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Introduction
Some agreements on the multiple/repeated RACH preambles were made in RAN1#87 meeting that:
Following options can be further considered for the consecutive multiple/repeated RACH preambles, 
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH sequences, CP/GT between RACH sequences is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 2: The same RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 3: The same RACH sequences with CP/GT is used
· Option 4: Different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 5: Different RACH sequences with CP/GT is used
For options 2 and 3, study further that the same RACH sequences with and without GT can be further multiplied with different orthogonal cover codes and transmitted.
For example, the consecutive multiple/repeated RACH preambles would be used when Tx/Rx beam correspondence does not hold at TRP
Other options are not precluded

Based on the agreements, in this contribution, we discuss the random access preamble structures and numerology to support the cases gNB with/without beam correspondence.

Discussion on RACH preamble structure
Random access preamble elements and resources 
The preamble with single sequence is shown in Figure1, which is very similar with LTE format 0.


Figure 1
Based on the agreement of #87 meeting, the preamble with multiple/repeated sequences may at least have three kinds of structures, a shown in Figure 2. Option1 seems more like the LTE format 2 or 3 regardless the detailed sequence design and CP/GT length.


Figure 2
Option 1 has the most efficient resource usage as only one CP and one GT are needed in the preamble. But the multiple/repeated sequences can only be used for one certain UE Tx beam from the same UE. Between the consecutive sequences, it is impossible to switch the Tx beams. If the gNB performs analog/hybrid receiving beam sweeping, there may be some samples that are corrupted due to RF chain reconfiguration, for example, the receive beam switch gap is under 100ns. The receiver should be well designed to limit the deterioration due to this phenomenon. This will improve the receiver complexity.
Option 2 has the moderate resource efficiency as it has only one GT at the end, and it allows the Tx beam switching between the sequence. More likely, the UEs switching is also allowed.
Option 3 has the most overhead due to each sequence has its CP and GT. The GT can provide more interference protection between the sequences but it seems more redundant as CP itself can provide enough protection.
Whatever the option is, the multiple/repeated sequences can be for gNB switching the receiving beams or for coverage enhancement. 
The preamble end points should try to align to the end boundary of uplink slot or uplink part of the self-contain slot to avoid the interference to other data or control. The intention of mapping preamble from the end of slot is that PRACH location is easy to be determined no matter if there is some DL control region in the front of the time resource unit. The preamble length may not exceed the positive integral numbers of slot length or uplink part length of the self-contain slot. Figure 3 shows the aligning rule of preamble.


Figure 3

Random access preamble structures in the case gNB without beam correspondence 
In the case of gNB without beam correspondence, gNB should support gNB Rx beam sweeping to find the best uplink receiving beam. When the gNB can’t guarantee the beam correspondence, the repeated multiple same sequences are needed to support gNB Rx beam sweeping. If the repeated sequences are the same, when they are transmitted successively, the CP of sequences can be removed and the previous sequence can act as CP for the next sequence (except the first sequence). It means the option1 is more suitable for this case.
The repetition of sequences can be helpful to either the gNB Rx beam sweeping or coverage enhancement. The variable CP length of the sequences in a preamble can distinguish the different design targets. Using a long CP and GT together with repetition can provide larger coverage. The CP length and the repetition number is decided by gNB and indicated to UE as the RACH format information. The information can implicitly indicate the UE that the numbers of gNB Rx beam. Figure 4 shows some different examples of the CP length and the repetition number configuration. Option 1 can be served for gNB Rx beam sweeping and option 1a can be served for coverage enhancement. The process of how to sweep gNB Rx beam is transparent to UE.


Figure 4
[bookmark: _MON_1537947403]In the case of gNB without beam correspondence, option 2 of multiple/repeated sequences can also be used, but it is slightly less efficient.
Random access preamble structures in the case gNB with beam correspondence 
When gNB has beam correspondence, it means that gNB doesn’t need Rx beam sweeping corresponding to one UE Tx beam and sequence doesn’t need to be repeated, except the sequence repetition for coverage enhancement. Option 2 is more suitable for the case of gNB with beam correspondence.
The UE can switch the Tx beam between the sequences with CPs or between the preambles. Further more different UEs can be switched between the sequences with CPs or between the preambles. The CP and the GT at the end of preamble can protect the ISI between different Tx beams or different UEs. The GT should be left at the end of preamble to avoid interference to the next potential data. There is no other redundant GT in the preamble except the end of RACH preamble.
Option 2 does not exclude the possibility that sequences can be repeated in one RACH preamble for coverage enhancement. If UE knows from gNB that the preamble with multiple/repeated sequences is for coverage enhancement, it will not change the Tx beam.
Figure 5 shows the Tx beam switching and UE switching scheme when using option 2. 

Figure 5
Proposal 1: 
· Two kinds of preamble structure based on beam correspondence should be considered.
· CP of the repeated sequences in case of gNB without beam correspondence can be omitted.
· CP of the repeated sequences in case of gNB with beam correspondence should be kept.
· GT between the repeated sequences in case of gNB with beam correspondence can be omitted.
[bookmark: _MON_1538294071]
Discussion on PRACH numerology

As there will be even more possible deployment scenarios in NR compared to LTE, due to the introduction of frequencies above 6GHz, it would be beneficial to have a preamble design that is rather flexible. However, there is a trade off between performance, flexibility and complexity. This need carefully considered when designing the PRACH. Below follows some main aspects that needs to be considered. 
RACH preamble length
· Minimum 0.0625ms
· Maximum 2ms

Proposal 2: The RACH preamble length, P, is a multiple of 0.0625ms. P = 0.0625ms*M, M = 1, 2, 4, 8, 16, 32
Sequence type:
The Zadoff-Chu sequence that is used in LTE has good correlation properties and reasonable PAPR, therefore we propose to re use the same sequence type as in LTE.
Proposal 3: Use Zadoff-Chu sequence as in LTE
Capacity and number of sequences: 
The capacity in this contribution is defined as number of possible PRACH preamble sequences, C, that the UE can select among. C is the combination of the number of root sequences, R, and the number of cyclic shifts, S, that can be made of one root sequence. In LTE we have C = 64 and the number of root sequences and cyclic shifts depends of the cell size. For small cells we can use fewer roots and more cyclic shifts. For large cells we need to use more root sequences which increases the receiver complexity at the gNB as the gNB need to perform the detection algorithm on all possible configured roots. For NR our view is that we need at least the same capacity as in LTE. 
Proposal 4: The number of PRACH preamble sequences shall be at least 64. 

Coverage and SCS:
In NR for below 6GHz our view is that the coverage shall be in the same range as LTE using format 0, e.g. around 10-15km. Our view is that the coverage above 15km could be considered in NR phase2, it can be done in combination with mMTC or introduce some low complexity/cost MBB (LCMBB) that have relaxed requirements on data rates. Given the cell radius of up to 15km we can a CP in the order of 100us. This will give us an upper bound of the subcarrier spacing (SCS) to 10KHz (1/CP). It is not desirable to reduce the SCS due to the sensitivity to Doppler frequencies. As the Doppler frequency can be in the order of 550Hz (4.9GHz carrier and 120km/h), we would suggest to have a SCS at least 5-10 times larger than the expected maximum Doppler frequency. Which would mean a SCS around 2.5 – 5KHz. 
A large value of SCS will give a shorter sequence length, L, for a given bandwidth of the PRACH. In LTE the length is 839 for format 0. Using the same length and a SCS of 10KHz would require a bandwidth of 8.39MHz, which is more than the current agreement of 5MHz (for the case below 6GHz). In order to maintain similar capacity as in LTE and using a bandwidth to maximum 5MHz a SCS of 5KHz can be used. It would give a bandwidth of 4.195MHz (5KHz*839). However, a bandwidth of 4.195MHz for the PRACH consumes quite some frequency resources. Therefore we suggest to have a SCS either 2.5KHz or 5KHz for the below 6GHz case. 
For NR above 6GHz we do not have the same requirements on the cell radius as for the below 6GHz case, cell radius up to around 500m are reasonable. For the above 6GHz case the maximum expected Doppler frequency will be higher than for the below 6GHz case. We can expect to have Doppler frequency around 1100Hz (40GHz carrier and 30km/h). Following the same design principle that the SCS shall be 5-10 times the maximum Doppler frequency we get a minimum SCS around 5.5KHz - 11KHz. As the cell radius is rather short we do not need a large CP, a CP in the order of 5us is sufficient. A SCS of 10KHz with a sequence length of 839 would require a bandwidth of 8.39MHz, which is reasonable considering that the total bandwidth for above 6GHz. In order to increase the number of sequences in one RACH preamble we can also consider a SCS of 20KHz, in that case the sequence length is reduced to 419 in order to meet the < 10MHz bandwidth. 
Observation 1: For below 6GHz, CP in the order of 100us and SCS 2.5KHz or 5KHz.
Observation 2: For above 6GHz, CP in the order of 5us and SCS of 10KHz or 20KHz. 
Proposal 5: Sequence length is 839 for SCS = {2.5, 5, 10}KHz and 419 for SCS = 20KHz 
Numerology for PRACH transmission
One preamble consists of Nsymb symbols of length SEQ and a number of cyclic prefix of length CP. Mapped to L subcarriers. Total BW < 5MHz for below 6GHz and below 10 MHz for above 6GMHz. The preamble length TBU consists of a number, Nsymb, of sequences and at least one GT at the end of preamble, Figure 2 in section 2 shows the case with Nsymb = 2. 
We have listed some design proposals for the following options (RAN1#87 agreement)
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH sequences, CP/GT between RACH sequences is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 2: The same RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH sequences

For Option 1: we have TBU = (CP + Nsymb*SEQ) + GT 
For Option 2: we have TBU = Nsymb*(CP + SEQ) + GT 
Based on the discussion in section 2 regarding the preamble structure and the numerology discussion in section 3, we have the following proposals for the numerology and PRACH formats.
Note: Due to the total length of the RACH preamble (multiple of 0.0625ms) and the constraint that SCS = 1.25KHz*n, there is a limited number of design choices. In some cases the CP/GT length could be considered to be too long, e.g. for the 10KHz and 20KHz SCS cases.
Observation 3: Due to the limited length of the RACH preambles, the limited set of possible SCS we will have a limited set of design choices, where some cases could look a bit strange.

Numerology and formats for Option 1:
The preambles length, TBU,  is given by:

If we assume that TBU can be {0.0625, 0.125, 0.25, 0.5, 1, 2} ms, we can calculate a number of possible preamble formats. 
· For SCS = 2.5KHz the shortest RACH preamble is 0.5ms
· For SCS = 5KHz the shortest RACH preamble is 0.25ms
· For SCS = 10 KHz the shortest RACH preamble is 0.125ms
· For SCS = 20 KHz the shortest RACH preamble is 0.0625ms

Table 1list a number of possible RACH formats for Option 1 for some values of Nsymb. 
[bookmark: _Ref471737751]Table 1: RACH formats for Option 1
	SCS
	TBU [ms]
	Nsymb
	CP/GT[us]
	SEQ[us]
	Coverage [km]

	2.5
	0.5
	1
	50
	400
	7.25

	2.5
	1
	1
	300
	400
	43

	2.5
	1
	2
	100
	400
	14.5

	2.5
	2
	4
	200
	400
	29

	5
	0.25
	1
	25
	200
	3

	5
	0.5
	1
	150
	200
	21.7

	5
	0.5
	2
	50
	200
	7.25

	5
	1
	4
	100
	200
	14.5

	5
	2
	8
	200
	200
	29

	10
	0.125
	1
	12.5
	100
	1.7

	10
	0.25
	2
	25
	100
	3.7

	10
	0.5
	4
	50
	100
	7.25

	10
	1
	8
	100
	100
	14.5

	20
	0.0625
	1
	6.25
	50
	0.8

	20
	0.125
	2
	12.5
	50
	1.7

	20
	0.25
	4
	25
	50
	3.7

	20
	0.5
	8
	50
	50
	7.25

	20
	1
	16
	100
	50
	14.5






Numerology and formats for Option 2:
The RACH preamble length, TBU, is given by:

If we assume that TBU can be {0.0625, 0.125, 0.25, 0.5, 1, 2} ms for below 6GHz, we can calculate a number of possible preamble formats. Those are shown in the following table:
· For SCS = 2.5KHz the shortest RACH preamble is 0.5ms
· For SCS = 5KHz the shortest RACH preamble is 0.25ms
· For SCS = 10 KHz the shortest RACH preamble is 0.125ms
· For SCS = 20 KHz the shortest RACH preamble is 0.0625ms

Table 2 list a number of possible RACH formats for some values of Nsymb.
[bookmark: _Ref471737828]Table 2: RACH formats for Option 2
	SCS
	TBU [ms] 
	Nsymb
	CP/GT[us]
	SEQ[us]
	Coverage [km]

	2.5
	0.5
	1
	50
	400
	7.25

	2.5
	1
	1
	300
	400
	43

	2.5
	1
	2
	66.67
	400
	9.67

	2.5
	2
	4
	80
	400
	11.6

	5
	0.25
	1
	25
	200
	3

	5
	0.5
	1
	150
	200
	21.75

	5
	1
	2
	200
	200
	29

	5
	1
	4
	40
	200
	5.8

	5
	2
	6
	114.29
	200
	16.57

	5
	2
	8
	44.4
	200
	6.4

	10
	0.125
	1
	12.5
	100
	1.7

	10
	0.25
	2
	16.66
	100
	1.9

	10
	0.5
	4
	20
	100
	2.9

	10
	1
	8
	22.2
	100
	3.2

	20
	0.0625
	1
	6.25
	50
	0.8

	20
	0.125
	2
	8.33
	50
	1.1

	20
	0.25
	4
	10
	50
	1.4

	20
	0.5
	8
	11.1
	50
	1.6

	20
	1
	16
	11.8
	50
	1.7



The preamble length TBU can also be shorter than the value in the set {0.0625, 0.125, 0.25, 0.5, 1, 2}, to allow the DL part insertion at the starting of the slot or time resource unit. This need some further studies.



Conclusions
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In this contribution, the random access preamble structures to support the cases gNB with/without beam correspondence and the association between one or multiple occasions for DL broadcast channel/signal and a subset of RACH resources are studied. The necessity of non-continuous RACH transmission is analyzed. Finally some numerology considerations have been made leading to some concrete numerology proposals. 
Some observations and proposals based on the analysis are listed as below:
Observation 1: For below 6GHz, CP in the order of 100us and SCS 2.5KHz or 5KHz.
Observation 2: For above 6GHz, CP in the order of 5us and SCS of 10KHz or 20KHz.
Observation 3: Due to the limited length of the RACH preambles, the limited set of possible SCS we will have a limited set of design choices, where some cases could look a bit strange.

Proposal 1: Two kinds of preamble structure based on beam correspondence should be considered.
· CP of the repeated sequences in case of gNB without beam correspondence can be omitted.
· CP of the repeated sequences in case of gNB with beam correspondence should be kept.
· GT between the repeated sequences in case of gNB with beam correspondence can be omitted.
Proposal 2: The RACH preamble length, TBU, is a multiple of 0.0625ms. P = 0.125ms*M, M = 1, 2, 4, 8, 16, 32
Proposal 3: Use Zadoff-Chu sequence as in LTE
Proposal 4: The number of PRACH preamble sequences shall be at least 64. 
Proposal 5: Sequence length is 839 for SCS = {2.5, 5, 10}KHz and 419 for SCS = 20KHz 
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