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Introduction
In RAN1 #107-emeeting, the following agreements were made for bandwidth reduction techniques for RedCap UE:

	Agreement
In Rel-17, up to 1 separate initial UL BWP for RedCap can be configured.

Agreement:

For both FR1 and FR2, for a cell that allows a RedCap UE to access, network can configure a separate initial DL BWP for RedCap UEs in SIB. At least the case when the separate initial DL BWP includes CD-SSB and the entire CORESET#0 is supported

It can be used in idle/inactive mode (including paging) and during and after initial access, when applicable

It is no wider than the maximum RedCap UE bandwidth.

This applies to both TDD and FDD (including FD FDD and HD FDD) cases.

Agreement

For a separate initial DL BWP for RedCap UEs,

The supported bandwidths for the separate initial DL BWP for RedCap UEs can have any values up to the maximum UE bandwidth (as in legacy operation).
Agreement:

For FR1,
For a separate initial DL BWP (if it does not include CD-SSB and the entire CORESET#0) from RAN1 perspective,
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.
Note: RAN1 assumes REDCAP UE performing Random access in the separate DL BWP does not need to monitor paging in a BWP containing CORESET#0
Working assumption: If it is configured for paging, RedCap UE expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB from RAN1 perspective
For an RRC-configured active DL BWP in connected mode (if it does not include CD-SSB and the entire CORESET#0) from RAN1 perspective,
A RedCap UE supporting mandatory FG 6-1 (but not optional FG 6-1a) expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB
A RedCap UE can indicate the following as optional capability:
Not need NCD-SSB: A RedCap UE can in addition optionally support relevant operation based on CSI-RS (working assumption) and/or FG 6-1a by reporting optional capabilities.
Note: if a separate initial/RRC configured DL BWP is configured to contain the entire CORESET#0, CD-SSB is expected by RedCap UE.
Note: The network may choose to configure SSB or MIB-configured CORESET#0 or SIB1 to be within the respective DL BWP.
Note: If a separate SIB-configured initial DL BWP for RedCap UEs contains the entire CORESET#0, the RedCap UE shall use the bandwidth and location of the CORESET#0 in DL during initial access.
Note: NCD-SSB periodicity is not required to be configured the same as that of CD-SSB

Note: Periodicity of NCD-SSB shall be not less than periodicity of CD-SSB

Agreement:

For FR2,
For a separate initial DL BWP (if it does not include CD-SSB and the entire CORESET#0) from RAN1 perspective,
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.
Note: RAN1 assumes REDCAP UE performing Random access in the separate DL BWP does not need to monitor paging in a BWP containing CORESET#0
Working assumption: If it is configured for paging, RedCap UE expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB from RAN1 perspective
For an RRC-configured active DL BWP in connected mode (if it does not include CD-SSB and the entire CORESET#0) from RAN1 perspective,
A RedCap UE supporting mandatory FG 6-1 (but not optional FG 6-1a) expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB
A RedCap UE can indicate the following as optional capability:
Not need NCD-SSB: A RedCap UE can in addition optionally support relevant operation based on CSI-RS (working assumption) and/or FG 6-1a by reporting optional capabilities.
Note: For SSB and CORESET#0 multiplexing pattern 1, if a separate initial/RRC configured DL BWP is configured to contain the entire CORESET#0, CD-SSB is expected by RedCap UE.
Note: The network may choose to configure SSB or MIB-configured CORESET#0 or SIB1 to be within the respective DL BWP.
Note: If a separate SIB-configured initial DL BWP for RedCap UEs contains the entire CORESET#0, the RedCap UE shall use the bandwidth and location of the CORESET#0 in DL during initial access.
Note: NCD-SSB periodicity is not required to be configured the same as that of CD-SSB

Note: Periodicity of NCD-SSB shall be not less than periodicity of CD-SSB

Agreement:

When the frequency hopping for the RedCap PUCCH resources (for HARQ feedback for Msg4/MsgB) is deactivated,

Each PUCCH resource is mapped to a single PRB.

What side[(s)] of the RedCap UL BWP center frequency to which PUCCH resources are mapped is[/are] configurable by the network, including SIB-configurable [additional] offset (with no more than [4] candidate values) from edge using the existing equations for determining the PRB index of the PUCCH transmission as a starting point.

RedCap and non-RedCap can be configured with the same or different PUCCH resource set indices (see TS 38.213 Table 9.2.1-1).


In this contribution, we discuss the remaining issues on reduced maximum UE bandwidth for RedCap.

Remain issues
Whether to prohibit RF retuning during initial access?
As far as we are concerned, whether to perform RF retuning is up to UE implementation and shall not be prohibited by the spec. Besides, completely prohibiting RF-retuning during initial access would impose significant limitations on RedCap  deployment and BWP configuration, which are specified as follows.

Consider the case that the combined bandwidth of the MIB-configured CORESET#0 and initial UL BWP for legacy UEs exceeds the maximum RedCap UE bandwidth. Completely prohibiting RF-retuning means that the initial UL BWP for legacy UEs cannot be reused/shared by RedCap UEs even if it is not wider than the maximum RedCap UE bandwidth, resulting in unnecessary signalling overhead for separate BWP configuration. Alternatively, the MIB-configured CORESET#0 and initial UL BWP for legacy UEs can be configured with a combined bandwidth of less than 20 MHz for RedCap access, which apparently limits the flexibility of network scheduling.
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Figure 1 A scenario where the combined bandwidth of CORESET#0 and initial UL BWP for legacy UEs exceeds the maximum RedCap UE bandwidth.

Observation 1: Due to the RF-retuning restriction, the legacy UL BWP and CORESET#0 that are shared by RedCap UEs can only be configured with a combined bandwidth of less than 20 MHz.

If the separate initial UL BWP for RedCap UEs is configured at the carrier edge to avoid PUSCH resource fragmentation, the MIB-configured CORESET#0 located at the carrier middle and the separate initial UL BWP may span a larger bandwidth together than the maximum RedCap UE bandwidth. In this case, prohibiting RF-retuning means that the MIB-configured CORESET#0 cannot be used as the initial DL BWP for RedCap UEs if the initial DL BWP for legacy UEs is wider than the maximum RedCap UE bandwidth. Consequently, the configuration of the separate DL BWP becomes mandatory rather than optional, resulting in unnecessary signalling overhead and NCD-SSB transmission for measurement purpose. Alternatively, the configuration of the existing network needs to be modified that the CORESET#0 is restricted to be placed at the carrier edge, which is detrimental to network scheduling flexibility. 
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Figure 2 A scenario where the combined bandwidth of CORESET#0 and the separate initial UL BWP exceeds the maximum RedCap UE bandwidth.

Observation 2: If the separate initial UL BWP for RedCap UEs is configured at the carrier edge, prohibiting RF-retuning may cause the MIB-configured CORESET#0 to be placed only at the carrier edge, which is detrimental to network scheduling flexibility.

After RedCap UEs acquire time and frequency synchronization via CD-SSB, they need to switch from the CD-SSB bandwidth to the MIB-configured CORESET#0 for monitoring Type0-PDCCH CSS. However, the combined bandwidth of the MIB-configured CORESET#0 and CD-SSB for SSB/CORESET#0 multiplexing patterns 2 and 3 in FR2 may exceed the maximum RedCap UE bandwidth, which makes RF retuning unavoidable.

Observation 3: The combined bandwidth of the MIB-configured CORESET#0 and CD-SSB for SSB/CORESET#0 multiplexing patterns 2 and 3 in FR2 may exceed the maximum RedCap UE bandwidth, which makes RF retuning unavoidable.
Proposal 1: RedCap UEs may or may not perform RF-retuning during initial access, which is up to UE implement.

Whether to align center frequencies for the initial DL and UL BWPs used during random access for RedCap UEs in TDD mode?
TDD center frequency alignment issue is quite controversial in the last e-meeting. Consider that the UL BWP used during random access for RedCap UEs may be a legacy UL BWP or a separately configured UL BWP, which may be placed around the MIB-configured CORESET#0 and at the carrier edge to avoid PUSCH fragmentation, respectively. That is to say, their frequency positions would be very different in the carrier. Therefore, we think that the cases corresponding to the legacy UL BWP and the separate UL BWP for RedCap UEs shall be discussed separately, which may otherwise lead to conflicting conclusions.

Case 1:  the separate initial UL BWP is used for RedCap UEs during random access in FR1 or for SSB/CORESET#0 multiplexing pattern 1 in FR2.

Consider that the separate UL BWP for RedCap UEs needs to be configured at the carrier edge to avoid PUSCH resource fragmentation. If the initial DL BWP used during random access is defined or contains the MIB-configured CORESET#0, the RedCap UE shall use the bandwidth and location of the CORESET#0 in DL during initial access. Since the UL/DL switching is not frequent and the switching time requirement can be relaxed during random access, center frequency can be different for the initial DL BWP used during random access (i.e., CORESET#0) and the separate initial UL BWP. In this case, the NCD-SSB transmission and PUSCH fragmentation problem could be avoided without any adverse impacts on legacy UEs. Otherwise, if TDD center frequencies alignment during random access is mandatory, the configuration of the existing network needs to be modified that CORESET#0 is restricted to be placed at the carrier edge for aligning UL/DL center frequencies, which is detrimental to network scheduling flexibility. On the contrary, if the initial DL BWP does not contain the MIB-configured CORESET#0, center frequency can be aligned for the initial DL BWP and the separate initial UL BWP to minimize spec efforts.

Proposal 2: In FR1 or for SSB/CORESET#0 multiplexing pattern 1 in FR2, center frequency can be different for the initial DL BWP and the separate initial UL BWP used during random access for RedCap UEs, if the initial DL BWP contains CD-SSB and the MIB-configured CORESET#0.

Case 2:  the legacy UL BWP is reused/shared for RedCap UEs during random access in FR1 or for SSB/CORESET#0 multiplexing pattern 1 in FR2.

As agreed in the last e-meeting, if the initial DL BWP used during initial access is defined or contains the MIB-configured CORESET#0, the RedCap UE shall use the bandwidth and location of the CORESET#0 in DL during initial access. Apparently, the center frequency of the initial DL BWP used during random access (i.e., CORESET#0) does not necessarily align with that of the legacy initial UL BWP, which follows the current spec. Besides, it is noted that the legacy UL BWP is generally placed around the MIB-configured CORESET#0. Therefore, if the initial DL BWP used during random access for RedCap UEs does not contain the MIB-configured CORESET#0, center frequency can also be different for the initial DL BWP and the legacy initial UL BWP. 

Observation 4: The center frequency of the MIB-configured CORESET#0 does not necessarily align with that of the legacy initial UL BWP configured in SIB1, which follows legacy behavior.
Proposal 3: In FR1 or for SSB/CORESET#0 multiplexing pattern 1 in FR2, center frequency can be different for the initial DL BWP and the legacy initial UL BWP used during random access for RedCap UEs, regardless of whether the initial DL BWP contains CD-SSB and the MIB-configured CORESET#0 or not.

Case 3: for SSB/CORESET#0 multiplexing patterns 2 and 3 in FR2

Consider the SSB/CORESET#0 multiplexing patterns 2 and 3 in FR2. As showed in the following figure, the initial DL BWP may be placed to contain only CD-SSB but not the MIB-configured CORESET#0 for the purpose of avoiding additional NCD-SSB overhead. In this case, center frequencies of the initial DL and UL BWP used during random access are hard to be aligned, regardless of whether the legacy UL BWP or the separately configured UL BWP is used in the uplink direction. Therefore, on the basis of the above proposals, it can be concluded that center frequency can be different for the initial DL and UL BWP used during random access, if the initial DL BWP contains CD-SSB or the MIB-configured CORESET#0.
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Figure 3 A scenario where the initial DL BWP for RedCap UEs contains CD-SSB or CORESET#0 merely.
Proposal 4: For SSB/CORESET#0 multiplexing patterns 2 and 3 in FR2, center frequency can be different for the initial DL and UL BWP used during random access for RedCap UEs, if the initial DL BWP contains CD-SSB or the MIB-configured CORESET#0.

Proposal 5: For the purpose of network scheduling flexibility and avoiding additional NCD-SSB overhead, center frequency misalignment during random access shall be supported by RedCap UEs.

The use of NCD-SSB or CSI-RS in DL BWPs for RedCap UEs

As agreed in RAN2 reply LS on the use of NCD-SSB or CSI-RS in DL BWPs for RedCap UEs, "a RedCap UE in idle/inactive mode monitors paging only in an initial BWP (default or RedCap specific) associated with CD-SSB and performs cell (re-)selection and measurements on the CD-SSB". That is to say, paging is not configured in the separate initial DL BWP that does not include CD-SSB. Therefore, we shall remove the current working assumption that "if it is configured for paging, RedCap UE expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB from RAN1 perspective". Nevertheless, if the separate initial DL BWP contains the entire MIB-configured CORESET#0 and CD-SSB, separate RA and/or paging CSS can also be configured for the purpose of offloading. For instance, with separate CSS being configured, the RedCap UE only needs to monitor for SI change or PWS notification in its own RedCap-dedicated paging occasion, which contributes to terminal power savings and alleviates PDCCH blocking.
Proposal 6: Remove the working assumption that "if it is configured for paging, RedCap UE expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB from RAN1 perspective".

Proposal 7: If the initial DL BWP is defined by the MIB-configured CORESET#0 or contains the entire CORESET#0 and CD-SSB, separate RA and/or paging CSS can be configured within the initial DL BWP bandwidth for the purpose of offloading.
For an RRC-configured active DL BWP in connected mode (if it does not include CD-SSB and the entire CORESET#0), agreement has been achieved by RAN 2/4 that the UE can support RLM, BFD, CBD and L1 RSRP measurement based on CSI-RS if UE reports the corresponding capabilities. Regarding the L3 measurement, CSI-RS are not used as a standalone mechanism and whether to support CSI-RS as an alternative to SSB is up to RAN1 decision. As far as we are concerned, legacy behavior shall be followed that CSI-RS is supported as an optional capability to minimize spec effort and avoid mandatory NCD-SSB transmission. Upon reporting the ability to support either one or both of {SSB, CSI-RS, CSI-RS with associated SSB}, gNB can configure the NCD-SSB or CSI-RS for specific measurement requirements based on UE capability in connected mode. 

Proposal 8: Legacy behavior shall be followed that the RedCap UE can support CSI-RS based L3 measurement with associated SSB and RLM, BFD, CBD, L1 RSRP measurement based on CSI-RS if UE reports the corresponding capabilities.
Common PUCCH resource determination for RedCap UEs
As agreed in the RAN1#106bis-e meeting, the intra-slot PUCCH frequency hopping within the separate initial UL BWP in the PUCCH resource for HARQ feedback for Msg4/MsgB for RedCap UEs is enabled/disabled at least via SIB. If the intra-slot PUCCH frequency hopping within the separate initial UL BWP is enabled, the current spec for legacy UEs shall be followed with 8 PUCCH resources being mapped at the lower edge and another 8 PUCCH resources being mapped at the higher edge. 

If the intra-slot PUCCH frequency hopping within the separate initial UL BWP is disabled, all 16 PUCCH resources shall be mapped at one side of the UL BWP to avoid PUSCH fragmentation. Whether all 16 PUCCH resources are mapped at the lower edge or the higher edge is up to gNB scheduling. Besides, due to different PRB allocation granularity, the original PRB offset configured in TS 38.213 Table 9.2.1-1 for legacy UEs should be modified accordingly, with additional PRB offset being configured or new PUCCH resource table for RedCap UEs being defined. Otherwise, PRB resources corresponding to different PUCCH resource set indexes in TS 38.213 Table 9.2.1-1 may overlap with each other, resulting in inter-cell interference. To make it more clear, we take the PUCCH resource set indexes 8, 9, and 10 in TS 38.213 Table 9.2.1-1 as an example in the following.

Table 9.2.1-1: PUCCH resource sets before dedicated PUCCH resource configuration 

	Index
	PUCCH format
	First symbol
	Number of symbols
	PRB offset [image: image4.wmf]offset

BWP

RB


	Set of initial CS indexes

	0
	0
	12
	2
	0
	{0, 3}

	1
	0
	12
	2
	0
	{0, 4, 8}

	2
	0
	12
	2
	3
	{0, 4, 8}

	3
	1
	10
	4
	0
	{0, 6}

	4
	1
	10
	4
	0
	{0, 3, 6, 9}

	5
	1
	10
	4
	2
	{0, 3, 6, 9}

	6
	1
	10
	4
	4
	{0, 3, 6, 9}

	7
	1
	4
	10
	0
	{0, 6}

	8
	1
	4
	10
	0
	{0, 3, 6, 9}

	9
	1
	4
	10
	2
	{0, 3, 6, 9}

	10
	1
	4
	10
	4
	{0, 3, 6, 9}

	11
	1
	0
	14
	0
	{0, 6}

	12
	1
	0
	14
	0
	{0, 3, 6, 9}

	13
	1
	0
	14
	2
	{0, 3, 6, 9}

	14
	1
	0
	14
	4
	{0, 3, 6, 9}

	15
	1
	0
	14
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	{0, 3, 6, 9}


For legacy PUCCH configuration, each PUCCH resource set includes 16 resources, with 8 resources being mapped at one BWP edge. As shown in the above table, the set of initial cyclic shift indexes is composed of 4 initial cyclic shifts for PUCCH resource set indexes 8, 9, and 10, which means that 4 UEs can be multiplexed on a single RB for transmission. Since 8 PUCCH resources are mapped at one edge, 2 RBs are needed for each resource set index. Therefore, to divide the PUCCH resources of different cells in frequency domain, the PRB offsets corresponding to the PUCCH resource set indexes 8, 9, and 10 are set as 0, 2, and 4, respectively. However, for RedCap PUCCH configuration, 16 PUCCH resources are mapped at one edge and 4 RBs are needed for each resource set index. Consequently, the PRB offsets corresponding to the PUCCH resource set indexes 8, 9, and 10 should be modified as 0, 4, and 8, respectively. A diagram for the PRB offset setting is illustrated in Figure 4.
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Figure 4  PRB offset diagram for different PUCCH resource set indexes.
Observation 5: Due to different PRB allocation granularity, the original PRB offset configured in TS 38.213 Table 9.2.1-1 for legacy UEs should be modified accordingly. Otherwise, PRB resources corresponding to different PUCCH resource set indexes in TS 38.213 Table 9.2.1-1 for RedCap UEs may overlap with each other, resulting in inter-cell interference. 

Proposal 9: 

If 8 PUCCH resources is mapped at one BWP edge, the PRB offset in Table 9.2.1-1 of TS 38.213 shall be reused to minimize spec impact. 

If 16 PUCCH resources is mapped at one BWP edge, additional PRB offset shall be configured or new PUCCH resource table for RedCap UEs shall be defined.
- Except for PUCCH resource set index 15, the four candidates of PRB offset for RedCap UEs are 0, 4, 6, and 8, which can be achieved by defining a new RedCap-dedicated PRB offset parameter or superimposing an additional offset on the legacy PRB offset.
Conclusions

In the previous sections we have discussed the open issues on reduced maximum UE bandwidth for RedCap UEs and made the following observations and proposals: 

Observations:
Observation 1: Due to the RF-retuning restriction, the legacy UL BWP and CORESET#0 that are shared by RedCap UEs can only be configured with a combined bandwidth of less than 20 MHz.

Observation 2: If the separate initial UL BWP for RedCap UEs is configured at the carrier edge, prohibiting RF-retuning may cause the MIB-configured CORESET#0 to be placed only at the carrier edge, which is detrimental to network scheduling flexibility.

Observation 3: The combined bandwidth of the MIB-configured CORESET#0 and CD-SSB for SSB/CORESET#0 multiplexing patterns 2 and 3 in FR2 may exceed the maximum RedCap UE bandwidth, which makes RF retuning unavoidable.

Observation 4: The center frequency of the MIB-configured CORESET#0 does not necessarily align with that of the legacy initial UL BWP configured in SIB1, which follows legacy behavior.

Observation 5: Due to different PRB allocation granularity, the original PRB offset configured in TS 38.213 Table 9.2.1-1 for legacy UEs should be modified accordingly. Otherwise, PRB resources corresponding to different PUCCH resource set indexes in TS 38.213 Table 9.2.1-1 for RedCap UEs may overlap with each other, resulting in inter-cell interference. 

Proposals:

Proposal 1: RedCap UEs may or may not perform RF-retuning during initial access, which is up to UE implement.

Proposal 2: In FR1 or for SSB/CORESET#0 multiplexing pattern 1 in FR2, center frequency can be different for the initial DL BWP and the separate initial UL BWP used during random access for RedCap UEs, if the initial DL BWP contains CD-SSB and the MIB-configured CORESET#0.

Proposal 3: In FR1 or for SSB/CORESET#0 multiplexing pattern 1 in FR2, center frequency can be different for the initial DL BWP and the legacy initial UL BWP used during random access for RedCap UEs, regardless of whether the initial DL BWP contains CD-SSB and the MIB-configured CORESET#0 or not.

Proposal 4: For SSB/CORESET#0 multiplexing patterns 2 and 3 in FR2, center frequency can be different for the initial DL and UL BWP used during random access for RedCap UEs, if the initial DL BWP contains CD-SSB or the MIB-configured CORESET#0.

Proposal 5: For the purpose of network scheduling flexibility and avoiding additional NCD-SSB overhead, center frequency misalignment during random access shall be supported by RedCap UEs.

Proposal 6: Remove the working assumption that "if it is configured for paging, RedCap UE expects it to contain NCD-SSB for serving cell but not CORESET#0/SIB from RAN1 perspective".

Proposal 7: If the initial DL BWP is defined by the MIB-configured CORESET#0 or contains the entire CORESET#0 and CD-SSB, separate RA and/or paging CSS can be configured within the initial DL BWP bandwidth for the purpose of offloading.

Proposal 8: Legacy behavior shall be followed that the RedCap UE can support CSI-RS based L3 measurement with associated SSB and RLM, BFD, CBD, L1 RSRP measurement based on CSI-RS if UE reports the corresponding capabilities.

Proposal 9: 

If 8 PUCCH resources is mapped at one BWP edge, the PRB offset in Table 9.2.1-1 of TS 38.213 shall be reused to minimize spec impact. 

If 16 PUCCH resources is mapped at one BWP edge, additional PRB offset shall be configured or new PUCCH resource table for RedCap UEs shall be defined.
- Except for PUCCH resource set index 15, the four candidates of PRB offset for RedCap UEs are 0, 4, 6, and 8, which can be achieved by defining a new RedCap-dedicated PRB offset parameter or superimposing an additional offset on the legacy PRB offset.
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