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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, with focus on capacity. See [7] for format proposals and coverage aspects.
[bookmark: _Ref178064866]Discussion
[bookmark: _Toc468450825]NR-RACH preamble formats
NR-RACH preamble formats for long sequence length (839) have already been agreed. Proposals for NR-RACH preambles formats for short sequence length (127 or 139) are given in [7]. Those formats are based on a set of five formats (Sxx-1 through Sxx-26) that are then scaled to all different subcarrier spacings xx (15, 30, 60, or 120 kHz). The formats are illustrated for the generic case in Figure 1. See [3] for discussion of slot length definitions for NR-RACH preambles. 
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[bookmark: _Ref480875149]Figure 1. NR-RACH preamble for short sequence length (127 or 139), for arbitrary SCS xx (15, 30, 60, or 120 kHz).

NR-RACH capacity
The frequency allocations for NR-RACH preambles in LTE are restricted due to single-carrier in uplink. In LTE, the NR-RACH pramble is preferrably placed on the edges of the system bandwidth in order to avoid frequeny domain scheduling limitations. This is in contrast to NR, where OFDM will be supported in uplink, which thus simplifies frequency domain scheduling and allows the NR-RACH preamble to be placed anywhere inside the system bandwidth. If DFTS-OFDM is used in NR (typically for coverage), then the (coverage limited) terminal would normally use a narrow bandwidth, in which case PRACH can also be in the middle of the band.
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The set of NR-RACH preamble sequences can be configured by
1. Preamble format
2. Root sequence
3. Cyclic shift configuration
4. Time index
5. Frequency allocation
6. Number of NR-RACH preambles in one cell
See [3] for more details. Here, the capacity of NR-RACH preambles should be evaluated per time unit e.g. per sub-frame of 1 ms. Thus, NR-RACH preamble formats with long time durations, such as NR-RACH preamble format 0 with SCS of 1.25 kHz and S15-13 (see Figure 1) with SCS of 15 kHz will only have one preamble per sub-frame. This in contrast to e.g. S15-2 and S15-2 (with SCS of 15 kHz) with 14 and 7 preambles, respectively, per sub-frame, see illustration in Figure 1. 
For example, NR-RACH preambles with format 0 can be constructed by 
· 4 cyclic shifts per NR-RACH preamble, 
· 1 NR-RACH preambles per slot (i.e. format 0), 
· 838 root sequences (i.e. Zadoff-Chu of length 71), and 
· 1 frequency allocations, 
resulting in  NR-RACH preambles. 
In another example, NR-RACH preambles with S15-2 can be constructed by 
· 2 cyclic shifts per NR-RACH preamble, 
· 7 NR-RACH preambles per slot (i.e. S15-2 in Figure 1), 
· 138 root sequences (i.e. Zadoff-Chu of length 139), and 
· 2 frequency allocations, 
resulting in  NR-RACH preambles. 
We may also compare capacity with LTE. For example, LTE format 0 can be constructed by
· 24 cyclic shifts per NR-RACH preamble, 
· 1 NR-RACH preambles per slot (i.e. format 0), 
· 838 root sequences (i.e. Zadoff-Chu of length 71), and 
· 1 frequency allocations, 
resulting in  NR-RACH preambles. 
With same assumption about maximum propagation delay, NR format S15-2 can be constructed by 
· 2 cyclic shifts per NR-RACH preamble, 
· 14 NR-RACH preambles (i.e. S15-1 in Figure 1),
· 138 root sequences (i.e. Zadoff-Chu of length 139), and 
· 6 frequency allocations, 
resulting in  NR-RACH preambles. 
However, in practice, the capacity is limited by the correlations between NR-RACH preambles. Here, different root sequences have higher cross correlations than different time and frequency allocations. 
An illustration of NR-RACH configuration of two gNBs is given in  Figure 2. Here, the two gNBs are using non-overlapping time/frequency resources. The resources that are not used for NR-RACH might be used for other UL transmissions to the given gNB. In other words, at each gNB, only the resources used by random access for that gNB need to be excluded from UL grants in that gNB. If the two gNBs are close, then the PUSCH transmissions will introduce interference in the reception of NR-RACH preambles. However, PUSCH transmissions will most likely not generate a NR-RACH detection since the PUSCH has low correlation with NR-RACH preambles. 

[bookmark: _Ref481738398]Figure 2 Relation between synchronization signals (SS-blocks), and NR-RACH resources for two gNBs 

Each UE is assumed to decode at least one PBCH which contains a set of NR-RACH preambles from which the UE selects one to be transmitted. One such configuration can be time and frequency resources and a set of NR-RACH preamble sequences. 
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A configuration with several time resources is beneficial for example in unlicensed spectrum when the UE does an LBT (Listen Before Talk) before transmitting NR-RACH preamble. If the LBT fails in one such time allocation, then the UE can try another time allocation. 
If desirable, the capacity of NR-RACH can be even further increase by considering other sequences than Zadoff-Chu (e.g. Omega-1 sequences [2][4], ACS Zadoff-Chu sequences [2][4], or Zadoff-Chu sequences with m sequence cover [1] [2]), see appendix of [6] for more information.
Conclusion
In section 2 we made the following observations:
Observation 1	Using OFDM in uplink simplifies allocations of NR-RACH resources in frequency domain as compared to DFTS-OFDM as used in LTE
Observation 2	Time and frequency resources can be utilized for NR-RACH allocations in order to reduce inter-cell interference
Observation 3	Utilization of time and frequency resources can yield as large NR-RACH capacity as for LTE
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Appendix
Preamble options
A list of 2 options for NR-RACH preambles was decided in RAN1-NR#1, see illustration in Figure 3. Option 1 is based on repeating the same NR-RACH sequence (or NR-RACH OFDM symbol) without CP between the repetitions, such that one NR-RACH OFDM symbol acts as a cyclic prefix for the next NR-RACH OFDM symbol. 

[bookmark: _Ref481761789]Figure 3. NR-RACH preamble options
Option 2 has the same sequence in all OFDM symbols while option 4 has different sequences for the repetitions, which can be used for OCC (Orthogonal Cover Codes). However, time varying channels and frequency offsets will significantly increase interference, i.e. loss of orthogonality, between preambles constructed with different OCCs. These options are discussed below in terms of supported cell size. Option 1 do not suffer as much as option 4 from frequency offsets and time varying channels since the time interval with coherent accumulation for option 1 can be shorter (single NR-RACH OFDM symbol) as compared to the longer time interval with coherent accumulation for option 2 (two NR-RACH OFDM symbol).
Cell size
No explicit CP is included for option 1 in Figure 3. Instead the first NR-RACH OFDM symbol “s” acts as a CP for the following NR-RACH OFDM symbol. In this way, delays up to the length of the NR-RACH OFDM symbol are supported with a straight forward detector as outlined in [8]. Also estimation of delays larger than the length of one NR-RACH OFDM symbol is also possible for option 1, with a NR-RACH preamble detector as shown in [8][4]. 
In option 2/4 the length of the CP limits the maximum delay of the NR-RACH preamble. An illustration of the supported cell radius as a function of the sub-carrier spacing for options 1 and 2/4 is given in Figure 4. 

[bookmark: _Ref481737938]Figure 4. Cell radius support for options 1 and 2/4 as function of sub-carrier spacing and corresponding scaling of cyclic prefix
Illustrations of maximum cell sizes are given in Figure 4 for option 1 both with a detector for delays up to one OFDM symbol [5] and with a detector for delays up to two symbols [8]. For option 2/4, illustrations are given both with a normal CP and with an extended CP. For 15 kHz sub-carrier spacing we used  for normal CP and  for extended CP. The length of each CP is then scaled with the sub-carrier spacing such that the normal CP is  and  for 15, 30, 60 and 120 kHz sub-carrier spacings respectively. 
For 15 kHz sub-carrier spacing, a cell size of 10 to 20 km can thus be supported with option 1. This in contrast to option 2/4 where only cell sizes up to 0.7 or 2.5 km can be supported depending on if normal or extended CP is used.

Option 2/4 is thus quite inefficient in terms of supported cell size as compared to option 1. Option 2 can be seen a (cell size) limited sub-set of option 1. 
Beam management and receiver FFTs
Option 1 allows for a flexible placement of receiver FFT windows in the NR-RACH preamble detection within the gNB. If the NR-RACH preamble reuses the same sub-carrier spacing as for data or control, then the same receiver FFTs can be used for NR-RACH preambles, data and control, see illustration in Figure 5. Here no frequency guards are needed between NR-RACH preambles, data and control. Within NR-RACH preambles transmitted with option 1, the gNB can however alternatively place the FFT windows back-to-back as illustrated in Figure 6. This placement of NR-RACH preamble FFT windows is not possible with option 2/4. Here, the same FFTs cannot be used for data and control, but slightly more energy can be accumulated into the NR-RACH preamble detector. 

[bookmark: _Ref481738089]Figure 5. NR-RACH preamble with receiver FFT windows to be used for both PUSCH and NR-RACH preamble detection

[bookmark: _Ref481738146]Figure 6. NR-RACH preamble with receiver FFT windows back-to-back for NR-RACH preamble detection

[bookmark: _Ref481738164]Figure 7. NR-RACH preamble with receiver FFT windows back-to-back within each receiver beam and transients between

If the gNB uses beam sweeping with (the need to have) some transients between these beams, then the gNB can delay the FFT windows somewhat between these beams. In Figure 7, the NR-RACH FFT windows are placed with delay between the beams for transients in the receiver beam switching and back-to-back within each beam. This placement of NR-RACH preamble FFT windows as back-to-back is not possible with option 2/4, such that the CP in option 2/4 is always unused.
A timing shift of the FFT windows in the receiver corresponds to a cyclic shift of the NR-RACH OFDM symbols. These shifts of the FFT windows are thus compensated by cyclic shifts of frequency domain matched filters in the NR-RACH preamble detector. The time shifts of the FFT windows in the gNB is thus implementation specific, where option 1 provides a flexibility which is not possible within option 2/4.
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