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1. Introduction
At the RAN1 AH_NR meeting, random access channel and procedure for multi-beam operation were discussed. Regarding the RACH preamble, the following design aspects were agreed [1].

	Agreed next steps: 
· For down selection purpose, until the next meeting do evaluation of the following RACH SCS alternatives at least considering
· Robustness towards Doppler frequency, Beam sweeping latency, Link budget, Cell size, RACH capacity, frequency offset 
· RACH SCS alternatives
· SCS = [1.25 2.5 5 7.5 10 15 20 30 60 120 240] kHz
· Note: in case RACH SCS = [15 30 60 120 240] there are two design options:
· use the same SCS as the subsequent UL data and control 
· use different SCS than the subsequent UL data and control 
· The following RACH preamble sequence types are considered
· Zadoff-Chu
· M-sequence
· Zadoff-Chu with cover extension using M-sequence
Note that new designs are not precluded in the future. 

Agreement:
For single/multi-beam operation, 
· For multiple/repeated RACH preamble transmissions, consider only option 1, option 2 and option 4 
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH OFDM symbols, CP/GT between RACH symbols is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH symbols
· Option 2/4: The same/different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles
· Study:
· Multiplexing with different orthogonal cover codes 
· Independent RACH sequences in a RACH preamble 
· For supporting various coverage and forward compatibility, flexibility in the length of CP/GT and the number of repeated RACH preambles and RACH symbols is supported 
Note: specific use of these three options may depend on RACH subcarrier spacing and TRP beam correspondence

Agreement:
· NR defines that: 
· a random access preamble format consists of one or multiple random access preamble(s),
· a random access preamble consists of one preamble sequence plus CP, and
· one preamble sequence consists of one or multiple RACH OFDM symbol(s) 
· UE transmits PRACH according to the configured random access preamble format



In this document, we provide our views on the RACH preamble design based on the above agreements. Three options for the consecutive multiple/repeated RACH preamble transmissions are agreed at last meeting. We investigated their use cases. Then, the PRACH preamble numerologies are considered and the design guidelines are updated.  We also discuss about the preamble mapping for single beam and multi beam operations. 

2. Design for consecutive multiple/repeated PRACH
In this section, the use cases for the consecutive multiple/repeated RACH preamble transmissions are investigated. 

Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH OFDM symbols, CP/GT between RACH symbols is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH symbols
· This format can be used to extend the coverage. 

Option 2: The same RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles
· This format can be used in the case that the TRP switches its RX beam. 

Option 4: The different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles
· This format can be used in the case the TRP switches its RX beam. 
· This format can also be used to expand the capacity by using the orthogonal cover code.
· This format can also be used to reduce the collision probability with a certain length of sequence by using independent RACH sequences in each RACH preamble. 

We see clear use cases of Option 1 and 2 formats as described above.  However, it is unclear if the capacity expansion based on Option 4 is needed or not especially if the number of preamble patterns generated by root sequences and cyclic shifts is large enough. 

[Observation 1]  Option 1 format is necessary to achieve coverage extension, and option 2 format is necessary to support TRP RX beam switching.
[Observation 2]  The need of capacity expansion with the orthogonal cover code or using different sequences should be clarified.

[Proposal 1]  Following RACH transmission options should be supported as random access preamble format.
· CP is inserted at the beginning of the consecutive multiple/repeated RACH OFDM symbols, CP/GT between RACH symbols is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH symbols
· The same RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles

3. RACH Preamble Design for NR
3.1 RACH preamble for sub 6 GHz
For sub 6 GHz band, it is important to enable the LTE level coverage and capacity for PRACH. Basically, narrower sub-carrier spacing is preferred in terms of better PSD for coverage performance. LTE PRACH numerology (subcarrier spacing and preamble sequence length) can be considered as baseline. 

· Coverage
· In LTE, five RACH preamble formats are supported and format 3 based on long CP/GT and 2 repetitions of RACH OFDM symbols were designed to target extreme large cell. In the similar manner, NR RACH preamble formats should support variety of CP and number of repetitions of RACH OFDM symbols targeting different coverage scenarios.
· Sub-carrier spacing of PRACH also has impact on coverage performance when UE speed is considered. According to our evaluation results shown in ANNEX, sub-carrier spacing of 1.25 kHz (same as LTE) shows good performance in case of low UE speed, sub-carrier spacing of 2.5 kHz shows good performance in case of high speed scenario up to 120 km/h, and sub-carrier spacing of 5.0 kHz shows good performance in extreme high speed scenario up to 500 km/h.
· Table I shows examples of PRACH numerologies based on 1.25*n kHz subcarrier spacing.  If wider subcarrier spacing is applied for PRACH, sequence length would need to be shortened in order to keep narrow PRACH bandwidth. It has some impact on RACH capacity.
· Capacity
· In LTE, 64 preambles are available in each cell and are created by using cyclic shift and 838-root sequences. In NR, the same amount of orthogonal or quasi-orthogonal preamble resources should be considered and hence sequence length should be long enough. As discussed above, wider subcarrier spacing with long sequence length leads wider PRACH bandwidth and corresponding PSD performance degradation. Therefore, only narrow subcarrier spacing values such as 1.25, 2.5 and 5 kHz would be preferable for good balance between coverage and capacity in sub-6 GHz band.
· Regarding the preamble sequence type, we prefer to support Zadoff-Chu sequence with length of 839.  In that case, it is no need to support additional different sequence type(s) such as M sequence for PRACH as long as Zadoff-Chu sequence based PRACH can provide sufficient coverage and capacity. Support of additional sequence type(s) may increase implementation/operation complexity.
· Efficient resource utilization with other physical layer channels
· The slot length can be deduced as shown in Table II. Examples of PRACH preamble length based on 1.25*n kHz subcarrier spacing are shown in Table I. As discussed above, RACH preamble format with long CP and number of repeated RACH OFDM symbols would be necessary for extreme coverage scenario, and such long RACH preamble formats may not fit into one slot length. 
· In the case that the coverage is small, shorter PRACH preamble formats can be used to efficiently multiplex PRACH with the other physical channels in the same slot. 
· Further details on time domain preamble resource mapping is discussed in Section 4.

3.2 RACH preamble for above 6 GHz
For above 6 GHz band, preamble design targeting extreme long coverage such as in sub-6 GHz band would not be necessary. However, still good balance between coverage performance and capacity should be considered and hence PRACH numerology (subcarrier spacing, sequence length and bandwidth) should be carefully investigated.

· Coverage
· As discussed in previous subsection, basically narrower sub-carrier spacing is preferred in terms of better PSD for coverage performance. However, in high frequency, wider subcarrier spacing than that in low frequency is necessary. According to the evaluation results shown in ANNEX, subcarrier spacing for above 6 GHz should be wider than 5 kHz.
· On the other hand, even in high frequency range, there would be various coverage scenarios and hence NR RACH preamble formats should support variety of CP and number of repetitions of RACH OFDM symbols targeting different coverage scenarios.
· Capacity
· If long sequence length as well as in sub 6 GHz scenarios is applied with wider subcarrier spacing, PRACH bandwidth becomes wide and hence PSD performance and corresponding coverage performance would degrade. 
· Therefore, in order to have flexibility on balance between coverage and capacity for PRACH, sequence length of shorter than 839 can be considered. In such case, RACH capacity can be enhanced by using multiple frequency domain resources as in LTE TDD case.
· Efficient resource utilization in multi-beam based operation
· In the case with TRP RX beam switching for PRACH reception, RACH preamble format consists of multiple short preambles is suitable to reduce time footprint of PRACH.  Therefore, sub-carrier spacing is possibly preferred to be wider than 5 kHz (e.g. 15 kHz).  
· The number of repetitions needs to be set depending on the number of TRP beams. So variety of RACH preamble format with different number of preamble repetitions should be supported.

Table I – Examples of PRACH numerologies based on 1.25*n kHz subcarrier spacing 
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Table II – Slot length for different numerologies
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[Observation 3]　For sub-6 GHz band, sub-carrier spacing of 1.25 kHz (same as LTE) shows good performance in case of low UE speed, sub-carrier spacing of 2.5 kHz shows good performance in case of high speed scenario up to 120 km/h, and sub-carrier spacing of 5.0 kHz shows good performance in extreme high speed scenario up to 500 km/h. 
[Observation 4]　 For above 6 GHz band, the minimum sub-carrier spacing should be 5 kHz. Subcarrier spacing wider than 5 kHz can be considered for efficient resource utilization in multi-beam based operation. 

[Proposal 2]　 For sub 6 GHz band, subcarrier spacing of 1.25 kHz, 2.5 kHz and 5 kHz should be supported for PRACH..
[Proposal 3]　 For above 6 GHz band, the sub-carrier spacing equal to or wider than 5 kHz should be supported for PRACH considering TRP RX beam switching.

4. Time domain preamble resource mapping for single beam and multi beam operation 
The time domain preamble resource mapping for single beam and multi beam operation is discussed in this section. 
The different PRACH resource configurations can be used in single beam operation and multi beam operation since the resource configuration is informed preliminarily e.g., via minimum system information broadcasting. 
  Figure 1 shows the example of time domain preamble resource mapping on slot(s). Example (a) is the mapping pattern for one or multiple preamble(s) across multiple slots. Examples from (b) to (g) show the patterns in which the preambles fit to the multiple of data/control OFDM symbol length.
 In multi-beam operation, it is more efficient to use one or multiple slots as PRACH dedicated slot(s) because it may be difficult for TRP to receive UL data signals in the slot together with PRACH with TRP RX beam sweeping.
 On the other hand, e.g., in single beam operation, available resources that are not used for PRACH within a slot can be used for data/control transmission and/or reception. Preferred length of preamble varies depending on presence and length of DL common burst, guard time and UL common burst in the slot. It seems better that the  length of preamble plus GT fits to 6, 7, 10, 11 or 12 symbols. 
 The time domain resource mapping for PRACH transmission can be realized based on TRP indication of preamble format and transmission timing. The transmission timing might be selected from several candidates of OFDM symbol timing, e.g., 1st , 3rd and 4th OFDM symbol timing within a slot can be considered. 

[Observation 5]　 PRACH configuration can be optimized for single- or multi-beam based operation
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Figure 1 – Examples of PRACH mapping on Tx slot(s)

5. Conclusion
Three remaining options for the consecutive multiple/repeated RACH preamble transmissions were investigated in terms of their use cases. Then, the PRACH preamble numerologies were considered and the design guidelines were updated.  We also discussed about the time domain preamble resource mapping for single beam and multi beam operations.

[Observation 1]  Option 1 format is necessary to achieve coverage extension, and option 2 format is necessary to support TRP RX beam switching.
[Observation 2]  The need of capacity expansion with the orthogonal cover code or using different sequences should be clarified.
[Proposal 1]  Following RACH transmission options should be supported as random access preamble format.
· CP is inserted at the beginning of the consecutive multiple/repeated RACH OFDM symbols, CP/GT between RACH symbols is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH symbols
· The same RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles

[Observation 3]　For sub-6 GHz band, sub-carrier spacing of 1.25 kHz (same as LTE) shows good performance in case of low UE speed, sub-carrier spacing of 2.5 kHz shows good performance in case of high speed scenario up to 120 km/h, and sub-carrier spacing of 5.0 kHz shows good performance in extreme high speed scenario up to 500 km/h. 
[Observation 4]　 For above 6 GHz band, the minimum sub-carrier spacing should be 5 kHz. Subcarrier spacing wider than 5 kHz can be considered for efficient resource utilization in multi-beam based operation. 
[Proposal 2]　 For sub 6 GHz band, subcarrier spacing of 1.25 kHz, 2.5 kHz and 5 kHz should be supported for PRACH..
[Proposal 3]　 For above 6 GHz band, the sub-carrier spacing equal to or wider than 5 kHz should be supported for PRACH considering TRP RX beam switching.
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[Annex]  Detection probability performance
We update the evaluation results with the extreme high speed (500 km/h) situation in 4 GHz carrier frequency. Figures A1 – A2 show the detection probability as a function of received SINR per receiver antenna with the subcarrier spacing as the parameter. The detailed evaluation assumptions are aligned with [1] and also shown in Table A1.

Table A1 – Parameters for preamble.
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It is observed from Fig. A1 that the detection probability becomes worse for AWGN and CDL(3km/h) as the subcarrier spacing is increased due to lower signal energy for RACH preamble. However, for high-speed scenario 1, i.e., CDL (120km/h), the subcarrier spacing of 1.25 kHz significantly degrades the detection probability due to higher Doppler frequency. Hence, for a lower carrier frequency, the subcarrier spacing of 2.5kHz shows a good balance between required SINR and robustness against high Doppler frequency. In addition, the performance degraded in extreme high speed scenario (500 km/h) with 2.5 kHz subcarrier spacing. It means that the subcarrier spacing 5.0 kHz or wider is needed to meet the 500 km/h scenario. 
In Fig. A2, for the carrier frequency of 30 GHz, we assume larger subcarrier spacing to combat with higher Doppler frequency. As can be seen from Fig. A2, a very lower required SNR can be achieved even for a subcarrier spacing of 5kHz thanks to the very sharpened beam-form. In Fig. A2, the impact of sequence length is also investigated. The length of ZC sequence is assumed to be 211, 419, and 839. For a given subcarrier spacing, as the sequence length becomes shorter, accuracy of timing estimation degrades. For 5kHz-subcarrier spacing, the length of 211 can’t meet the requirement while all the length provides almost identical performance for the subcarrier spacing of 10kHz. 
Table A2 and A3 summarize the maximum coupling loss (MCL). 
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(a) 1.25kHz subcarrier spacing                                     (b) 2.5kHz subcarrier spacing
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(b) 5.0kHz subcarrier spacing
Figure A1 – Miss-detection probability for 1.25kH, 2.5kH and 5.0 kHz subcarrier spacing at carrier frequency of 4GHz. 
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(a) 5kHz subcarrier spacing                                     (b) 10kHz subcarrier spacing
Figure A2 – Miss-detection probability for 5 kHz and 10 kHz subcarrier spacing at carrier frequency of 30 GHz.

Table A2 – MCL for carrier frequency of 4GHz.
	Subcarrier spacing (kHz)
	1.25
	2.5

	Transmitter

	(0) Max Tx power  (dBm)
	23.0 
	23.0 

	(1) Actual Tx power (dBm)
	23.0 
	23.0 

	Receiver

	(2) Thermal noise density (dBm/Hz)
	-174.0 
	-174.0 

	(3) Receiver noise figure (dB)
	5.0 
	5.0 

	(4) Interference margin (dB)
	0.0 
	0.0 

	(5) Occupied channel bandwidth (Hz)
	1080000.0 
	2160000.0 

	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	-108.7 
	-105.7 

	(7) Required SINR (dB)
	-9.5 
	-6.9 

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	-118.2 
	-112.6 

	(9) MCL 
         = (1) - (8) (dB)
	141.2 
	135.6 



Table A3 – MCL for carrier frequency of 30GHz.
	Subcarrier spacing (kHz)
	5
	10

	Transmitter

	(0) Max Tx power  (dBm)
	23.0 
	23.0 

	(1) Actual Tx power (dBm)
	23.0 
	23.0 

	Receiver

	(2) Thermal noise density (dBm/Hz)
	-174.0 
	-174.0 

	(3) Receiver noise figure (dB)
	5.0 
	5.0 

	(4) Interference margin (dB)
	0.0 
	0.0 

	(5) Occupied channel bandwidth (Hz)
	4320000.0 
	8640000.0 

	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	-102.6 
	-99.6 

	(7) Required SINR (dB)
	-16.4 
	-13.6 

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	-119.0 
	-113.2 

	(9) MCL 
         = (1) - (8) (dB)
	144.4
	138.4 




Table A3 – Simulation assumptions.
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