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1	Introduction
During the NR Study Item, RAN1 has established requirements and scenarios for NR [1] and has identified technology components that are needed to standardize the NR system [2]. The objective of the work item phase is to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low latency communications (URLLC) considering frequency ranges up to 52.6 GHz and considering forward compatibility and introduction of new technology components for new use cases.
In this contribution, we discuss about the remaining details on the NR random access procedure and address the following points:
· On RACH latency
· Time between end of message 4 and start of HARQ-ACK
· Time between Msg2 and retransmission of preamble
· Time between PDCCH order and message 1
· Time between Msg2 and Msg3
· QCL for message 3 and HARQ-ACK for message 4
· [bookmark: _Hlk510301332]RAR and DCI contents
· Contents of PDCCH order

This is a revision of R1-1802022.
2	Remaining open issues
2.1	On RACH latency
In this section we provide an approximate of NR RACH latency assuming current working assumptions and agreements related to minimum times between messages in the procedure and that each transmission would reserve full slot of resources (i.e. no non-slot scheduling assumed) with SCS options {15, 30, 60 and 120 kHz}. 
Random Access procedure is one of the main contributors to the control plane latency for which requirements in NR system are specified in TR 38.913:

[bookmark: _Toc489545628]7.4	Control plane latency
Control plane latency refers to the time to move from a battery efficient state (e.g., IDLE) to start of continuous data transfer (e.g., ACTIVE).
The target for control plane latency should be 10ms.
Analytical evaluation is used as the evaluation methodology.

To let some processing time for the RRC messages in both UE and NW side, the RA procedure latency should be minimized. Table 1 provides calculation on minimum RACH latency for SCS options 15, 30, 60 and 120 kHz. In the table dominant factors are highlighted and it can be observed that:
· [bookmark: _Hlk510694339]TA used as one component to determine minimum time between Msg2 and Msg3 is most dominant latency factor for 15, 30 and 60 kHz SCS
· L2 used as one component to determine minimum time between Msg2 and Msg3, and between Msg4 and Msg4 HARQ-ACK is most dominant latency factor with 120 kHz SCS
· With 15 kHz SCS, already RACH procedure consumes more than targeted CP latency budget (10 ms)
· With 30 kHz SCS, over 60 % of the targeted CP latency budget is taken by RACH procedure and that would leave less than 4 ms for the UE to process RRC message of Msg4

[bookmark: _Ref510692973]Table 1 Minimum RACH latency for SCS options {15, 30, 60, 120 kHz}
[image: ]

Observation: Based on Table1 the following can be observed
-	TA used as one component to determine minimum time between Msg2 and Msg3 is most dominant latency factor for 15, 30 and 60 kHz SCS
-	L2 used as one component to determine minimum time between Msg2 and Msg3, and between Msg4 and Msg4 HARQ-ACK is most dominant latency factor with 120 kHz SCS
-	With 15 kHz SCS, already RACH procedure consumes more than targeted CP latency budget (10 ms)
-	With 30 kHz SCS, over 60 % of the targeted CP latency budget is taken by RACH procedure and that would leave less than 4 ms for the UE to process RRC message of Msg4

[bookmark: _Hlk510694933]2.2	Time between end of Msg4 PDSCH and start of HARQ-ACK
A related working assumption was made in RAN1#92:
	Working assumption:
· Minimum time gap between the end of PDSCH for Msg4 and the start of HARQ-ACK equals to the duration of N1 + L2.
· N1 refers to the UE processing time value determined in the HARQ/scheduling session with front loaded plus additional DMRS and UE capability #1
· L2=500 usec refers to the MAC layer processing time
· Note: the reason for working assumption is due to potential concern over satisfying ITU requirement (to be checked) 



Referring to 2.1 it can be observed that L2 becomes dominant factor in latency wise in FR2 (60 and 120 kHz SCS). On the other hand, the total latency using 60 or 120 kHz SCS is well below 5 ms. When using 15 or 30 kHz SCS, N1 and L2 are not the dominant latency components and thus the current working assumption related to minimum time between end of Msg4 PDSCH and start of HARQ-ACK can be confirmed for FR1. 
Observation: L2 becomes dominant in FR2.
Proposal: Minimum time gap between the end of PDSCH for Msg4 and the start of HARQ-ACK equals to the duration of N1 + L2
· L2=500 usec in FR1
· L2=[125] usec in FR2
2.3	Time between Msg2 and retransmission of preamble
An agreement for the minimum time between Msg2 and a retransmission of a preamble, if requested by higher layers, was reached as follows:
	Agreements:
· If a received Msg2 does not contain a response to the transmitted preamble sequence, the UE shall, if requested by higher layers, be ready to transmit a new preamble sequence after the duration of N1 + new + L2.
· N1 refers to the UE processing time value determined in the HARQ/scheduling session with front loaded plus additional DMRS and UE capability #1
· new>=0, FFS
· L2=500 usec refers to the MAC layer processing time



It was left FFS whether new component new is introduced. That would account for the time in the PHY to setup and start transmitting the preamble. However, it’s assumed that the preparation of a new preamble for a re-transmission is part of the L2 processing. Thus, we think that new should be 0 and the UE should be able to transmit in the next available occasion when requested by higher layers. 
Proposal: Δnew= 0 when determining minimum time between Msg2 and retransmission of preamble.
2.4	Time between PDCCH order and message 1
An agreement for the minimum time between PDCCH order and a retransmission of a preamble was reached as follows:
	Agreements:
· For PDCCH ordered CFRA, the minimum timing gap between PDCCH order reception and Msg1 transmission is 
· [bookmark: _Hlk510255655]N2+BWPSwitching+ Delay, 
· If BWP switching is not required, BWPSwitching=0; otherwise, BWPSwitching is up to RAN4
· N2 refers to the UE processing time value determined in the HARQ/scheduling session with front loaded plus additional DMRS and UE capability #1
· Delay includes at least MAC layer delay in initializing PRACH
· Value of Delay is FFS (to be decided in RAN1)



It was left FFS what is the value of Delay. It’s to be noted that there is already N2, while there is no PUSCH processing. Time needed to transmit preamble can be assumed to be less than time needed to prepare and transmit PUSCH. Thus, we think Delay should be 0.
Proposal: Delay = 0. Minimum time between PDCCH order and transmission of the preamble is N2+BWPSwitching.
2.5	Time between Msg2 and Msg3
RAN1#91 made the agreement for the minimum time between Msg2 and Msg3:
	Agreements:
· Minimum time gap between Msg2 and Msg3 if Msg2 and Msg3 have the same SCS
· Duration of N1 + duration of N2 + L2 + TA
· N1 refers to the value determined in control session with front loaded plus additional DMRS and UE capability #1
· N2 also refers to the value determined in control session with UE capability #1
· TA is equal to the maximum timing advance value that the 12 bit TA command can provide with respect to the SCS of Msg3
· L2 refers to the MAC processing latency and it does not depend on subcarrier spacing
· L2=500us as a working assumption
· Note: If Msg2 and Msg3 have different SCS, value of N1 and N2 will refer to the ones determined in control session.



Referring to discussion in 2.1 about CP latency budget there should be also some processing time for the RRC message processing at UE before the UE is able to start transmitting UL data after RACH procedure. Thus, it’s important to minimize RA procedure latency. According to above referred agreement, minimum time between Msg2 and Msg3 accounts for the maximum TA value that the 12-bit TA command can provide. That is roughly 30 symbols and corresponds to around 2 ms with 15 kHz SCS. 2 ms would eat 20 % of the total CP latency budget as shown in 2.1.
Observation: Minimum time between Msg2 and Msg3 accounts for the maximum TA value that the 12-bit TA command can provide which corresponds to around 2 ms with 15 kHz SCS and 20 % of the total CP latency budget.  
We consider that TA component when defining minimum time between Msg2 and Msg3 should be configurable in a cell to allow the network to set the minimum time between Msg2 and Msg3 optimally to cell size, especially to support low latency RACH in small cell scenarios. For that, there could be different time domain allocation tables defined per indicated TA range applied in the cell where the indication could be provided e.g. in PDCCH scheduling the PDSCH carrying the RAR or in RMSI. E.g. for the max cell radius 5000 m one would need to define 64 TA step corresponding ~0.5 symbol instead of ~30 symbols with full TA range needed for 300 km cell radius. 
Proposal: Minimum time between Msg2 and Msg3 should be configurable based on cell specific max TA range indication
- gNB provides indication about applied cell TA range and used time domain allocation table depends on the indication. Indication could e.g. in RMSI or provided in DCI scheduling RAR.
2.6	QCL for message 3 and HARQ-ACK for message 4
The gNB assumes that the UE would use the same TX beam for the Msg4 HARQ-ACK as it used for the Msg3. In other words, the gNB would use the same RX beam for both. The same applies for Msg3 transmission that the gNB assumes that UE would use the same TX beam for the Msg3 transmission as it used for the PRACH preamble transmission.
Proposal: UE uses the same transmit spatial filter for Msg4 HARQ-ACK as it used for Msg3 transmission. 

2.7	RAR and DCI contents
Working assumptions were made in RAN1#92 for the bit fields in RAR, DCI format 1-0 with RA-RNTI is used to schedule Msg2, use DCI format 0-0 with TC-RNTI for Msg3 retransmission and DCI format 1-0 with TC-RNTI for Msg4 scheduling as provided in Appendix. As discussed in 2.5 it would make sense to allow minimum time between Msg2 and Msg3 to adapt to actual cell size. The max cell TA range indication could be provided in RMSI or in DCI format 1-0 with RA-RNTI to schedule Msg2 as follows (as an example, two different max cell TA ranges assumed):

	Field
	Bits
	Comment

	Identifier for DCI formats
	1
	Reserved

	Frequency domain resource assignment
	[image: ]
	

	Time domain resource assignment
	?
	Use default time allocation table based on “Cell TA range indication”

	VRB-to-PRB mapping
	1
	

	Modulation and coding scheme
	5
	Use MCS table without 256QAM (UE capabilities not yet known)

	Cell TA range indication
	1
	0: TA range max 64 steps
1: Full TA range (3846)

	Unused
	16
	Reserved



Observation: There are 17 unused bits in DCI format 1-0 with RA-RNTI used to schedule Msg2. One or more of the unused bits could be used to signal cell TA range used to determine time domain resource assignment as discussed in 2.5. 
Proposal: Confirm working assumptions for contents of DCI formats and RAR.
2.8	Contents of PDCCH order
Based on [3] the PDCCH order would have the following fields:
•	Random Access Preamble index – Indicating which Random access preamble to use in case of contention-free random access procedure, or the value 000000 in case of contention-based random access procedure
•	BWP index – Indicating which BWP to transmit the Random access preamble on
•	SUL indicator – Indicating whether to transmit the Random access preamble on SUL or normal uplink carrier
In addition RAN1#92 made the following agreement:
	Agreements:
· UE assumes that the DMRS of both the received PDCCH order and the PDCCH of the corresponding Msg2 are QCLed with the same SSB/CSI-RS.
· gNB configures 9 bits to indicate RACH occasion index.
· 6 bits are used to indicate an SSB index
· Note: This SSB index is just intended to find the RACH occasion to transmit Msg1
· [bookmark: _Hlk510387383]3 bits are used to indicate the relative RACH occasion index that corresponds to the indicated SSB index
· Note: UE follows the SSB  CBRA mapping rule to find the specific RACH occasion.
· The SSB/CSI-RS that is QCLed with both the DM-RS of PDCCH order and the DM-RS of the PDCCH of the corresponding Msg2 is used for pathloss estimation associated with Msg1.




Thus, it can be summarized that PDCCH order includes the following fields:
· Random Access Preamble index – Indicating which Random access preamble to use in case of contention-free random access procedure, or the value 000000 in case of contention-based random access procedure
· BWP index – Indicating which BWP to transmit the Random access preamble on
· SUL indicator – Indicating whether to transmit the Random access preamble on SUL or normal uplink carrier
· SSB index - 6 bits are used to indicate an SSB index
· RACH occasion index - 3 bits are used to indicate the relative RACH occasion index that corresponds to the indicated SSB index

Observation: Based on current agreements, the PDCCH order includes the following fields:
•	Random Access Preamble index – Indicating which Random access preamble to use in case of contention-free random access procedure, or the value 000000 in case of contention-based random access procedure
•	BWP index – Indicating which BWP to transmit the Random access preamble on
•	SUL indicator – Indicating whether to transmit the Random access preamble on SUL or normal uplink carrier
•	SSB index - 6 bits are used to indicate an SSB index
•	RACH occasion index - 3 bits are used to indicate the relative RACH occasion index that corresponds to the indicated SSB index
One potential issue with having SSB index and RO index as part of PDCCH order could be that e.g. if the cell has one SS/PBCH block and e.g. 32 ROs within a time synch period between SSB and ROs. Now, the SS/PBCH block would have potentially CFRA resource in each RO because one can only give the SSB index and RO index of 3 bits. Thus, when the UE receives PDCCH order from the gNB how the UE select the preamble for transmission if it can find the “correct” preamble from each RO. 
To clarify above, one step is that the UE cannot transmit multiple Msg1s before end of RAR window. After that the UE may transmit again in the next available RO and so on. On the other hand it may be desirable for the gNB to control more specifically which preambles within a time synch period. Basically problem is when there are more than 8 ROs within a time synch period associated with SS/PBCH block. 
Observation: When there are more than 8 ROs associated to one SS/PBCH block within a time synch period between SS/PBCH burst set and ROs (consisting of 1, 2 or 4 RACH configuration periods).
One way to solve above issue is that only first 8 ROs associated to SSB can be valid ROs for CFRA resource within a time synch period between SS/PBCH burst set and ROs because then 3-bit RO index together with 6-bit SSB index can point directly to certain CFRA resource within the time synch period. 
Proposal: Only first 8 ROs associated to SSB are valid ROs for CFRA resource within a time synch period between SS/PBCH burst set and ROs.
3	Conclusions
Related to the remaining issues of four-step random access procedure, the following observations and proposals are made:
Observation: Based on Table1 the following can be observed
-	TA used as one component to determine minimum time between Msg2 and Msg3 is most dominant latency factor for 15, 30 and 60 kHz SCS
-	L2 used as one component to determine minimum time between Msg2 and Msg3, and between Msg4 and Msg4 HARQ-ACK is most dominant latency factor with 120 kHz SCS
-	With 15 kHz SCS, already RACH procedure consumes more than targeted CP latency budget (10 ms)
-	With 30 kHz SCS, over 60 % of the targeted CP latency budget is taken by RACH procedure and that would leave less than 4 ms for the UE to process RRC message of Msg4
Observation: L2 becomes dominant in FR2.
Proposal: Minimum time gap between the end of PDSCH for Msg4 and the start of HARQ-ACK equals to the duration of N1 + L2
· L2=500 usec in FR1
· L2=[125] usec in FR2

Proposal: Δnew=0 when determining minimum time between Msg2 and retransmission of preamble.
Proposal: Delay = 0. Minimum time between PDCCH order and transmission of the preamble is N2+BWPSwitching.
Observation: Minimum time between Msg2 and Msg3 accounts for the maximum TA value that the 12-bit TA command can provide which corresponds to around 2 ms with 15 kHz SCS and 20 % of the total CP latency budget.
Proposal: Minimum time between Msg2 and Msg3 should be configurable based on cell specific max TA range indication
· gNB provides indication about applied cell TA range and used time domain allocation table depends on the indication. Indication could e.g. in RMSI or provided in DCI scheduling RAR.

Proposal: UE uses the same transmit spatial filter for Msg4 HARQ-ACK as it used for Msg3 transmission. 
Observation: There are 17 unused bits in DCI format 1-0 with RA-RNTI used to schedule Msg2. One or more of the unused bits could be used to signal cell TA range used to determine time domain resource assignment as discussed in 2.5. 
Proposal: Confirm working assumptions for contents of DCI formats and RAR.

Observation: Based on current agreements, the PDCCH order includes the following fields:
•	Random Access Preamble index – Indicating which Random access preamble to use in case of contention-free random access procedure, or the value 000000 in case of contention-based random access procedure
•	BWP index – Indicating which BWP to transmit the Random access preamble on
•	SUL indicator – Indicating whether to transmit the Random access preamble on SUL or normal uplink carrier
•	SSB index - 6 bits are used to indicate an SSB index
•	RACH occasion index - 3 bits are used to indicate the relative RACH occasion index that corresponds to the indicated SSB index
Observation: When there are more than 8 ROs associated to one SS/PBCH block within a time synch period between SS/PBCH burst set and ROs (consisting of 1, 2 or 4 RACH configuration periods).
Proposal: Only first 8 ROs associated to SSB are valid ROs for CFRA resource within a time synch period between SS/PBCH burst set and ROs.
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Appendix – RAN1#92 agreements related to contents of RAR and DCI formats for RACH
Agreements:
· The number of bits for RAR is 56 for a UE. Send LS to RAN2 – R1-1803435, which is approved by updating “if need” to “if needed”, and the final LS is in R1-1803475
· Working assumption: Bit fields according to the table below.
· The LTE part is FYI
· Note: Need to check the entries in the time domain allocation table to fulfill ITU requirements.
	
	LTE
	NR
	Comment

	Reserved
	1
	3
	

	Timing advance
	11
	12
	Agreed in 38.321

	Hopping flag
	1
	1
	Need to ensure FH is mandatory for the UE, at least for msg3.

	Frequency domain RA
	10
	12
	Resource allocation type 1. Reuse LTE wording on interpretation (but with numbers adjusted accordingly)
If FH, the first 1-2 bits are used for hopping information.

	Time domain RA
	1
	4
	Point to entries in the time allocation table. Check with resource allocation session regarding the number of bits. 

	Truncated MCS
	4
	4
	Same MCS table as for “normal” transmission without 256QAM, only lowest part used.

	TPC command
	3
	3
	-6 dB to 8 dB with a 2 dB step size. Check with power control session.

	CSI request
	1
	1
	Only for contention-free RA in Rel-15. A CSI configuration to be used in case the bit is set needs to be defined/configured.

	TC-RNTI
	16
	16
	

	Total
	48
	56
	



Agreements:
· If DCI format 1-0 with RA-RNTI is used to schedule msg 2, the DCI contents as a working assumption  are according to the table below
	Field
	Bits
	Comment

	Identifier for DCI formats
	1
	Reserved

	Frequency domain resource assignment
	
	

	Time domain resource assignment
	?
	Use default time allocation table

	VRB-to-PRB mapping
	1
	

	Modulation and coding scheme
	5
	Use MCS table without 256QAM (UE capabilities not yet known)

	New data indicator
	1
	Reserved

	Redundancy version
	2
	Reserved

	HARQ process number
	4
	Reserved

	Downlink assignment index
	2
	Reserved

	TPC command for scheduled PUCCH
	2
	Reserved

	PUCCH resource indicator
	3
	Reserved

	PDSCH-to-HARQ_feedback timing indicator
	3
	Reserved



Agreements:
· Msg 3 retransmission: use DCI format 0-0 with TC-RNTI
· working assumption according to the table below
	Field
	Bits
	Comment

	Identifier for DCI formats
	
	Indicate UL

	Frequency domain resource assignment
	
	

	Time domain resource assignment
	
	

	Frequency hopping flag
	
	

	Modulation and coding scheme
	
	Use UE-capability-independent MCS table 

	New data indicator
	
	Reserved

	RV
	
	

	HARQ proc
	
	Reserved.
HARQ process 0 is always used.

	TPC for PUSCH
	
	

	UL/SUL
	
	Reserved (retransmission on same carrier as initial transmission)



Agreements:
· Msg4 using DCI format 1-0 with TC-RNTI
· working assumption according to the table below

	Field
	Bits 
	Comment

	Identifier for DCI formats
	1
	Indicate DL

	Frequency domain resource assignment
	
	

	Time domain resource assignment
	?
	

	VRB-to-PRB mapping
	1
	

	Modulation and coding scheme
	5
	Use UE-capability-independent MCS table 
Assume LBRM in the UE? Check!

	New data indicator
	1
	

	Redundancy version
	2
	

	HARQ process number
	4
	

	Downlink assignment index
	2
	Reserved from functionality point-of-view
(ongoing discussion in PUCCH session whether to use these bits for other purposes or not)

	TPC command for scheduled PUCCH
	2
	

	PUCCH resource indicator
	3
	

	PDSCH-to-HARQ_feedback timing indicator
	3
	Used but potentially different interpretation
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Phase Factor 15 30 60 120

Wait for Msg1 resource 14 14 14 14 PRACH allocation in every other slot

Msg1 duration 14 14 14 14 PRACH allocation assumed to take one slot

Min betw. Msg1-Msg2 0 0 0 0RAR window starts in a slot after PRACH slot

Msg2 duration 14 14 14 14 One slot for RAR delivery

N1 8 10 17 20

N2 10 12 23 36

N_TA_max 30 30 30 30

L2 (500 usec) 7 14 28 56

Msg3 duration 14 14 14 14 One slot for PUSCH carrying Msg3

Min betw. Msg3-Msg4 14 14 14 14 One slot processing time assumed

Msg4 duration 14 14 14 14 One slot for PDCCH+PDSCH carrying Msg4

N1 8 10 17 20

L2 (500 usec) 7 14 28 56

Msg4 HARQ-ACK 

duration 14 14 14 14

One slot needed for PUCCH (short PUCCH 

may be in the end of the slot)

Min latency [symbols] 168 188 241 316

Min latency [ms] 11,2 6,3 4,0 2,6

Note

Min betw. Msg2-Msg3

Min Msg4-Msg4 

HARQ-ACK

SCS [kHz]
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