3GPP TSG RAN WG1 #116-bis		R1-2402965
Changsha, Hunan Province, China, April 15th – 19th, 2024

Agenda Item: 	9.3.2
Source: 	Sony 
Title: 	SBFD PRACH Operations
Document for: 	Discussion / decision
1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#116 we agreed the following:

Working assumption:
For SBFD aware UEs in RRC CONNECTED state, support CBRA and CFRA in SBFD symbols.

Conclusion
No new PRACH format is introduced in Rel-19 duplex WI.

Agreement
For random access operation for SBFD-aware UEs in RRC CONNECTED state, at least consider the following options:
· Option 1: Use one single RACH configuration with possible enhancement
· The ROs within UL subband in SBFD symbols can be valid for SBFD-aware UE
· FFS: Further details
· Option 2: Use two separate RACH configurations, including one legacy RACH configuration and one additional RACH configuration
· The ROs within UL subband in SBFD symbols configured by the additional RACH configuration can be valid for SBFD-aware UE
· FFS: Further details

Agreement
For SBFD aware UEs in RRC CONNECTED state, support Type-1 random access procedure (4-step RACH) in SBFD symbols.
· FFS Type-2 random access procedure (2-step RACH)

Conclusion
If PRACH is allowed in SBFD symbols for SBFD-aware UEs in RRC_IDLE/INACTIVE mode, RAN1 observed the following:
· The benefits include at least one or more of the following:
· reduced random access latency
· reduced PRACH collision probability or allowing more contiguous frequency resources for PUSCH in UL slots
· improved coverage of PRACH with sparse UL resources
· increased cell range of PRACH with sparse UL resources
· PRACH transmissions in UL subband in SBFD symbols may cause UE-to-UE CLI (similar to the case of RRC connected mode UEs) for some deployment scenarios. Initial studies based on two companies’ evaluation results, the DL performance degradation due to UE-to-UE CLI caused by PRACH transmission in SBFD symbols is not significant for indoor office scenario and Urban Macro scenario.

For future meetings
Companies to consider whether the existing random access configuration tables for unpaired spectrum (i.e., Table 6.3.3.2-3 for FR1 and Table 6.3.3.2-4 for FR2) need to be enhanced.

Agreement
For SBFD aware UEs in RRC CONNECTED state, at least PRACH without repetition is supported in SBFD symbols.
· FFS PRACH repetition in SBFD symbols.
· FFS PRACH repetition across SBFD symbols and non-SBFDs symbols.

Agreement
For SBFD-aware UEs in RRC CONNECTED state, further study the following two options:
· Option 1: a valid RO can only be on SBFD symbols or on non-SBFD symbols
· a configured RO across SBFD and non-SBFD symbols in the same slot or across slots is invalid
· Option 2: a valid RO can be across SBFD and non-SBFD symbols in the same slot or across slots
RAN1 to leverage the study in Rel-18 as baseline.

Agreement
For SBFD-aware UEs in RRC CONNECTED state, at least further study whether/how to enable Msg2, Msg3 and Msg4 related transmission/reception in SBFD symbols taking into account the following aspects:
· Msg2[/Msg4 PDSCH] reception in DL subband(s)
· Msg3 PUSCH[/Msg4 HARQ-ACK PUCCH] frequency resource allocation and frequency hopping
· Msg3 repetition
· Msg3 PUSCH[/Msg4 HARQ-ACK PUCCH] power control
· FFS whether/how gNB to identify whether a UE is SBFD aware UE or non-SBFD aware UE
Note: Strive to make progress in accordance to the discussion in AI 9.3.1.

For future meetings:
In RAN1#116bis meeting, at least the following issues will be discussed:
· Whether to support random access in SBFD symbols for UEs in RRC_IDLE/INACTIVE mode
· Details of the two options for configuring ROs for SBFD aware UEs in RRC CONNECTED mode, including RO validation rules, SSB-RO mapping rules, whether/how to allow SBFD aware UE and non-SBFD aware UE to use different PRACH preamble formats.
· Whether/how to support separate PRACH power control parameters configuration in SBFD symbols and non-SBFD symbols.
· Whether/how to enhance the existing random access configuration tables for unpaired spectrum
· Whether/how to support PRACH repetition


This contribution discusses the operations of PRACH in subbands for full duplex TDD.

2. Discussions
2.1 Legacy PRACH Configuration
The PRACH configuration configures the RACH Occasions (RO) resources, where the RO can be Frequency Multiplexed by {1, 2, 4, 8} and in the RO time resources are indicated by the PRACH Configuration Index, which is an index to a configuration lookup table in TS38.211.  In FDD, all configured ROs are valid ROs.  However, in TDD, ROs cannot be transmitted in DL OFDM symbols, and so the configured ROs need to be validated using the following criteria:
· A valid RO resides fully in UL OFDM symbols since PRACH cannot be transmitted in DL OFDM symbols.  
· In addition to residing fully in UL OFDM symbols, there also needs to be a gap of Ngap OFDM symbols between the end of an SSB and the start of the valid RO.  The value of Ngap depends on the subcarrier spacing of the PRACH and it is defined in TS38.213.
· If an RO and an SSB fall within a PRACH slot, the RO is invalid if it precedes the SSB.

Once the valid ROs are determined, the SSBs are mapped to the valid ROs.

2.2 SBFD RO Validation
For SBFD operation, in addition to the existing RO validation criteria for TDD, new RO validation criteria are required.  Firstly, an RO that resides in UL subband of SBFD OFDM symbols need to be valid in order for PRACH transmission in SBFD OFDM symbols.  
Proposal 1: For SBFD operation, an RO is valid if it resides in UL subband of SBFD OFDM symbols.

For an RO that crosses SBFD and non-SBFD symbols, we considered the following two options for RO validation:
· Option 1: a valid RO can only be on SBFD symbols or on non-SBFD symbols
· a configured RO across SBFD and non-SBFD symbols in the same slot or across slots is invalid
· Option 2: a valid RO can be across SBFD and non-SBFD symbols in the same slot or across slots

Option 2 is to provide more RO resources as a valid RO is not restricted to being fully contained in SBFD or non-SBFD OFDM symbols.  Furthermore, for long PRACH formats that support long range cells, the RO may cross multiple slots, where these slots may contain SBFD and non-SBFD symbols.
Observation 1: Allowing RO to cross SBFD and non-SBFD OFDM symbols provides more RO resources and better supports long PRACH formats compared to restricting an RO to only SBFD or non-SBFD OFDM symbols.

The issue with an RO crossing SBFD and non-SBFD symbols is phase discontinuity since the transmission parameters may change when switching from SBFD to non-SBFD symbols and vice-versa, which may be due to the gNB using different antenna panels for SBFD and non-SBFD receptions.  This issue is similar to the transmission across SBFD and non-SBFD OFDM symbols in Agenda 9.3.1.  However, this issue together with those in Agenda 9.3.1, can be handled by the gNB, for example, the gNB can maintain the same antenna panel for the reception of the entire RO. 
Observation 2: Phase discontinuity due to changes in antenna panels and transmission parameters at the gNB when a transmission crosses SBFD and non-SBFD OFDM symbols can be managed by the gNB.
Proposal 2: A valid RO can be across SBFD and non-SBFD symbols in the same slot or across slots. 


2.3 [bookmark: _Ref163142379]SBFD PRACH Configurations
For RACH operation in SBFD, the following options are considered in configuring the ROs:
· Option 1: Use one single RACH configuration with possible enhancement
· The ROs within UL subband in SBFD symbols can be valid for SBFD-aware UE
· Option 2: Use two separate RACH configurations, including one legacy RACH configuration and one additional RACH configuration
· The ROs within UL subband in SBFD symbols configured by the additional RACH configuration can be valid for SBFD-aware UE

In Option 1, a single RACH configuration is used for legacy UEs and SBFD UEs.  We have shown in [1], that if a legacy UE and SBFD UE each performs a (single) SSB-RO association, it may cause ambiguity at the gNB as an RO may be mapped to different SSB for different UEs.  An example is shown in Figure 1, where the gNB configures ROs from PRACH Configuration Index = 129 for FR1 TDD, and uses a TDD slot format of {DDDDU}.  The SBFD is configured on all DL slots giving an SBFD format {XXXXU}.  We assume an SSB burst with 5 SSBs, RO FDM of 2, and a 15 kHz SCS, that is a slot is 1 ms which is equals to a subframe.  For this PRACH configuration, the ROs are located in subframes 3, 4, 8 and 9 of a radio frame, where subframes 4 and 9 are UL slots.  For a legacy UE, it will map the 5 SSB to ROs in UL slots only, i.e., in subframe 4 and 9 since ROs in SBFD slots 3 and 8 are invalid as they do not fully reside in UL OFDM symbols.  An SBFD UE, will map the 5 SSBs to ROs in SBFD slots and UL slots, since all the ROs either reside in an UL subband of SBFD slots in subframe 3 and 8, or in UL OFDM symbols in the UL slot in subframe 4 and 9.  That is the SSB-RO association between legacy UE and SBFD UE may be different.  If a UE transmits a PRACH using a RO in an UL slot such as one in subframe 4 of SFN k, in Figure 1, the gNB may not be able to determine which SSB the UE has selected, i.e., it could be SSB#1 or SSB#3.  Different SSB-RO association will also lead to different RO Group determination for PRACH repetitions.
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Figure 1: Ambiguity in SSB-RO association between legacy and SBFD UE
Observation 3: Legacy UE and SBFD UE will have different SSB-RO associations in a PRACH configuration, which will lead to ambiguity at the gNB on the SSB a UE has selected and the RO Group a UE used for PRACH repetitions.
 
For Option 1, to avoid SSB to RO ambiguity at the gNB, the SBFD UE needs to perform two separate RO validations and SSB-RO associations on the single configured ROs, i.e.:
· 1st RO validation and SSB-RO association: SBFD-aware UE follows the legacy procedure.
· 2nd RO validation and SSB-RO association: SBFD-aware UE uses a different (new) RO validation followed by another SSB-RO association.  In the new RO validation:
· ROs in UL subband of SBFD OFDM symbols are valid ROs, 
· ROs in UL OFDM symbols are invalid (or excluded).

After the two SSB-RO associations with different RO validation are completed, the UE may use the combined valid ROs where each RO is associated to a unique SSB, for PRACH transmission.

Using the same scenario as the example in Figure 1, where the SBFD UE is configured with PRACH Configuration Index 129 and RO FMD = 2.  The SSB-RO association using two SSB-RO associations with different RO validations, is shown in  Figure 2.  The 1st RO validation and SSB-RO association performed on non-SBFD OFDM symbols result in the same SSB-RO association as legacy UE.  The 2nd RO validation and SSB-RO association will map SSB to ROs in SBFD OFDM symbols.  This results in non-overlapping SSB-RO mapping, that is an SSB will not map to the same RO and preambles twice, thereby avoiding any ambiguity at the gNB.  If the UE transmits a PRACH using an RO in an UL slot in subframe 4 in SFN k, the gNB will know that the UE has selected SSB#1, since there is only one SSB that maps to that RO.
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Figure 2: Two SSB-RO associations on one PRACH configuration

Option 2 avoids SSB-RO association ambiguity between legacy UE and SBFD UE, since a separate set of RO resources are used for SBFD RACH.  The RO validation criteria need to include ROs in UL subband of SBFD OFDM symbols and also ROs fully in UL OFDM symbols.  The SBFD UE should also be able to use the legacy ROs, since the justification of the WI is to increase UL capacity.  That is, for Option 2, the SBFD UE performs two SSB-RO associations.  The 1st SSB-RO association is performed on the legacy PRACH configuration using legacy methods.  The 2nd SSB-RO association on the SBFD PRACH configuration using different set of valid RO conditions, where RO in UL subband of SBFD OFDM symbols and in UL OFDM symbols are valid.
Whether Option 1 or Option 2 is used should be up to gNB’s configuration as we do not see why both options cannot be supported.
Proposal 3: For SBFD RACH operation, the following two configuration options are supported:
· Option 1: The gNB configures a single RACH configuration for SBFD-aware UE and legacy UE
· The SBFD-aware UE performs two separate RO validations and SSB-RO associations:
· [bookmark: _Hlk163143685]1st RO validation and SSB-RO association: SBFD-aware UE follows the legacy procedure
· 2nd RO validation and SSB-RO association: SBFD-aware UE uses a different (new) RO validation followed by another SSB-RO association.  In the new RO validation:
· ROs in UL subband of SBFD OFDM symbols are valid ROs, 
· ROs in UL OFDM symbols are invalid (or excluded).  
· Option 2: The gNB configures two separate RACH configurations, including one legacy RACH configuration and one additional RACH configuration
· 1st RACH configuration: SBFD-aware UE performs legacy RO validation and SSB-RO association.
· 2nd RACH configuration: SBFD-aware UE performs a different (new) RO validation and another SSB-RO association.  In the new RO validation:
· ROs in UL subband of SBFD OFDM symbols and UL OFDM symbols are valid ROs. 


2.4 PRACH Configuration Tables
The RO time resources are defined by the PRACH Configuration Index, which indicates an entry in Tables 6.3.3.2-2, 6.3.3.2-3 and 6.3.3.2-4 of TS38.211, for FDD FR1, TDD FR1 and TDD FR2 respectively. In RAN1#116, companies were encouraged in this meeting to consider whether enhancements are needed on these configuration tables for TDD FR1 (Table 6.3.3.2-3) and TDD FR2 (Table 6.3.3.2-4).  In [2], it is argued that the current RACH Configuration tables for TDD FR1 and TDD FR2 are designed such that the time resource of the PRACH is targeting the uplink slots in the TDD pattern, and hence they are not flexible enough for SBFD operations, which contains ROs even for non-UL slots.
The existing RACH Configuration tables for TDD FR1 and TDD FR2 do contain entries where all subframes contains ROs at least for the short RACH format, which are suitable for SBFD operations.  For example, Table 1 shows the PRACH Configuration Index 132 for TDD FR1 (Table 6.3.3.2-3), where all subframes contain RO, enabling ROs to be in SBFD slots and UL slots of a SBFD slot format pattern.
[bookmark: _Ref163139940]Table 1: PRACH Configuration Index = 132 for FR1 TDD (Table 6.3.3.2-3 of TS38.211)
	PRACH
Configuration 
Index
	Preamble format
	
	Subframe number
	Starting symbol
	Number of PRACH slots within a subframe
	[image: ],
number of time-domain PRACH occasions within a PRACH slot
	[image: ],
PRACH duration

	132
	A3
	1
	0
	0,1,2,3,4,5,6,7,8,9
	7
	1
	1
	6



If the entries for TDD FR1 and TDD FR2 are not sufficient, SBFD operations can use the PRACH Configuration Index for FDD FR1, since FDD assumes that all subframes (slots) contains UL OFDM symbols or UL resources, which is similar to that in SBFD operations.  That is PRACH Configuration for SBFD can use Tables 6.3.3.2-2 of TS38.211 which is designed for FDD operations.
Observation 4: The existing RACH configuration tables for TDD FR1 and TDD FR2 in Tables 6.3.3.2-3 and 6.3.3.2-4 of TS38.211, respectively have entries where RO can be configured in all subframes.
Observation 5: PRACH configuration for SBFD may use the RACH configuration table for FDD FR1 in Table 6.3.3.2-2 of TS38.211, if the tables for TDD FR1 and TDD FR2 are not sufficient.
Proposal 4: No further enhancements are required on the RACH configuration tables for FR1 TDD and FR2 TDD in in Tables 6.3.3.2-3 and 6.3.3.2-4 of TS38.211.


2.5 PRACH Repetitions
The PRACH repetitions feature was introduced in Rel-18 to enhance the coverage of PRACH for 4-step RACH.  One of the justifications of this WI is to enhance UL coverage, and since PRACH repetitions is the main mechanism for UL coverage enhancement, it should be supported as per the justification of this WI.
Observation 6: One of the justifications of the Rel-19 Duplex Evolution WI is to enhance the UL coverage, and PRACH repetitions is the main mechanism for UL coverage enhancement.
Proposal 5: Support SBFD for PRACH repetitions.

The Rel-18 mechanism in determining the RO Group for PRACH repetition of a specific SSB can be reused once the new RO validation and SSB-RO associations are performed on SBFD RO configurations. 


2.6 2-step RACH 
In RAN1#116, we agreed that SBFD is supported for 4-step RACH and FFS for 2-step RACH.  The justifications for SBFD are:
· Increase uplink capacity
· Reduce uplink latency
· Enhance uplink coverage

Introducing SBFD for 4-step RACH fulfils the above 3 justifications, especially for enhancements in uplink coverage since PRACH repetitions is supported in 4-step RACH.  Introducing SBFD for 2-step RACH may fulfil the uplink capacity and uplink latency justifications, but it isn’t clear that 2-step RACH fulfils the uplink coverage justification since PRACH repetitions is not supported in 2-step RACH.  Hence, at this point we are reluctant to agree to supporting SBFD for 2-step RACH.
Observation 7: Since PRACH repetitions is not supported in 2-step RACH, it isn’t clear that supporting SBFD for 2-step RACH will enhance uplink coverage, thereby fulfilling one of the justifications of this WI.


2.7 PDCCH Order Mask Index
In Connected Mode, the gNB signals the UE to perform a RACH by using a PDCCH order sent in a DL Grant.  The PDCCH order consists of a Mask Index which indicates the RO index the UE should use for the UE selected SSB.  
As described in Section 2.3, the SBFD UE may have different a SSB-RO association from a legacy UE since it may have two SSB-RO associations for the same PRACH configuration, or it may be configured with a separate SBFD PRACH configuration in addition to the legacy PRACH configuration.  For the case where the SBFD UE is configured with a separate SBFD PRACH configuration, there may be ambiguity as to which RO index the Mask Index points to in the PDCCH order.  Hence it may be beneficial for the PDCCH order to also indicate which PRACH configuration the Mask Index applied to.
Observation 8: If an SBFD UE is configured with a separate SBFD PRACH configuration in addition to the legacy PRACH configuration, and the ROs in each PRACH configuration use a different SSB-RO association, there may be ambiguity as to which set of ROs the Mask Index applies to.
Proposal 6: If the SBFD UE is configured with separate SBFD PRACH configuration in addition to the legacy PRACH configuration, the PDCCH order indicates the PRACH configuration in which the Mask Index is applicable.


2.8 [bookmark: _Ref158655788]Distinguishing SBFD UE and Legacy UE
In CBRA, the gNB may need to distinguish between whether a PRACH is from an SBFD UE or legacy UE, especially for PRACH using ROs in UL slots.  If Msg3 in SBFD OFDM symbols is also supported, the gNB can schedule a Msg3 in an SBFD slot for a SBFD UE.
A PRACH from an RO in an SBFD slot will have to come from a SBFD UE since legacy UE will not be able to transmit in a DL slot.
For the case where the SBFD UE is configured with a separate SBFD PRACH configuration, and if the ROs in the SBFD PRACH configuration are different to those from the legacy PRACH configuration, then any PRACH from an RO belonging to the SBFD PRACH configuration must come from the SBFD UE. That is, the gNB distinguishes the SBFD UE from legacy UE using the RO.
If the SBFD UE and PRACH UE share and RO in an UL slot, then the preambles in these ROs will need to be partitioned so that the gNB can distinguish between SBFD UEs and legacy UEs.  It should be noted that preamble partitioning is only required for ROs in an UL slot since ROs in SBFD slots are used only by SBFD UEs. 
Proposal 7: The following methods are used to distinguish an SBFD UE from a legacy UE at the gNB:
· PRACH from SBFD slot comes from SBFD UE
· Distinguished using different RO, i.e., PRACH from RO belonging to SBFD PRACH configuration comes from SBFD UE, whilst PRACH from RO belonging to legacy PRACH configuration comes from legacy UE.
· If the SBFD UE and PRACH UE share an RO in an UL slot, preamble partitioning is used on these ROs to distinguish between SBFD UEs and legacy UEs.


2.9 SBFD for RACH in Idle Mode/Inactive State
The SBFD support for RACH in Idle Mode/Inactive State have been discussed in RAN1#116 [3], where the benefits highlighted are: 
· reduced random access latency
· reduced PRACH collision probability or allowing more contiguous frequency resources for PUSCH in UL slots
· improved coverage of PRACH with sparse UL resources
· increased cell range of PRACH with sparse UL resources

The main concern for supporting SBFD for RACH in Idle Mode/Inactive State was UE to UE CLI.  However, it was noted that initial studies by two companies suggested that the DL degradation is not significant.  It is also not clear why the CLI would be any worse than for the case in Connected Mode, since the ROs configured for SBFD PRACH are also used in Connected Mode.  Hence given the benefits and given that the issues are not significant, we have a preference to support SBFD for RACH in Idle Mode/Inactive State.

Proposal 8: Support SBFD for RACH in Idle Mode/Inactive State.


3. Conclusion
In this contribution, we discuss some operations issues on PRACH in SBFD, and we observe the following:
Observation 1: Allowing RO to cross SBFD and non-SBFD OFDM symbols provides more RO resources and better supports long PRACH formats compared to restricting an RO to only SBFD or non-SBFD OFDM symbols.
Observation 2: Phase discontinuity due to changes in antenna panels and transmission parameters at the gNB when a transmission crosses SBFD and non-SBFD OFDM symbols can be managed by the gNB.
Observation 3: Legacy UE and SBFD UE will have different SSB-RO associations in a PRACH configuration, which will lead to ambiguity at the gNB on the SSB a UE has selected and the RO Group a UE used for PRACH repetitions.
Observation 4: The existing RACH configuration tables for TDD FR1 and TDD FR2 in Tables 6.3.3.2-3 and 6.3.3.2-4 of TS38.211, respectively have entries where RO can be configured in all subframes.
Observation 5: PRACH configuration for SBFD may use the RACH configuration table for FDD FR1 in Table 6.3.3.2-2 of TS38.211, if the tables for TDD FR1 and TDD FR2 are not sufficient.
Observation 6: One of the justifications of the Rel-19 Duplex Evolution WI is to enhance the UL coverage, and PRACH repetitions is the main mechanism for UL coverage enhancement.
Observation 7: Since PRACH repetitions is not supported in 2-step RACH, it isn’t clear that supporting SBFD for 2-step RACH will enhance uplink coverage, thereby fulfilling one of the justifications of this WI.
Observation 8: If an SBFD UE is configured with a separate SBFD PRACH configuration in addition to the legacy PRACH configuration, and the ROs in each PRACH configuration use a different SSB-RO association, there may be ambiguity as to which set of ROs the Mask Index applies to.


We therefore propose the following:
Proposal 1: For SBFD operation, an RO is valid if it resides in UL subband of SBFD OFDM symbols.
Proposal 2: A valid RO can be across SBFD and non-SBFD symbols in the same slot or across slots. 
Proposal 3: For SBFD RACH operation, the following two configuration options are supported:
· Option 1: The gNB configures a single RACH configuration for SBFD-aware UE and legacy UE
· The SBFD-aware UE performs two separate RO validations and SSB-RO associations:
· 1st RO validation and SSB-RO association: SBFD-aware UE follows the legacy procedure
· 2nd RO validation and SSB-RO association: SBFD-aware UE uses a different (new) RO validation followed by another SSB-RO association.  In the new RO validation:
· ROs in UL subband of SBFD OFDM symbols are valid ROs, 
· ROs in UL OFDM symbols are invalid (or excluded).  
· Option 2: The gNB configures two separate RACH configurations, including one legacy RACH configuration and one additional RACH configuration
· 1st RACH configuration: SBFD-aware UE performs legacy RO validation and SSB-RO association.
· 2nd RACH configuration: SBFD-aware UE performs a different (new) RO validation and another SSB-RO association.  In the new RO validation:
· ROs in UL subband of SBFD OFDM symbols and UL OFDM symbols are valid ROs. 

Proposal 4: No further enhancements are required on the RACH configuration tables for FR1 TDD and FR2 TDD in in Tables 6.3.3.2-3 and 6.3.3.2-4 of TS38.211.
Proposal 5: Support SBFD for PRACH repetitions.
Proposal 6: If the SBFD UE is configured with separate SBFD PRACH configuration in addition to the legacy PRACH configuration, the PDCCH order indicates the PRACH configuration in which the Mask Index is applicable.
Proposal 7: The following methods are used to distinguish an SBFD UE from a legacy UE at the gNB:
· PRACH from SBFD slot comes from SBFD UE
· Distinguished using different RO, i.e., PRACH from RO belonging to SBFD PRACH configuration comes from SBFD UE, whilst PRACH from RO belonging to legacy PRACH configuration comes from legacy UE.
· If the SBFD UE and PRACH UE share an RO in an UL slot, preamble partitioning is used on these ROs to distinguish between SBFD UEs and legacy UEs.

Proposal 8: Support SBFD for RACH in Idle Mode/Inactive State.
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