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The following agreements on PRACH design consideration were made in the last RAN1 meetings [1]
	Agreements:
· NR supports PRACH preamble formats 0 and 1 for the sequence length of 839.
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Working assumption:
· NR supports PRACH preamble format indicated in the table below for the sequence length of 839
· FFS on restricted set
· FFS other sequence(s) for large cell radius
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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




Based on these agreements, companies provided their supported preamble formats to the reflector through an email discussion. This contribution starts from the agreement of the last meetings and describes reasons for some of our proposed preamble formats.
2. PRACH Formats for Short Sequence Length
2.1 DLCB Avoidance

It is advantageous if PRACH resources avoid DLCB of a slot. This gives gNB the flexibility to schedule UL data by either time or frequency division multiplexing it with PRACH signal. This is especially applicable for small cells where the duration of each PRACH block is small and each PRACH preamble may not need to be one slot long to provide coverage. 

If gNB configures 14 symbol long PRACH preambles to UEs, then it will have to skip an SS block to allow UL data transmission in a slot that has a PRACH resource which corresponds to this SS block. Since SS blocks might be transmitted much earlier than the corresponding PRACH resources, gNB may not know whether regular UL data transmission is needed in the corresponding PRACH resource while it is transmitting the SS block.
Since PRACH tone spacing can be same or smaller than data tone spacing, preamble formats can be designed to avoid one/two symbol DLCB so that gNB can flexibly FDM data with PRACH based on data numerology.
For example, if both PRACH and data use 30 kHz tone spacing, two symbols can be reserved for DLCB and PRACH preamble formats can be limited to 12 symbols. On the other hand, if PRACH uses a 30 kHz tone spacing and UL data uses a 60 kHz tone spacing; then PRACH preamble can be limited to six symbols and one symbol can be reserved for DLCB.
Observation 1: Avoiding DLCB in PRACH slots gives gNB the flexibility to schedule uplink data.
Proposal 1: NR should avoid DLCB while configuring PRACH preamble formats for short sequences. PRACH preamble transmission can avoid the first one or two symbols based on data numerology.
2.2 Cyclic prefix and guard time length

Guard time is required at the end of the PRACH preamble so that current PRACH preamble does not interfere with the subsequent data or PRACH transmission. However, cyclic prefix of the next PRACH or data transmission can also help to reduce interference from the previous PRACH preamble. 
Observation 2: If PRACH and data have the same tone spacing, the required guard time is equal to the difference between the cyclic prefix of the PRACH preamble and the cyclic prefix of the data symbol. 
2.3 PRACH preamble formats in multi-beam scenario with analog and digital RX beamforming

In over-6 GHz, NR has agreed to support 64 SS blocks. gNB also has to provide PRACH resources/preambles corresponding to these SS blocks. NR should support gNBs with digital RX subsystems that can simultaneously receive PRACH from different directions and gNBs that have analog beamforming constraint. With analog beamforming constraint, PRACH resources corresponding to different SS blocks need to be time division multiplexed. In some cases, gNB may have to time division multiplex 64 PRACH resources. Hence, in these scenarios, gNB should select PRACH preamble formats to reduce overall PRACH overhead.
Proposal 2: NR should consider reducing total PRACH overhead while configuring PRACH preamble formats for gNBs with analog RX beamforming constraint.

2.4 Sample Allocation between Sequence Length and Cyclic Prefix

Sample allocation between cyclic prefix and sequence length depends on design objective. A sequence with higher duration increases PRACH MCL whereas higher cyclic prefix allows higher cell radius. The necessity of required duration for cyclic prefix and link gain may vary between different frequency bands. For example, sub-6 GHz gNBs need to support higher cell radius. On the other hand, cell radius in over-6 GHz networks is not expected to be beyond 1 km soon. Typical scenarios of over-6 GHz network will most likely deploy 100m, 200m or, at most, 500m cell radius.
We design the cyclic prefix and sequence duration of sub-6 and over-6 GHz network based on the above consideration. For example, our proposed S15-11 and S60-12 PRACH formats are designed to allow two symbol long DLCB and one PRACH resource in the slot. However, S15-11 format, designed to operate at sub-6 GHz, supports longer cyclic prefix. 
Observation 3: Cyclic prefix of PRACH preamble formats of over-6 GHz band can be made shorter to increase sequence duration and achieve higher MCL.
2.5 Proposed PRACH formats for 15 kHz tone spacing

S15-2: 
· Maximum cell radius: 850m 
· Maximum delay spread: 1.2us
· Carrier frequency: below 6GHz

S15-11:
· Maximum cell radius from CP/GT: 8.9km
· Maximum delay spread of 4.68us
· Carrier frequency: below 6GHz
· Note: This format is for 15kHz slot structure of 1ms. PRACH avoids two DLCB symbols of 15kHz SCS 

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

	S15-2
	15
	2
	1
	2*2048
	216
	72

	S15-11
	15 
	11 
	1 
	11*2048
	1968
	1824


Ts = 1/30720 ms;

2.6 Proposed PRACH formats for 30 kHz tone spacing 

S30-5:
· Maximum cell radius from CP/GT: 3.35 km 
· Maximum delay spread of 2.34us
· Carrier frequency: below 6GHz
· Note: This format is for 60kHz slot structure of 250us. PRACH avoids two DLCB symbols of 60kHz SCS 

S30-11:
· Maximum cell radius from CP/GT: 4.4 km 
· Maximum delay spread of 2.34us
· [bookmark: _GoBack]Carrier frequency: below 6GHz
· Note: This format is for 30kHz slot structure of 500us. PRACH avoids two DLCB symbols of 30kHz SCS 

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

	S30-5
	30
	5
	1
	5*1024
	746
	710

	S30-11
	30
	11
	1
	11*1024
	980
	908



Ts = 1/(30720) ms;

2.7 Proposed PRACH formats for 60 kHz Tone Spacing

The MCL values are calculated based on our previous RAN1 contribution. These MCL values are all generated based on post beamforming SNR and CDL-C model. The actual path loss supported by these preamble formats will be higher due to gNB and UE’s array gain.

S60-1:
· MCL: 123.6 dB (CDL-C, 2 RX antenna)
· Maximum cell radius: For LOS around 80m
· Delay spread: up to 600ns
· Maximum UE speed: 100km/h
· Carrier frequency: over 6GHz
· Scenario: Two symbols are preserved for DLCB. Twelve different PRACH preambles can be allocated in a 14 symbol slot.


S60-2: 
· MCL: 126.6 dB (CDL-C, 2 RX antenna)
· Maximum cell radius: For LOS around 170m
· Delay spread: up to 600ns
· Maximum UE speed: 100km/h
· Carrier frequency: over 6GHz
· Scenario: Two symbols are preserved for DLCB. Six different preambles can be allocated in a 14 symbol slot.

S60-4: 
· MCL: 129.6 dB (CDL-C, 2 RX antenna)
· Maximum cell radius: For LOS around 340m
· Delay spread: up to 600ns
· Maximum UE speed: 100km/h
· Carrier frequency: over 6GHz
· Scenario: Two symbols are preserved for DLCB. Three different PRACH preambles can be allocated in a 14 symbol slot. 

S60-12: 
· MCL: 133 dB dB (CDL-C, 2 RX antenna)
· Maximum cell radius: For LOS around 1 km
· Delay spread: up to 600ns
· Scenario: Applicable when gNB employs digital RX sub-systems to receive from many directions and maps multiple SS blocks to this PRACH preamble format. It should not be applicable in scenarios where gNB has analog beamforming constraint and requires 64 time division multiplexed PRACH resources that correspond to 64 SS blocks.


	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
	54
	18

	S60-4 
	60
	4 
	1 
	4 * 512
	90
	54

	S60-12 
	60
	12 
	1 
	12 * 512
	234
	198



Ts = 1/30720 ms;

2.8 Proposed PRACH Formats for 120 kHz Tone Spacing

The MCL values are calculated based on our previous RAN1 contribution. These MCL values are all generated based on post beamforming SNR and CDL-C model. The actual path loss supported by these preamble formats will be higher due to gNB and UE’s array gain.

S120-2: 
· MCL: 123.6 dB (CDL-C, 2 RX antenna)
· Maximum cell radius: For LOS around 80m
· Delay spread: up to 300ns
· Maximum UE speed: 100km/h
· Carrier frequency: over 6GHz
· Scenario: Two symbols are preserved for DLCB. Six different PRACH preambles can be allocated in a 14 symbol slot.

S120-4: 
· MCL: 126.6 dB (CDL-C, 2 RX antenna)
· Maximum cell radius: For LOS around 160m
· Delay spread: up to 300ns
· Maximum UE speed: 100km/h
· Carrier frequency: over 6GHz
· Scenario: Two symbols are preserved for DLCB. Three different PRACH preambles can be allocated in a 14 symbol slot.

S120-12: 
· MCL: 130 dB (CDL-C, 2 RX antenna)
· Maximum cell radius: For LOS around 500m
· Scenario: Applicable when gNB employs digital RX sub-systems to receive from many directions and maps multiple SS blocks to this PRACH preamble format. It should not be applicable in scenarios where gNB has analog beamforming constraint and requires 64 time division multiplexed PRACH resources that correspond to 64 SS blocks.

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

	S120-2 
	120
	2 
	1 
	2 * 256
	27
	9

	S120-4 
	120
	4 
	1 
	4 * 256
	45
	27

	S120-12 
	120
	12 
	1 
	12 * 256
	117
	99



Ts = 1/30720 ms;

3. Conclusion
Observation 1: Avoiding DLCB in PRACH slots gives gNB the flexibility to schedule uplink data.
Observation 2: If PRACH and data have the same tone spacing, the required guard time is equal to the difference between the cyclic prefix of the PRACH preamble and the cyclic prefix of the data symbol. 
Observation 3: Cyclic prefix of PRACH preamble formats of over-6 GHz band can be made shorter to increase sequence duration and achieve higher MCL.

Proposal 1: NR should avoid DLCB while configuring PRACH preamble formats for short sequences. PRACH preamble transmission can avoid the first one or two symbols based on data numerology.
 Proposal 2: NR should consider reducing total PRACH overhead while configuring PRACH preamble formats for gNBs with analog RX beamforming constraint.
4. References
1. Chairman’s notes, 3GPP TSG-RAN WG1 Meeting #89, Hangzhou, China
2. R1-1710229, [89-16] Email discussion on NR-PRACH preamble formats based on short sequence length, RAN1 #89AH, Qingdao, China

5. Appendix
5.1 PRACH Simulation Results
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Figure 1: Performance of one and two symbol long PRACH preamble at 100 km/hr speed
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Figure 2: Timing error of S60-1
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Figure 3: Timing error of S60-2
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Figure 4: Runtime False Alarm Probability of S60-1 and coherent combining of two repeated symbols transmitted with OCC
Figure 5 shows the runtime false alarm probability of format 3 and 4. These false alarm probabilities were generated by transmitting preamble and checking if a different preamble was detected or not. When no signal is transmitted, i.e., only noise is received, false alarm probability is kept at 0.1% and miss detection probability of format 3 and 4 were generated based on this false alarm probability.

5.2. Performance of Baseline Sequence in Over-6 GHz

The baseline sequence of over-6 GHz is given below.
Table 4: PRACH Numerology in Multi-beam Scenario
	Format
	Sequence type
	Sequence length
	Subcarrier spacing
	Transmission bandwidth
	N_OS
	N_RP

	#0
	ZC
	139
	7.5
	1.08
	1
	1
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Figure 5: Miss detection rate with 7.5 kHz SCS at 30 GHz band
The miss detection performance of LTE baseline sequence is roughly 1.7 dB worse than our proposed formats in terms of post beamforming per tone SNR.
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Figure 6: Run time false alarm probability with 7.5 kHz SCS at 30 GHz band
Figure 6 shows that the runtime false alarm probability is close to 0.4%. Note that, this run time false alarm probability was generated by transmitting a preamble with a root index and checking if a different preamble with a different root index was detected or not. We do not use timing error greater than 0.3 us as a false preamble to generate figure 18. When no signal is transmitted, i.e., only noise is received, false alarm probability is kept at 0.1% and miss detection probability of LTE baseline was generated from that threshold.
Figure 5 and 6 show that the LTE baseline performs poorly both in terms of miss detection probability and runtime false alarm probability. This suggests that very low tone spacing like 7.5 kHz is not a suitable candidate for PRACH tone spacing at 30 GHz band.
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Figure 7: Timing error with 7.5 kHz SCS at 30 GHz band
Timing error of baseline format i.e., 7.5 kHz SCS is significantly higher than our proposed formats because the bandwidth of baseline format is too small to provide sufficient timing correction at 30 GHz band.

5.3. MCL Calculation of Some Formats and Baseline Sequence

Table 5 shows the MCL calculation of our proposed PRACH formats and the baseline sequence in over-6 GHz band.
Table 5: MCL calculation of Two PRACH Formats based on post beamforming mean SNR
	Parameter
	Format 1
60K tone spacing and one repetition
	 Format 2
60K tone spacing and two repetition
	LTE Format 4
7.5K tone spacing and one repetition

	Sequence
	ZC 139
	ZC 139
	ZC 139

	Antenna ports
	2 physical TX ports, 2 physical RX ports (equal power split at UE)
	2 physical TX ports, 2 physical RX ports (equal power split at UE)
	2 physical TX ports, 2 physical RX ports (equal power split at UE)

	Channel
	CDL-C, 30ns DS
	CDL-C, 30ns DS
	CDL-C, 30ns DS

	Doppler
	3 km/hr, 
	3 km/hr, 
	3 km/hr, 

	(1) UE TX power (dBm)
	23
	23
	23

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	8.64 x 106
	8.64 x 106
	1.08 x 106

	(6) Effective noise power = (2) + (3) + (4) + 10log(5) (dBm)
	-99.6
	-99.6
	-108.66

	(7) Required SINR (dB)
	-1
	-4
	1.7

	(8) Receiver sensitivity = (6) + (7)
	-100.6
	-103.6
	-106.96

	(9) MCL = (1) – (8)
	123.6
	126.6
	129.96



Note that, although our proposed formats achieve slightly lower MCL than the LTE format 4, we can easily increase the achieved MCL by repeating the symbols a higher number of times. Sequence duration of LTE format 4 is eight times compared to our proposed format 1. Besides, LTE format 4 leads to much higher false alarm and timing error.
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