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[bookmark: _Ref471367327]Introduction
For NR-RACH design, the following was agreed in RAN1#89:

Agreements:
· NR supports PRACH preamble formats 0 and 1 for the sequence length of 839.

Agreements:
· For L = 839, NR at least supports subcarrier spacing of:
· 1.25 kHz
· FFS: which one of 2.5 kHz or 5 kHz will be supported

Agreements:
· For the shorter sequence length than L=839, NR supports sequence length of L = 127 or 139 with subcarrier spacing of {15, 30, 60, 120}kHz
· Note: this is based on the assumption that 240 kHz subcarrier spacing is not available for data/control
· FFS: 7.5 kHz subcarrier spacing

Agreements:
· Consider following new use cases for RACH design, 
· beam recovery requests 
· on demand SI requests
· Study the following aspects:
· requirements to satisfy above new use cases
· impact on capacity
· whether additional preamble format(s) is needed
· impact on RACH procedure


In this contribution we discuss NR-RACH formats further. Capacity aspects are discussed in more detail in [4].
[bookmark: _Ref178064866]Discussion
[bookmark: _Toc468450825]NR-RACH preamble formats
For long sequence length (839), NR-RACH formats 0 and 1 have been agreed, see Table 1.
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[bookmark: _Ref485032021]Table 1. NR-RACH preamble numerology example
For short sequence length (127 or 139), proposals for NR-RACH preambles for the agreed subcarrier spacings (15, 30, 60, and 120 kHz) are listed in the appendix, Section 5.1. Note that as compared to [5], the notation has been aligned so that CP is not included in the N_OS value and format label. 
For convenience, the formats for 15 kHz SCS can also be found in Table 2. The proposals for all other subcarrier spacings are the same apart from scaling with the inverse of the SCS. Hence, the proposals provide a unified systematic set of preambles formats for all subcarrier spacings and frequency bands. The formats are illustrated for 15 kHz SCS in Figure 1 and for the generic case (all SCSs) in Figure 2. 
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	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S15-1
	15
	1
	1
	2048
	144
	0

	S15-2
	15
	2
	1
	2*2048
	144
	144

	S15-5
	15
	5
	1
	5*2048
	2048
	3072

	S15-12
	15
	12
	1
	12*2048
	2048
	4096

	S15-13
	15
	13
	1
	13*2048
	2048
	2048

	S15-26
	15
	26
	1
	26*2048
	2048
	6144


Ts = 1/(30720) ms;
[bookmark: _Ref481747527]Table 2. NR-RACH preamble numerology for 15 kHz SCS
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[bookmark: _Ref480875149]Figure 1. Proposed NR-RACH preamble formats S15-1 to S15-26, shown alongside the already agreed format 0 for comparison 
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[bookmark: _Ref485033309]Figure 2. Generic illustration of all proposed NR-RACH preamble formats for short sequence length, for arbitrary SCS xx (15, 30, 60, or 120 kHz).

Multiple subcarrier spacings are proposed to be supported on the same carrier frequency. The smaller sub-carrier spacing formats can be used in larger cells as compared to larger sub-carrier spacing. The larger sub-carrier spacings are suitable for time critical initial access, low latency data channels and high speed scenarios, as indicated by the simulations of 500 km/h in [6]. 
The six formats for each SCS have different lengths of the NR-RACH preamble such that they can be used for different coverage situations or for different receiver beamforming sweep. See appendix, Section 5.1, for details. Capacity is further discussed in [4]. See also [1] for discussion of slot length definitions for NR-RACH preambles.
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Preamble sequence configuration
NR-RACH preamble sequences can be configured by
1. Preamble format
2. Root sequence
3. Cyclic shift configuration
4. Time allocation (time index)
5. Frequency allocation
6. Number of NR-RACH preambles in one cell
See [1] for more information. Similar to LTE, restricted sets can be defined.

Gap for PDCCH in NR-RACH preambles
Gaps for PDCCH can be introduced before NR-RACH preambles as illustrated in an example in Figure 3. Here a gap is inserted corresponding to 2 OFDM symbols and a sub-carrier spacing of 15 kHz for PDCCH. The length of the gap must thus be signalled to the UE with a broadcast signal before transmitting NR-RACH preambles. This gap might for example be expressed as number of PDCCH OFDM symbols and sub-carrier spacing of PDCCH. 
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For NR-RACH format 0, both the length of the CP and the length of the guard are reduced, see Figure 3, which will have an impact on the maximum cell size when using this format 0. With a sub-carrier spacing of 1.25 kHz for NR-RACH format 0, the length of the CP equals , without a gap for PDCCH as in Figure 1. When introducing a gap for PDCCH this CP is reduced such that the length of the CP for NR-RACH format 0 equals some . This is thus a reduction with 70% of maximum cell size.
Format 0, S15-1, and S15-2 are not changed by introducing a gap for PDCCH. The only impact is that the number of NR-RACH preambles per slot is reduced. See [1] for discussion of slot length definitions for NR-RACH preambles.
S15-5, S15-12, S15-13 and S15-26 have somewhat reduced number of repetitions of the NR-RACH OFDM symbols. This will only have a minor impact on the coverage of most of these formats. For example, S15-13 will have 12 repetitions of the NR-RACH OFDM symbols (including CP) instead of 14 (including CP), which is a reduction with . However, the maximum cell size, in terms of length of CP and guard length, is not changed.
For S15-5, the first preamble time resource is only 4 symbols. This is in order to prevent it from affecting the second half of the subframe in case of long propagation delays, which might be undesirable from an interference point of view if frequency hopping between slots is used. An alternative could be to split the resources as 5 symbols + 5 symbols for better symmetry.
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[bookmark: _Ref481736164]Figure 3. Gaps for PDCCH included in NR-RACH preamble format 0 with SCS of 1.25 kHz and formats S15-1 to S15-26 with SCS of 15 kHz
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Conclusion
Based on the discussion in section 2 we propose the following:
Proposal 1	Support the proposed systematic set of NR-RACH preamble formats for subcarrier spacings from 15 kHz to 120 kHz and all carrier frequencies
Proposal 2	The gNB can configure the timing of the start of a NR-RACH preamble allocation in a slot

In section 2 we made the following observations:
Observation 1	The proposed set of NR-RACH preamble formats can be used for different coverage situations, latencies, UE speeds, and beam sweeping schemes
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Appendix

[bookmark: _Ref485032165]NR-RACH preamble formats
In the following, all MCL values are calculated for AWGN according to Section 2.6.4 of [3] (i.e. with 2 receive antennas). Other assumptions are according to [2] [3], but without the 3 dB performance reduction from polarization misalignment mentioned in Section 2.6.1.1 of [3]. With CDL-C channel, MCL would typically be in the order of 10 dB smaller.
Note that as compared to [5], the notation has been aligned so that CP is not included in the N_OS value and format label.
Subcarrier spacing 15 kHz
Use cases for each proposed NR-RACH preamble format:
S15-1: Indoor or very small cell with CP as guard
· Maximum cell radius: For LOS around 700 m derived from the CP length
· Delay spread: up to 5 us
· MCL: 137 dB (AWGN, 2 rx antennas)
· Maximum UE speed: 120 km/h
· Carrier frequency: below 6 GHz
· Scenario: Indoor or very small cell up to 700 meters. No receiver beam sweep

S15-2: Indoor or small cell. Roundtrip time and delay spread within twice the ordinary CP
· Maximum cell radius: For LOS around 1.4 km derived from the GP length
· Delay spread: up to 5 us
· MCL: 140 dB
· Maximum UE speed: 120 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Indoor or small cell up to 700 meters. Up to two receiver beams sweep

S15-5: Medium size cell. Guard time defines maximum delay
· Maximum cell radius: For LOS around 15 km derived from the GP length
· Delay spread: >5 us
· MCL: 144 dB
· Maximum UE speed: 120 km/h
· Carrier frequency: below 6GHz
· Scenario: Medium cell up to 15 km with good coverage (accumulate all OFDM symbols) or medium cell up 10 km with up to 5 receiver beams sweep

 S15-12: Large size cell. Guard time defines maximum delay
· Maximum cell radius: For LOS around 20 km derived from the GP length. Around 95 km if using one additional half slot (0.5 ms) as guard.
· Delay spread: >5 us
· MCL: 147 dB
· Maximum UE speed: 120 km/h
· Carrier frequency: below 6 GHz
· Scenario: Large cell up to 20 km with good coverage (accumulate all OFDM symbols) or medium cell up 10 km with up to 12 receiver beams sweep

S15-13: Medium size cell. Guard time defines maximum delay
· Maximum cell radius: For LOS around 10 km derived from the GP length. Around 85 km if using one additional half slot (0.5 ms) as guard.
· Delay spread: >5 us
· MCL: 148 dB
· Maximum UE speed: 120 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Medium cell up to 10 km with good coverage (accumulate all OFDM symbols) or up to 13 receiver beams sweep

S15-26: Large size cell. Guard time defines maximum delay
· Maximum cell radius: For LOS around 30 km derived from the GP length. Around 105 km if using one additional half slot (0.5 ms) as guard.
· Delay spread: >5 us
· MCL: 151 dB
· Maximum UE speed: 120 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Large cell up to 30 (or 105 km) with good coverage (accumulate all OFDM symbols) or medium cell up 10 km with up to 26 receiver beams sweep. Furthermore, if the network refrains from scheduling data in subsequent frames, thereby effectively extending the guard period, this preamble format can also be used for even larger cells, e.g. up to 300 km if link budget is good enough. Note that this preamble format is similar in length and performance [3] to LTE format 1.


	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S15-1
	15
	1
	1
	2048
	144
	0

	S15-2
	15
	2
	1
	2*2048
	144
	144

	S15-5
	15
	5
	1
	5*2048
	2048
	3072

	S15-12
	15
	12
	1
	12*2048
	2048
	4096

	S15-13
	15
	13
	1
	13*2048
	2048
	2048

	S15-26
	15
	26
	1
	26*2048
	2048
	6144


Ts = 1/(30720) ms;

	
Subcarrier spacing 30 kHz
Use cases for each proposed NR-RACH preamble format:
S30-1: Indoor or very small cell with CP as guard
· Maximum cell radius: For LOS around 350 m derived from the CP length
· Delay spread: up to 2.5 us
· MCL: 134 dB (AWGN, 2 rx antennas)
· Maximum UE speed: 500 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Indoor or very small cell up to 350 meters. No receiver beam sweep

S30-2: Indoor or small cell. Roundtrip time and delay spread within the twice ordinary CP
· Maximum cell radius: For LOS around 700 m derived from the GP length
· Delay spread: up to 2.5 us
· MCL: 137 dB
· Maximum UE speed: 500 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Indoor or small cell up to 700 meters. Up to two receiver beams sweep

S30-5: Medium size cell. Guard time defines maximum delay
· Maximum cell radius: For LOS around 7.5 km derived from the GP length
· Delay spread: >5 us
· MCL: 141 dB
· Maximum UE speed: 500 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Medium cell up to 7.5 km with good coverage (accumulate all OFDM symbols) or medium cell up 5 km with up to 5 receiver beams sweep

 S30-12: Large size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 10 km derived from the GP length. Around 45 km if using one additional half slot (0.25 ms) as guard.
· Delay spread: >5 us
· MCL: 144 dB
· Maximum UE speed: 500 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Large cell up to 10 km with good coverage (accumulate all OFDM symbols) or medium cell up 5 km with up to 12 receiver beams sweep

S30-13: Medium size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 5 km derived from the GP length. Around 40 km if using one additional half slot (0.25 ms) as guard.
· Delay spread: >5 us
· MCL: 145 dB
· Maximum UE speed: 500 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Medium cell up to 5 (or 40) km with good coverage (accumulate all OFDM symbols) or up to 13 receiver beams sweep

S30-26: Large size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 15 km derived from the GP length. Around 50 km if using one additional half slot (0.25 ms) as guard.
· Delay spread: >5 us
· MCL: 148 dB
· Maximum UE speed: 500 km/h 
· Carrier frequency: below 6 GHz
· Scenario: Large cell up to 15 (or 50) km with good coverage (accumulate all OFDM symbols) or medium cell up 5 km with up to 26 receiver beams sweep. This preamble format can also be used for even larger cells if the network effectively extends the guard period by refraining from scheduling data in the next frame.

	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S30-1
	30
	1
	1
	1024
	72
	0

	S30-2
	30
	2
	1
	2*1024
	72
	72

	S30-5
	30
	5
	1
	5*1024
	1024
	1536

	S30-12
	30
	12
	1
	12*1024
	1024
	2048

	S30-13
	30
	13
	1
	13*1024
	1024
	1024

	S30-26
	30
	26
	1
	26*1024
	1024
	3072


Ts = 1/(30720) ms;


Subcarrier spacing 60 kHz
Use cases for each proposed NR-RACH preamble format:
S60-1: Indoor or very small cell with CP as guard
· Maximum cell radius: For LOS around 175 m derived from the CP length
· Delay spread: up to 2.5 us
· MCL: 131 dB (AWGN, 2 rx antennas)
· Maximum UE speed: 120 km/h (for 30 GHz carrier)
· Carrier frequency: above 6 GHz 
· Scenario: Indoor or very small cell up to 175 meters. No receiver beam sweep

S60-2: Indoor or small cell. Roundtrip time and delay spread within the twice ordinary CP
· Maximum cell radius: For LOS around 350 m derived from the GP length
· Delay spread: up to 2.5 us
· MCL: 134 dB
· Maximum UE speed: 120 km/h
· Carrier frequency: above 6 GHz 
· Scenario: Indoor or small cell up to 350 meters. Up to two receiver beams sweep

S60-5: Medium size cell. Guard time defines maximum delay
· Maximum cell radius: For LOS around 3.75 km derived from the GP length
· Delay spread: >5 us
· MCL: 138 dB
· Maximum UE speed: 60 km/h
· Carrier frequency: above 6 GHz 
· Scenario: Medium cell up to 3.75 km with good coverage (accumulate all OFDM symbols) or medium cell up 2.5 km with up to 5 receiver beams sweep

 S60-12: Large size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 5 km derived from the GP length. Around 23 km if using one additional half slot (0.125 ms) as guard.
· Delay spread: >5 us
· MCL: 141 dB
· Maximum UE speed: 60 km/h
· Carrier frequency: above 6 GHz
· Scenario: Large cell up to 5 km with good coverage (accumulate all OFDM symbols) or medium cell up 2.5 km with up to 12 receiver beams sweep

S60-13: Medium size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 2.5 km derived from the GP length. Around 20 km if using one additional half slot (0.125 ms) as guard.
· Delay spread: >5 us
· MCL: 142 dB
· Maximum UE speed: 60 km/h
· Carrier frequency: above 6 GHz  
· Scenario: Medium cell up to 2.5 km with good coverage (accumulate all OFDM symbols) or up to 13 receiver beams sweep

S60-26: Large size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 7.5 km derived from the GP length. Around 25 km if using one additional half slot (0.125 ms) as guard.
· Delay spread: >5 us
· MCL: 145 dB
· Maximum UE speed: 30 km/h
· Carrier frequency: above 6 GHz 
· Scenario: Large cell up to 7.5 (or 25) km with good coverage (accumulate all OFDM symbols) or medium cell up 2.5 km with up to 26 receiver beams sweep

	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S60-1
	60
	1
	1
	512
	36
	0

	S60-2
	60
	2
	1
	2*512
	36
	36

	S60-5
	60
	5
	1
	5*512
	512
	768

	S60-12
	60
	12
	1
	12*512
	512
	1024

	S60-13
	60
	13
	1
	13*512
	512
	512

	S60-26
	60
	26
	1
	26*512
	512
	1536


Ts = 1/(30720) ms;


Subcarrier spacing 120 kHz
Use cases for each proposed NR-RACH preamble format:
S120-1: Indoor or very small cell with CP as guard
· Maximum cell radius: For LOS around 88 m derived from the CP length
· Delay spread: up to 0.6 us
· MCL: 128 dB (AWGN, 2 rx antennas)
· Maximum UE speed: 120 km/h  
· Carrier frequency: above 6 GHz
· Scenario: Indoor or very small cell up to 88 meters. No receiver beam sweep

S120-2: Indoor or small cell. Roundtrip time and delay spread within the twice ordinary CP
· Maximum cell radius: For LOS around 175 m derived from the GP length
· Delay spread: up to 0.6 us
· MCL: 131 dB
· Maximum UE speed: 120 km/h
· Carrier frequency: above 6 GHz
· Scenario: Indoor or small cell up to 175 meters. Up to two receiver beams sweep

S120-5: Medium size cell. Guard time defines maximum delay
· Maximum cell radius: For LOS around 1.9 km derived from the GP length
· Delay spread: >5 us
· MCL: 135 dB
· Maximum UE speed: 120 km/h
· Carrier frequency: above 6 GHz
· Scenario: Medium cell up to 1.9 km with good coverage (accumulate all OFDM symbols) or medium cell up 1.25 km with up to 5 receiver beams sweep

 S120-12: Large size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 2.5 km derived from the GP length. Around 11 km if using one additional half slot (0.0625 ms) as guard.
· Delay spread: >5 us
· MCL: 138 dB
· Maximum UE speed: 120 km/h
· Carrier frequency: above 6 GHz
· Scenario: Large cell up to 2.5 km with good coverage (accumulate all OFDM symbols) or medium cell up 1.25  km with up to 12 receiver beams sweep

S120-13: Medium size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 1.25 km derived from the GP length. Around 10 km if using one additional half slot (0.0625 ms) as guard.
· Delay spread: >5 us
· MCL: 139 dB
· Maximum UE speed: 120 km/h
· Carrier frequency: above 6 GHz
· Scenario: Medium cell up to 1.25  (or 10) km with good coverage (accumulate all OFDM symbols) or up to 13 receiver beams sweep

S120-26: Large size cell. Guard time define maximum delay
· Maximum cell radius: For LOS around 3.75 km derived from the GP length. Around 12 km if using one additional half slot (0.0625 ms) as guard.
· Delay spread: >5 us
· MCL: 142 dB
· Maximum UE speed: 60 km/h
· Carrier frequency: above 6 GHz
· Scenario: Large cell up to 3.75 (or 12) km with good coverage (accumulate all OFDM symbols) or medium cell up 1.25  km with up to 26 receiver beams sweep

	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S120-1
	120
	1
	1
	256
	18
	0

	S120-2
	120
	2
	1
	2*256
	18
	18

	S120-5
	120
	5
	1
	5*256
	256
	384

	S120-12
	120
	12
	1
	12*256
	256
	512

	S120-13
	120
	13
	1
	13*256
	256
	256

	S120-26
	120
	26
	1
	26*256
	256
	768


Ts = 1/(30720) ms;
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Agreements:   •   NR supports PRACH preamble formats 0 and 1 for the sequence length of 839.     Agreements:   •   For L = 839, NR  at least  supports subcarrier spacing of:   –   1.25   kHz   –   FFS: which one of  2.5   kHz or 5  kHz   will be supported     Agreements:   •   For the shorter sequence length  than L=839, NR  supports   sequence length of L =  127   or  139   with  subcarrier spacing of   {15,  30, 60,  120}kHz   –   Note: this is based on the assumption that 240 kHz subcarrier spacing is not available for  data/control   –   FFS:  7 . 5   kHz subcarrier spacing     Agreements:   •   Consider  following  new use cases   for RACH design ,    –   beam recovery requ ests    –   on demand SI requests   •   Study the following aspects:   –   requirements to satisfy above new use cases   –   impact on capacity   –   whether additional preamble  format(s) is needed   –   impact on RACH procedure  

