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[bookmark: _Ref349588338]1. 	Introduction
In this contribution, we will discuss the remaining issues for PHY procedures of two-step RACH, based on the agreements and working assumptions in [2-6]. The channel structure of message A (msgA) is discussed in a companion paper [7], and design considerations for NR-U are investigated in [8].

2. 	Overview 
2.1	Use Cases for Two-Step RACH in NR Rel-16
Based on 3GPP studies for smartphone background traffic [9] and contention-based, non-orthogonal multiple access [10], TA-free and grant-free UL transmission is enabled by two-step RACH in NR Rel-16 [1]. The main benefits of NR two-step RACH are latency and signaling overhead reduction, as well as the improvement of UE’s power efficiency. 
The major use cases of two-step RACH in NR Rel-16 include at least the following:
· contention-based, grant-free and TA-free small UL packet transmission in all RRC states and all cell sizes supported in NR Rel-15
· smartphone background traffic such as “Keep Alive” message
· IM
· UP data
· initial access from RRC IDLE state
· RRC connection re-establishment
· transition from RRC INACTIVE state to RRC CONNECTED state
In addition to CBRA two-step RACH, CFRA two-step RACH is proposed in [1] to replace RACH-less handover and improve the resilience to UL timing uncertainty.

2.2 	Flow Chart of Two-Step RACH UL and DL Transmission
For a two-step RACH procedure starting with msgA transmission,  the contents of random access response (RAR) depend on the outcome of msgA preamble and payload processing, as well as the RRC state of UE.  Figure. 1 shows three typical cases of two-step RACH:
· Case Ⅰ: If gNB can decode the preamble and payload of msgA, it will send a SuccessRAR in msgB PDSCH;
· Case Ⅱ: If gNB can detect the preamble of msgA but cannot decode the payload, it will send a FallbackRAR in msgB PDSCH; 
· Case Ⅲ: If gNB cannot detect the preamble of msgA, or UE does not receive the RAR sent by gNB, UE will retransmit msgA after the RAR window expires.
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Figure 1:  Three Typical Cases of msgA and msgB Transmission in Two-Step RACH


3. 	Design for msgB
Table 1 shows the physical signals and channels used by the new message types introduced in two-step RACH, which include msgA, msgB and a HARQ feedback for msgB SuccessRAR.

Table 1:  Physical Signals and Channels Used for Two-Step RACH
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3.1   New Group RNTI for CRC Masking of msgB DCI 
msgB comprises a PDCCH component and a PDSCH component. The scheduling information for msgB PDSCH is carried by msgB PDCCH. For ROs shared between two-step RACH and four-step RACH, the differentiation between msgB and msg2 should be based on a new group RNTI (msgB-RNTI), which is not overlapping with the 15-bit space of RA-RNTI. 
In NR Rel-15, the RA-RNTI is defined by
RA-RNTI= 1 + s_id + 14 × t_id + 14 × 80 × f_id + 14 × 80 × 8 × ul_carrier_id
where s_id is the index of the first OFDM symbol of the  RO (0 ≤ s_id < 14), t_id is the index of the first slot of the RO in a system/radio frame (0 ≤ t_id < 80), f_id is the index of the RO in the frequency domain (0 ≤ f_id < 8), ul_carrier_id is the UL carrier used for msgA preamble transmission (0 for NUL carrier, and 1 for SUL carrier), and the reference SCS to determine s_id and t_id is based on the value of μ as specified by clause 5.3.2 in TS 38.211.
For UE in RRC IDLE/INACTIVE state, its msgB PDCCH is always addressed to msgB-RNTI, which can be formulated by a differentiator for RACH type, as well as a RO index in time and frequency domain. When the RAR window is extended for msgB, an indication of the radio frame index can also be included in the formula of msgB-RNTI to avoid ambiguity of RO indexing when the RAR is delivered out of order or the retransmission of RAR is supported by gNB.
Specifically, if the RAR window length is within the range of , msgB-RNTI can be calculated by:
msgB-RNTI= RA-RNTI+17920+ 14 × 80 × 8 × 2 ×mod(rf_id,2),
wherein RA-RNTI is calculated in the same way as NR Rel-15 for the UL initial/active BWP configured for two-step RACH, the constant 17920 is the max value of RA-RNTI within a radio frame, which serves as the RACH type differentiator between two-step and four-step RACH on a shared RO (as shown by Figure 2), rf_id is the radio frame index (i.e. LSB of SFN) associated with msgA RO. 
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Figure 2:  CRC Masking by msgB-RNTI and RA-RNTI on Shared RO

3.2    msgB PDCCH and PDSCH
The contents and search space of msgB PDCCH depend on the RRC state of UE, as well as the outcome of msgA processing.
· RRC CONNECTED UE
For a UE in RRC CONNECTED state, its msgB PDCCH can be transmitted in USS or CSS. Therefore, UE needs to monitor PDCCH in both USS and CSS.
· If the payload of msgA can be decoded successfully,  gNB will transmit msgB PDCCH in USS. DCI format 1_0 can be re-used, with CRC masked by C-RNTI (as shown in Table 2). The PUCCH resource indicator and TPC command for PUCCH are also included in DCI. The PDSCH of msgB includes at least a 12-bit TA MAC CE.

· If the msgA preamble can be detected but the payload cannot be decoded, gNB will transmit msgB PDCCH in CSS. GC DCI format 1_0 can be re-used (as shown in Table 3), with CRC masked by msgB-RNTI. gNB will transmit a FallbackRAR in the MAC Sub-PDU, which includes at least a 6-bit RAPID, a 12-bit TA MAC CE, a 16-bit TC-RNTI and a 27-bit RAR grant. 

· RRC IDLE/INACTIVE UE
For a UE in RRC IDLE or INACTIVE state, its msgB PDCCH is always transmitted in CSS and GC DCI format 1_0 can be reused (as shown in Table 3), and the CRC is masked by msgB-RNTI.
· If the payload of msgA can be decoded successfully, gNB will transmit a SuccessRAR in the MAC Sub-PDU, which includes at least a 48-bit contention resolution MAC CE, a 16-bit C-RNTI and a 12-bit TA MAC CE. The PUCCH resource indicator for HARQ ACK and the TPC for PUCCH transmission can also be included in the msgB MAC subPDU carrying the SuccessRAR.
Table 2: DCI Format 1_0 for msgB PDCCH (USS)
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Table 3: GC DCI Format 1_0 for msgB PDCCH (CSS)
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Therefore, we have the following proposals:
Proposal 1:   UEs performing two-step RACH and four-step RACH monitor msgB PDCCH and msg2 PDCCH respectively on the same ra-SearchSpace. DCI differentiation for msgB and msg2 should be based on different RNTIs instead of search space separation.

[bookmark: _Hlk21111271]Proposal 2:   A new group RNTI should be defined for msgB PDCCH transmitted in CSS, for shared RO and RO dedicated to two-step RACH,  regardless the RAR window is extended or not. The new msgB-RNTI should include at least a RACH type differentiator for two-step RACH and an indication for the radio frame index associated with the msgA RO time occasion. 

[bookmark: _Hlk21103771]Proposal 3:  Support at least the following contents in msgB PDCCH and msgB PDSCH:
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[bookmark: _Hlk24131247]Proposal 4:  msgB PDCCH can be addressed to C-RNTI or msgB-RNTI. DCI format 1_0 can be re-used for msgB PDCCH.

Proposal 5:  When the msgB PDCCH is addressed to msgB-RNTI, the msgB PDSCH can aggregate multiple types of MAC subheader and MAC subPDU, including back-off indicator, FallbackRAR, SuccessRAR and SRB RRC messages. Differentiation of MAC subPDU can be based on MAC subheader as well as the contention resolution MAC CE of SuccessRAR.

3.	Fall-Back, Retransmission and RACH Type Selection
Both two-step RACH and four-step RACH procedures are supported in NR Rel-16. UE makes RACH type selection at the beginning of a random access attempt, or after a few re-attempts of RACH of the same type. When the first transmission of msgA fails, UE can re-attempt two-step RACH by retransmitting msgA, or fall-back to scheduled transmission similar to msg3 of four-step RACH.
[bookmark: _Hlk21111280][bookmark: _Hlk24131211][bookmark: _Hlk24138166]Proposal 6: The following rules for msgA retransmission and fall-back should be supported:
· Two-step RACH can fall-back to four-step RACH, when the msgA preamble detection is successful but the msgA payload decoding fails. To trigger fall-back to four-step RACH, gNB needs to send a FallbackRAR in msgB PDSCH, which includes the RAR grant for PUSCH retransmission.
· FallbackRAR can re-use the format of RAR grant of msg2, including the 1-bit CSI request.
· msgA can be re-transmitted if the UE does not receive its RAR (FallbackRAR or SuccessRAR) within the RAR window, and the counter of msgA retransmissions has not reached its upper bound configured by the network.
· When msgA is re-transmitted, both preamble and payload are transmitted.

Proposal 7: Support the following rules for RACH type selection:
· RACH type selection is performed after UL carrier selection in CA/DC/SUL scenarios;
· For the scenario of DC, UE can only perform two-step RACH on SpCell;
· RACH type selection can be based on link level measurements, latency requirements, system loading information and validation outcome of msgA RO/PO;
· RACH type selection can be supported at the beginning of a RACH attempt, or after the re-attempts for two-step/four-step RACH reaches its upper bound configured by the network;
· UE will perform two-step RACH if a valid RO and a valid PO can be found;
· [bookmark: _Hlk21115777]If UE can find a valid RO for two-step RACH but cannot find a valid PO, UE can either switch to four-step RACH, or transmit a msgA preamble only on the valid RO;
· If UE can find a valid PO for two-step RACH but cannot find a valid RO for two-step RACH, UE can either switch to four-step RACH, or defer the transmission of msgA to next valid RO and PO.

Proposal 8: For unpaired spectrum, UE performs msgA RO validation/invalidation for two-step RACH periodically every 160ms, by re-using the validation/invalidation rules specified in TS 38.213-8.1 for four-step ROs. Moreover,
· the 160ms validation periodicity for RO should be aligned with the SSB-RO association patterns to guarantee the association pattern repeats for all msgA RO configuration periods within a msgA RO validation period;
· the overlapping of ROs dedicated to two-step RACH and four-step RACH should be avoided by network configuration, and is not expected by UE. 

Proposal 9:  For paired and unpaired spectrum, UE performs msgA PO validation/invalidation for two-step RACH periodically every 160ms:
· the 160ms validation periodicity for msgA PO should be aligned with the SSB-RO association patterns to guarantee the association pattern repeats for all msgA PO configuration periods within a msgA PO validation period;
· the overlapping of msgA POs with msgA/msg1 ROs should be avoided by network configuration, and is not expected by UE;
· a msgA PO is considered invalid if the transmission gap w.r.t. any valid and preceding msgA RO of two-step RACH is smaller than  OFDM symbols (excluding guard time of NR Rel-15 PRACH), where   for μ=0 or μ=1,  for μ=2 or μ=3, and μ is the SCS configuration of msgA PUSCH in the initial/active UL BWP;
· for unpaired spectrum, when a UE is provided TDD-UL-DL-ConfigurationCommon, a msgA PO is considered as invalid if:
·  it is not fully aligned with UL symbols 
or
· it precedes a SSB in the msgA PUSCH slot
or
· its gap to the last SSB reception symbol is less than  OFDM symbols, where  is specified in TS 38.213-8.1.



4. 	HARQ Feedback to msgB 
After transmitting msgA payload, a UE will monitor msgB within a RAR window. The starting point of msgB RAR window should be aligned with the first PDCCH symbol in the earliest search space of msgB PDCCH, as shown by Figures 3-5. 
· As shown by Figure 3, if a UE can decode its SuccessRAR, it will apply the TA command and send an ACK to gNB to complete the random access procedure. 
· As shown by Figure 4, if a UE can decode its FallbackRAR, it will apply the TA command and retransmit PUSCH on the granted resources. 
· If there is a msgA preamble detection failure or msgB decoding failure, UE will not receive a SuccessRAR or a FallbackRAR. UE will retransmit msgA after RAR window expires, as shown by Figure 5. 

Therefore, UE does not need to transmit a HARQ-NACK to gNB, if it does not receive a SuccessRAR. For RRC IDLE/INACTIVE UE, the PUCCH resource indication for HARQ feedback can be carried by msgB PDCCH and/or PDSCH. For RRC CONNECTED UE, the PUCCH resource indication for HARQ-ACK can be carried by msgB PDCCH, as shown in Table 2.
Therefore, we have the following proposals to support HARQ feedback to msgB SuccessRAR:
[bookmark: _Hlk21107715][bookmark: _Hlk24138372]Proposal 10:  HARQ feedback to msgB SuccessRAR is transmitted on PUCCH. The numerology, waveform, BWP and TX spatial filter configuration for PUCCH should re-use the configuration of the last msgA PUSCH transmission/retransmission. 
Proposal 11: For “PDSCH to HARQ timing indicator” and “PUCCH resource indicator” signalled to RRC INACTIVE/IDLE UEs sharing the same RO, the common information is transmitted on msgB PDCCH, and the UE-specific information is transmitted in SucessRAR MAC SubPDU or derived implicitly from the preamble sequence ID, contention resolution ID or the index of MAC SubPDU. 
Proposal 12: Whether or not to support soft-combining of msgB retransmission is up to UE implementation.
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Figure 3: HARQ ACK for SuccessRAR
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Figure 4: PUSCH Retransmission Based on FallbackRAR


[image: ]
Figure 5: msgA Retransmission after RAR Window (No SuccessRAR or FallbackRAR Detected)

5.	Timing Control Procedures for msgA 
As stated in the WID [1], two-step RACH shall be able to operate regardless of whether the UE has a valid TA or not. Typically, UE in RRC_INACTIVE or RRC_IDLE state may not be UL synchronized with gNB. There are multiple solutions to improve the performance of two-step RACH and reduce the transceiver implementation complexities for asynchronous UL without a valid TA.
· Option 1: UE can apply a timing adjustment, say , based on DL measurements for RSRP and/or positioning.   can be applied to both preamble and payload of msgA, as shown in Figure 6; or to the payload part of msgA only, as shown by Figure 7. The positioning measurements can be based on SSB/SIB, or additional RS such as PRS and CSI-RS. 
· Option 2: gNB can estimate the timing offset of UL transmission by processing the msgA preamble. Based on the timing offset estimation, gNB can perform timing adjustment and/or UE grouping. Multiple processing windows can be applied to UE groups characterized by different range of timing offsets, as illustrated in Figure 8.

[image: ]
Figure 6: UE Assisted Timing Adjustment for Both Preamble and Payload of msgA
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Figure 7: UE-Assisted Timing Adjustment for Payload Part of msgA Only

[image: ]
Figure 8: Timing Offset Estimation and Adjustment by gNB

Proposal 13: Both UE-assisted timing adjustment and gNB-assisted timing adjustment can be applied to msgA transmission or reception.
· For UE-assisted timing adjustment, the UL timing offset estimation can be obtained at least from DL measurements. 
· For gNB-assisted timing adjustment, the UL timing offset can be obtained at least from the msgA preamble processing.


6.	Remaining Issues for PHY Procedures 
In RAN1#98B, it was agreed that the same TX spatial filter should be used for msgA preamble and payload on the same transmission instance. In addition, it was agreed that the same power ramping step size should be applied to OLPC of msgA preamble and payload. Therefore, we have the following proposal:
[bookmark: _Hlk16867340]Proposal 14:  A two-step RACH UE should keep the same power ramping counter for OLPC of msgA preamble and payload.
[bookmark: _Hlk4678475]
8. 	Conclusions
[bookmark: _Hlk4752999]In this contribution, the remaining issues for msgB design and PHY procedures related to two-step RACH  have been discussed. To conclude, we have the following proposals:
Proposal 1:   UEs performing two-step RACH and four-step RACH monitor msgB PDCCH and msg2 PDCCH respectively on the same ra-SearchSpace. DCI differentiation for msgB and msg2 should be based on different RNTIs instead of search space separation.
[bookmark: _GoBack]
Proposal 2:   A new group RNTI should be defined for msgB PDCCH transmitted in CSS, for shared RO and RO dedicated to two-step RACH,  regardless the RAR window is extended or not. The new msgB-RNTI should include at least a RACH type differentiator for two-step RACH and an indication for the radio frame index associated with the msgA RO time occasion. 

Proposal 3:  Support at least the following contents in msgB PDCCH and msgB PDSCH:
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Proposal 4:  msgB PDCCH can be addressed to C-RNTI or msgB-RNTI. DCI format 1_0 can be re-used for msgB PDCCH.
Proposal 5:  When the msgB PDCCH is addressed to msgB-RNTI, the msgB PDSCH can aggregate multiple types of MAC subheader and MAC subPDU, including back-off indicator, FallbackRAR, SuccessRAR and SRB RRC messages. Differentiation of MAC subPDU can be based on MAC subheader as well as the contention resolution MAC CE of SuccessRAR.
Proposal 6: The following rules for msgA retransmission and fall-back should be supported:
· Two-step RACH can fall-back to four-step RACH, when the msgA preamble detection is successful but the msgA payload decoding fails. To trigger fall-back to four-step RACH, gNB needs to send a FallbackRAR in msgB PDSCH, which includes the RAR grant for PUSCH retransmission.
· FallbackRAR can re-use the format of RAR grant of msg2, including the 1-bit CSI request.
· msgA can be re-transmitted if the UE does not receive its RAR (FallbackRAR or SuccessRAR) within the RAR window, and the counter of msgA retransmissions has not reached its upper bound configured by the network.
· When msgA is re-transmitted, both preamble and payload are transmitted.
Proposal 7: Support the following rules for RACH type selection:
· RACH type selection is performed after UL carrier selection in CA/DC/SUL scenarios;
· For the scenario of DC, UE can only perform two-step RACH on SpCell;
· RACH type selection can be based on link level measurements, latency requirements, system loading information and validation outcome of msgA RO/PO;
· RACH type selection can be supported at the beginning of a RACH attempt, or after the re-attempts for two-step/four-step RACH reaches its upper bound configured by the network;
· UE will perform two-step RACH if a valid RO and a valid PO can be found;
· If UE can find a valid RO for two-step RACH but cannot find a valid PO, UE can either switch to four-step RACH, or transmit a msgA preamble only on the valid RO;
· If UE can find a valid PO for two-step RACH but cannot find a valid RO for two-step RACH, UE can either switch to four-step RACH, or defer the transmission of msgA to next valid RO and PO.

Proposal 8: For unpaired spectrum, UE performs msgA RO validation/invalidation for two-step RACH periodically every 160ms, by re-using the validation/invalidation rules specified in TS 38.213-8.1 for four-step ROs. Moreover,
· the 160ms validation periodicity for RO should be aligned with the SSB-RO association patterns to guarantee the association pattern repeats for all msgA RO configuration periods within a msgA RO validation period;
· the overlapping of ROs dedicated to two-step RACH and four-step RACH should be avoided by network configuration, and is not expected by UE. 

Proposal 9:  For paired and unpaired spectrum, UE performs msgA PO validation/invalidation for two-step RACH periodically every 160ms:
· the 160ms validation periodicity for msgA PO should be aligned with the SSB-RO association patterns to guarantee the association pattern repeats for all msgA PO configuration periods within a msgA PO validation period;
· the overlapping of msgA POs with msgA/msg1 ROs should be avoided by network configuration, and is not expected by UE;
· a msgA PO is considered invalid if the transmission gap w.r.t. any valid and preceding msgA RO of two-step RACH is smaller than  OFDM symbols (excluding guard time of NR Rel-15 PRACH), where   for μ=0 or μ=1,  for μ=2 or μ=3, and μ is the SCS configuration of msgA PUSCH in the initial/active UL BWP;
· for unpaired spectrum, when a UE is provided TDD-UL-DL-ConfigurationCommon, a msgA PO is considered as invalid if:
·  it is not fully aligned with UL symbols 
or
· it precedes a SSB in the msgA PUSCH slot
or
· its gap to the last SSB reception symbol is less than  OFDM symbols, where  is specified in TS 38.213-8.1.

Proposal 10:  HARQ feedback to msgB SuccessRAR is transmitted on PUCCH. The numerology, waveform, BWP and TX spatial filter configuration for PUCCH should re-use the configuration of the last msgA PUSCH transmission/retransmission. 
Proposal 11: For “PDSCH to HARQ timing indicator” and “PUCCH resource indicator” signalled to RRC INACTIVE/IDLE UEs sharing the same RO, the common information is transmitted on msgB PDCCH, and the UE-specific information is transmitted in SucessRAR MAC SubPDU or derived implicitly from the preamble sequence ID, contention resolution ID or the index of MAC SubPDU. 
Proposal 12: Whether or not to support soft-combining of msgB retransmission is up to UE implementation. 
Proposal 13: Both UE-assisted timing adjustment and gNB-assisted timing adjustment can be applied to msgA transmission or reception.
· For UE-assisted timing adjustment, the UL timing offset estimation can be obtained at least from DL measurements. 
· For gNB-assisted timing adjustment, the UL timing offset can be obtained at least from the msgA preamble processing.
Proposal 14:  A two-step RACH UE should keep the same power ramping counter for OLPC of msgA preamble and payload.
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