Working assumption: After initial access (i.e., after RRC Setup, RRC Resume, or RRC Reestablishment), for BWP#0 configuration option 1 (as in 38.331, Appendix B2), a RedCap UE is not expected to operate with an initial DL BWP wider than the maximum RedCap UE bandwidth.
· Working assumption: After initial access (i.e., after RRC Setup, RRC Resume, or RRC Reestablishment), for BWP#0 configuration option 2 (as in 38.331, Appendix B2), a RedCap UE is not expected to operate with an initial DL BWP wider than the maximum RedCap UE bandwidth.

Agreements:
· Both during and after initial access, the scenario where the initial UL BWP for non-RedCap UEs is configured to be wider than the maximum RedCap UE bandwidth is allowed.
· Working assumption: Both during and after initial access, for the scenario where the initial UL BWP for non-RedCap UEs is configured to be wider than the RedCap UE bandwidth, a separate initial UL BWP no wider than the RedCap UE maximum bandwidth is configured/defined for RedCap UEs.
· FFS: whether/how to avoid or minimize PUSCH resource fragmentation due to PUCCH transmission for the above case
· Support the case when the centre frequency is assumed to be the same for the initial DL and UL BWPs in TDD. 
· FFS whether or not to additionally support the case when the centre frequency is different; if so, how to minimize centre frequency retuning  

Agreement:Take the following as an agreement, revised from the RAN1#104bis-e working assumption:
· A RedCap UE cannot be configured with a non-initial (DL or UL) BWP (i.e., a BWP with a non-zero index) wider than the maximum bandwidth of the RedCap UE.
· At least for FR1, FG 6-1 (“Basic BWP operation with restriction” as described in TR 38.822) is used as a starting point for the mandatory RedCap UE type capability.
· This does not preclude support of FG 6-1a (“BWP operation without restriction on BW of BWP(s)” as described in TR 38.822) as a UE capability for RedCap UEs.

Working assumption: Both during and after initial access, even for the scenario where the initial UL BWP for non-RedCap UEs is not configured to be wider than the RedCap UE bandwidth, a separate initial UL BWP can optionally be configured/defined for RedCap UEs.
· RO sharing between RedCap and non-RedCap is not precluded.

Working assumption: For enabling/supporting that the RACH occasion (RO) associated with the best SSB falls within the RedCap UE bandwidth, support separate initial UL BWP for RedCap UEs (which is not expected to exceed the maximum RedCap UE bandwidth), and this separate initial UL BWP for RedCap includes ROs for RedCap UEs.
· Note: these ROs can be dedicated for RedCap UEs or shared with non-RedCap UEs.
Working assumption: 
· For enabling/supporting that PUCCH (for Msg4/[MsgB] HARQ feedback) and/or PUSCH (for Msg3/[MsgA]) transmissions fall within the RedCap UE bandwidth during initial access, support separate initial UL BWP for RedCap UEs (which is not expected to exceed the maximum RedCap UE bandwidth).
· FFS: whether/how the specification also supports separate PUCCH/Msg3/[MsgA] PUSCH configuration/indication or a different interpretation of the same configuration/indication for RedCap (e.g., disabled frequency hopping or different frequency hopping)
Working assumption: At least for TDD, an initial DL BWP for RedCap UEs (which is not expected to exceed the maximum RedCap UE bandwidth) can be optionally configured/defined separately from the initial DL BWP for non-RedCap UEs at least after initial access
· FFS the details of the configuration/definition
· The configuration for a separately configured initial DL BWP for RedCap UEs is signaled in SIB.
· whether to support that separate initial DL BWP for RedCap UEs can include a configuration of CORESET and CSS(s) 
· whether part of the configuration can be defined instead of signaled
· If a separate initial DL BWP for RedCap UEs is configured/defined, this separate initial DL BWP for RedCap UEs can be used at least after initial access (i.e., at least after RRC Setup, RRC Resume, or RRC Reestablishment).
· FFS during the initial access
· FFS: whether a separately configured initial DL BWP for RedCap UEs needs to contain the entire CORESET #0, and, if not, the Redcap UE behaviour for CORESET #0 monitoring
· FFS: supported bandwidths in the separate initial DL BWP
· FFS: whether additional SSB is transmitted in the separately configured initial DL BWP for RedCap UEs
· FFS: FDD case


This contribution discusses the support of RedCap UE with bandwidth reduction. 
Support of RedCap UEs with Reduced bandwidth
Initial access
Based on current agreements and working assumptions, for initial access:
· Initial UL BWP (iUL) for non-Redcap can be larger than Redcap bandwidth. In this case, a separated iUL BWP can be configured for Redcap and on-redcap UEs, at least for the case when the centre frequency is assumed to be the same for the initial DL and UL BWPs in TDD.  Separated iUL BWP can be configured even when BWP for non-Redcap is no larger than Redcap BW
· This separated initial UL BWP can be used to ensure RO with best beam within RedCap UE bandwidth.
· This separated initial UL BWP can be used to ensure PUCCH for msg 4 and PUSCH for msg 3 to fall into RedCap UE bandwidth.
· Initial DL BWP (iDL) for non-Redcap can be larger than Redcap bandwidth. A Separated iDL BWP can be configured, which can be used at least after initial access.
There are several open issues for uplink: 
· FFS: whether/how to avoid or minimize PUSCH resource fragmentation due to PUCCH transmission for the above case
· FFS whether or not to additionally support the case when the centre frequency is different; if so, how to minimize centre frequency retuning
· FFS: whether/how the specification also supports separate PUCCH/Msg3/[MsgA] PUSCH configuration/indication or a different interpretation of the same configuration/indication for RedCap (e.g., disabled frequency hopping or different frequency hopping)
As the working assumption, the separated initial UL BWP can be used to ensure PUCCH/Msg3/MsgA to fall into Redcap UE bandwidth. However, PUCCH for Msg 4 still hops within initial UL BWP for RedCap UE. Shown as figure 1, this still causes fragmentation of PUSCH for non-RedCap UEs, even initial UL BWP for RedCap is allocated at one edge of the carrier or initial UL BWP for non-RedCap UE. The PUCCH for Msg 4 is not expected to be frequently transmitted for RedCap UEs, especially when the amount of RedCap UE is not large. If the number of RedCap UEs are large, a dedicated BWP/frequency range can be configured, which is not overlapped with UL BWP for non-RedCap UE. On the other hand, different from LTE, OFDM waveform can be used for PUSCH as well in NR. Type 0 resource allocation can avoid the PRB occupied by PUCCH for OFDM waveform. Since DFT-S-OFDM is mainly for UEs in poor coverage, for these UEs, occupying more PRBs cannot help to improve coverage. With separate initial UL BWP, the fragmentation of PUSCH issue is not that critical for NR. Therefore, there is no strong motivation to further minimize PUSCH resource fragmentation due to PUCCH transmission. 
For TDD system, the UE may assume that UL and DL BWPs have the same center frequency. Per the analysis above, allocating the initial UL BWP for Redcap at one edge of carrier or BWP is beneficial to minimize PUSCH resource fragmentation. If UL and DL BWP have to share the same center frequency, either a separated initial DL BWP is needed to for initial access, or the location of initial UL BWP will have restriction and may cause PUSCH resource fragmentation issue. If only CORESET 0 BW is used during initial access for RedCap UE, it is beneficial to allow different center frequency for TDD. In this case, a larger switching time is needed to retune the RF for TDD case. For initial access, the issue can be solved by gNB scheduling. 
Proposal #1: At least if only CORESET 0 BW is used during initial access for RedCap UE, additionally support the case when the center frequency of initial UL and initial DL BWP is different. RF retuning time can be handled by gNB scheduling. 
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Figure 1
The separate initial UL BWP can also ensure the PUCCH/Msg3/Msg A to fall within RedCap bandwidth. Per the previous analysis, there is no need to additionally support separate configuration/indication or a different interpretation of the same configuration/indication for RedCap (e.g., disabled frequency hopping or different frequency hopping). On the other hand, separated configurations for PUCCH, PUSCH, RACH (with current configuration structure) can be configured together with dedicated initial UL BWP. 
Proposal #2: The separate initial UL BWP for RedCap UEs can configure dedicated configurations for PUCCH, PUSCH, RACH for RedCap UEs. 

Similarly, there are some open issues for initial DL BWP:
First of all, we need to discuss whether the separate initial DL BWP can be used during initial access, and potentially for IDLE mode paging. As discussed above, if centre frequencies of UL and DL for TDD need to be aligned, the separate initial DL BWP should be used during initial access as well.  Moreover, the support of separate initial DL BWP can also be beneficial for traffic offloading. Since RedCap UEs may have a single receiver, the PDCCH for RedCap UE may use more resource. Comparing with only support non-RedCap UE in the system, more resource for PDCCH and PDSCH are needed. Therefore, offloading during initial access can eliminate the potential congestion, and can also avoid to sets of RedCap UEs with different initial access capability in the future.  Therefore, separate initial DL BWP can be supported during initial access for TDD, as well as for all the RRC status for FDD. 
Proposal #3: Support separate initial DL BWP during initial access for TDD, as well as for all the RRC status for FDD. 
For separate initial DL BWP, in order to offload the traffic during initial access, additional CORESET(s) can be configured for scheduling of RACH (msg2 & msg4)/Paging/SI messages for RedCap UEs. The frequency locations of the additional CORESET(s) can be out of CORESET#0. For this case, RedCap UE might not able to receive on separate initial DL BWP and SSB at the same time due to the RF bandwidth limitation. However, UE does not need to receive SSB and DL messages in initial DL BWP. UE can retune from one frequency location to another one. On the other hand, if SSB is duplicated in separate initial DL BWP for Redcap, more DL overhead is introduced. Tradeoff between UE complexity and network efficiency, there is no need to require additional SSB transmission in separate initial DL BWP. 
Proposal #4: No need to transmit additional SSB in the separate initial DL BWP. 
Moreover, multiple initial DL and UL BWPs can be configured to RedCap UEs to offload the traffic and avoid congestion. If multiple initial BWPs are supported, BWP switching during initial access can be considered. In this case, a RedCap UE can randomly select one of initial BWPs for PRACH transmission. 
Proposal #5: Additional CORESET(s) can be configured for scheduling of RACH (msg2 & msg4)/Paging/SI messages for RedCap UEs in a separate initial DL BWP. The frequency locations of the additional CORESET(s) can be outside of CORESET#0.
Proposal #6: Multiple initial BWPs can be configured. 
[bookmark: _GoBack]Legacy SIB 1 can indicate the separated initial BWP(s) for RedCap UEs or RedCap specific configurations, e.g., ROs. Alternatively, a dedicated SIB 1 for RedCap UEs can be considered, which can reduced the TBS for SIB 1, which can provide a better coverage. If dedicated SIB 1 is introduced, RedCap UEs should detect PDCCH indicating legacy SIB 1 to reduce power consumption. For example, a different SI-RNTI/CSS set can be used for RedCap UE, which will not overlapped with non-RedCap UE. In another example, a DCI scrambled with SI-RNTI can indicate two PDSCHs, where a second PDSCH can be dedicated for RedCap UEs, e.g., by the reserved bits in DCI format 1_0. The second PDSCH can be transparent to non-RedCap UEs. On the other hand, in order to reduce DL overhead, other system information can be transmitted in CORESE #0, which can be shared between RedCap and non-RedCap UEs
Proposal #7: Consider to introduce a dedicated SIB 1 and/or other SIBs for RedCap UE.
BWP operation 
The following working assumptions were agreed in RAN 1 #105-e:
Agreements: Replace the RAN1#104bis-e working assumption with the following working assumption (for option 1) and working assumption (for option 2):
· Working assumption: After initial access (i.e., after RRC Setup, RRC Resume, or RRC Reestablishment), for BWP#0 configuration option 1 (as in 38.331, Appendix B2), a RedCap UE is not expected to operate with an initial DL BWP wider than the maximum RedCap UE bandwidth.
· Working assumption: After initial access (i.e., after RRC Setup, RRC Resume, or RRC Reestablishment), for BWP#0 configuration option 2 (as in 38.331, Appendix B2), a RedCap UE is not expected to operate with an initial DL BWP wider than the maximum RedCap UE bandwidth.

Based on the working assumption, RedCap UE cannot be configured with a non-initial BWP wider than the maximum bandwidth of RedCap UE. For BWP #0 configuration option 1, the BWP #0 is configured in common message. Based on the analysis in section 2.1, we can draw the following:
· If dedicated BWP #0 for RedCap UE is configured in common message (SIB), the bandwidth of the initial DL BWP is not wider than maximum RedCap UE bandwidth. 
· If there is no dedicated BWP #0 configuration, 
· if initial DL BWP is no wider than its maximum BW, RedCap UE can apply the configured initial DL BWP (shared with non-RedCap UE) as its BWP #0 after initial access;
· else (initial DL BWP is wider than its maximum BW), RedCap UE will not apply this initial DL BWP, but use CORESET #0 as its initial BWP. 
For BWP #0 configuration option 2, since BWP #0 is configured in dedicated signaling, therefore, based on design principle of current working assumption, the bandwidth of BWP #0 cannot be wider than maximum bandwidth of RedCap UEs.  
Proposal #8: Agree the following proposals as working assumption:
· After initial access, for BWP#0 configuration option 1 and option 2, a RedCap UE is not expected to operate with an initial DL BWP wider than the maximum RedCap UE bandwidth.
· If no separated initial DL BWP configured for RedCap, and the bandwidth of initial DL BWP for non-RedCap UE is wider than maximum bandwidth of RedCap UE, COREST #0 is used as initial DL BWP for RedCap UE. 
BWP switching mechanism can be reused to provide frequency selective gain for RedCap with RF bandwidth smaller than the entire carrier bandwidth. RedCap UEs can be configured with multiple BWPs with BW no larger than maximum UE BW in different frequency locations, while gNB can distribute UEs to an ideal BWP for data reception/transmission according to real-time channel conditions and traffic load for each BWP. However, BWP switching requires a longer switching time, e.g., slot level, which may bring unnecessary latency and reduced the data rate. In Rel-15 discussion on BWP switching time, three aspects were considered: PDCCH decoding time, RF adjustment time, and ACG adjustment. However, If the BWP switching is between a wider BWP for non-RedCap UEs, the DL transmission signaling is not expected to changed much. Therefore, ACG adjustment time can be saved.  RF retuning/adjustment time might also able to be saved assuming the same SCS and BW with limited retuning bandwidth. Considering the potential RF retuning for UL operation, it is better to ask RAN 4’s input on RF retuning time and BWP switching time.
Currently, most of configurations are configured per-BWP, all the configurations are configured with a per-BWP manner. Besides, UE needs to buffer more RRC configurations and reload them during BWP switching. It will increase UE complexity and may result in higher power consumption. In addition, the HARQ-ACK for PDSCH before BWP switching is not able to transmit to gNB. It may not be an issue for current NR system because it is not expected to frequently switch BWP although BWP can be dynamically switched. Therefore, new BWP switching type with faster switching time can be considered. Other than faster switching time, new BWP switching can be allowed between the BWPs sharing some RRC configuration for physical channels. Similarly, we can assume that RedCap UE can only switch within the multiple smaller BWPs for RedCap UE within the wider BWP for non-RedCap UEs. 
Proposal #9: Send an LS RAN4 to ask whether it would be feasible to maintain the same RF switching times/BWP switching time for RedCap UEs as currently specified for non-RedCap UEs or even reduce the RF switching times for RedCap UEs under the following assumptions with manageable impacts (to e.g. device cost, power consumption, and specifications):
· The maximum UE RF bandwidth is 20 MHz for FR1 and 100 MHz for FR2, and the frequency change is up to 80 MHz for FR1 and up to 300 MHz for FR2.
· The RF bandwidth, SCS, QCL (including DL signaling strength), and RRC configuration can be assumed to be the same before and after the RF switching, i.e. it is only the centre frequency that changes. 
· The RF switching may take place during initial access or after initial access.
CSI measurement and reporting for RedCap UE
For Redcap UE operating in a dedicated BWP no larger than its BW
Currently, NR only supports CSI measurement/report or channel sounding within an active BWP. When maximum UE BW for a RedCap UE is smaller than carrier bandwidth, the RedCap UE only acquire CSI for a narrowband per each measurement or CSI report. Without the CSI for the entire carrier bandwidth, it is impossible for the gNB to switch RedCap UEs to an ideal BWP with best channel conditions. Therefore, enhancement regarding CSI acquisition outside active BWP is essential for the deployment of RedCap services with high spectral efficiency. To obtain CSI outside active BWP, it is necessary to consider both CSI measurement or report for non-active DL BWPs and channel sounding based on SRS transmission for non-active UL BWPs. For the benefit of minimzing specification impact, periodic/semi-persistent SRS transmission or CSI report outside active BWPs can be supported. An other possibility is to extend, aperiodic SRS transmission or CSI report for both active BWPs or non-active BWPs. 
The returning time for RedCap UE to switch between different BWPs for CSI measurement/report can be reduced than current BWP switching time for fast CSI acquisition. Similar as switching between frequency locations within a wider BWP, same SCS or BW can be considered for faster RF retuning time. 
Observation #1: CSI measurement/report outside of active BWP and SRS transmission for non-active UL BWPs can improve spectral efficiency for a RedCap UE in a dedicated BWP no larger than its RF BW.
Proposal #10: Further study on supporting RedCap UE with UE-specific BWP no larger than its RF bandwidth, at least considering:
· Support SRS transmissions or CSI measurement/report for link adaptation outside active BWP.  
SB CSI report
Similar as non-RedCap UEs, RedCap UEs can also be dynamically scheduled between BWPs whose sizes (number of PRBs) can be different. In particular, some BWP sizes can be small (e.g. smaller than 24 PRBs). In the current NR specification, however, for the BWP size < 24 PRBs, only wideband (WB) CSI reporting is supported; whereas for the BWP size >= 24 PRBs, gNB can configure a subband (SB) CSI reporting, wherein the CSI report includes one CQI or/and PMI for each SB in the CSI reporting band (within the configured BWP). For RedCap UEs, since the data rate and TBS is expected to be much lower than non-RedCap UEs, the occupied BW is not expected to be large for typical traffic. With the SB CSI reporting, the gNB has the flexibility to schedule RedCap UEs at the granularity of the SB size (which is configurable and the minimum value is 4 PRBs). In addition, the SB CQIs (one CQI for each SB) can be used for improved link adaptation, which can help improve performance significantly (when compared with a WB CQI). In summary, the SB CSI reporting is beneficial for RedCap UEs since it can improve link adaptation, scheduling flexibility, and UE power saving. 
Some SLS results comparing WB vs SB CSI for 20 PRBs below. We can observe large gain of SB CSI, about 15% avg. UPT gain for SU case, and about 20% avg. UPT gain for MU case.
Observation #2: SB CSI reporting for RedCap UEs can facilitate better link adaption, scheduling flexibility, and UE power saving.
Based on the above observation, we propose to allow SB CSI reporting for all BWP sizes. In particular, just like the case when BWP size >= 24 PRBs, the SB CSI reporting should be supported for the case when the BWP size < 24 PRBs, at least for RedCap UEs. This for example can be supported by introducing a SB size (e.g. 2 or 4) for BWP size < 24 PRBs. In addition, due to the small BWP size, the UE CSI calculation can be restricted for example to rank 1 only, or small number of CSI-RS ports (e.g. 2 or 4) even for the RedCap UEs with more than 1 Rx branches. Such restrictions are beneficial for RedCap UEs due to the following reasons:
· Calculating rank > 1 CSI or processing large number of CSI-Rs ports require more computations at the UE, hence, should be avoided for power saving purpose.
· For small BWPs (e.g. < 24 PRBs), the likelihood of both rank >1 and the spatial multiplexing gain with large number of CSI-RS ports are small, hence, there may not be any performance benefits for asking the UE to compute a rank > 1 CSI or process large number of CSI-RS ports.
Proposal #11: Consider to support SB CSI reporting for BWP size < 24 PRBs, at least for RedCap UEs:
· Support a SB size for BWP size < 24 PRBs, where the SB size can be fixed or configured
· When BWP size < 24 PRBs, the SB CSI reporting can be  restricted to rank 1 only and a small number of CSI-RS ports (e.g. 2 or 4)
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Figure 2
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Figure 3

Conclusion
Observation #1: CSI measurement/report outside of active BWP and SRS transmission for non-active UL BWPs can improve spectral efficiency for a RedCap UE in a dedicated BWP no larger than its RF BW.
Observation #2: SB CSI reporting for RedCap UEs can facilitate better link adaption, scheduling flexibility, and UE power saving.
Based on the observations, we make the following proposals:
Proposal #1: At least if only CORESET 0 BW is used during initial access for RedCap UE, additionally support the case when the center frequency of initial UL and initial DL BWP is different. RF retuning time can be handled by gNB scheduling. 
Proposal #2: The separate initial UL BWP for RedCap UEs can configure dedicated configurations for PUCCH, PUSCH, RACH for RedCap UEs. 
Proposal #3: Support separate initial DL BWP during initial access for TDD, as well as for all the RRC status for FDD. 
Proposal #4: No need to transmit additional SSB in the separate initial DL BWP. 
Proposal #5: Additional CORESET(s) can be configured for scheduling of RACH (msg2 & msg4)/Paging/SI messages for RedCap UEs in a separate initial DL BWP. The frequency locations of the additional CORESET(s) can be outside of CORESET#0.
Proposal #6: Multiple initial BWPs can be configured. 
Proposal #7: Consider to introduce a dedicated SIB 1 and/or other SIBs for RedCap UE.
Proposal #8: Agree the following proposals as working assumption:
· After initial access, for BWP#0 configuration option 1 and option 2, a RedCap UE is not expected to operate with an initial DL BWP wider than the maximum RedCap UE bandwidth.
· If no separated initial DL BWP configured for RedCap, and the bandwidth of initial DL BWP for non-RedCap UE is wider than maximum bandwidth of RedCap UE, COREST #0 is used as initial DL BWP for RedCap UE. 
Proposal #9: Send an LS RAN4 to ask whether it would be feasible to maintain the same RF switching times/BWP switching time for RedCap UEs as currently specified for non-RedCap UEs or even reduce the RF switching times for RedCap UEs under the following assumptions with manageable impacts (to e.g. device cost, power consumption, and specifications):
· The maximum UE RF bandwidth is 20 MHz for FR1 and 100 MHz for FR2, and the frequency change is up to 80 MHz for FR1 and up to 300 MHz for FR2.
· The RF bandwidth, SCS, QCL (including DL signaling strength), and RRC configuration can be assumed to be the same before and after the RF switching, i.e. it is only the centre frequency that changes. 
· The RF switching may take place during initial access or after initial access.
Proposal #10: Further study on supporting RedCap UE with UE-specific BWP no larger than its RF bandwidth, at least considering:
· Support SRS transmissions or CSI measurement/report for link adaptation outside active BWP.  
Proposal #11: Consider to support SB CSI reporting for BWP size < 24 PRBs, at least for RedCap UEs:
· Support a SB size for BWP size < 24 PRBs, where the SB size can be fixed or configured
· When BWP size < 24 PRBs, the SB CSI reporting can be  restricted to rank 1 only and a small number of CSI-RS ports (e.g. 2 or 4)
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