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1. Introduction
In RAN1 #88bis, there were some agreements reached on the PRACH sequence design as shown below and RAN1 also concluded the possible schedule on the discussion of random access issues [1] 
	Agreements:
· NR RACH capacity shall be at least as high as in LTE
· Such capacity is achieved by time/code/frequency multiplexing for a given total amount of time/frequency resources
· Zadoff-Chu sequence is adopted in NR
· FFS other sequence type and / or other methods in addition to Zadoff-Chu sequence for the scenario, e.g., high speed and large cells
· FFS definition of large cell and high speed
· FFS other sequence type and / or other methods for capacity enhancements, e.g.:
· At least in multi-beam and low speed scenario, regarding multiple/repeated PRACH preamble formats, option 2 with OCC across preambles 
· FFS: Option 2 with OCC across multiple/repeated preambles in high speed scenarios
· PRACH preamble design composed with multiple different ZC sequences
· Sinusoidal modulation on top of option 1

· For Zadoff-Chu sequence type, the RAN1 specifications will support two NR-PRACH sequence lengths (L) 
· L = 839: SCS = {1.25, 2.5, 5} KHz
· Select one of
· L = 63/71: SCS = {15, 30, 60, 120, 240} KHz
· L = 127/139: SCS = {7.5, 15, 30, 60, 120} KHz
· FFS: Supported sub-carrier spacings for each sequence length
· FFS for other sequence types

Conclusions:
· For Random Access,
· following remaining issues need to be finalized in the next meeting
· RACH preamble sequence length and subcarrier spacing
· Selection of L between L = 63/71 and L = 127/139
· Further down-selection of subcarrier spacing  if needed
· RACH format design
· Supported preamble formats of option 1 and detailed design of each
· Whether/how to support option 2 and option 4
· CP/GT length
· Followings remaining issues need to be finalized by Nov. meeting
· RACH configuration
· RACH procedure
· Power control/power ramping 
· Note that all RRC related aspects need to be finalized by Oct. meeting




As per the schedule concluded in last RAN2 meeting, it is needed to finalize the discussions on potential down selection of subcarrier spacings and sequence lengths of PRACH preamble in this meeting. This contribution discusses desirable PRACH sequence candidate sets considering NR environment scenario and performance evaluation of each sequences. 

2. PRACH design aspects

This section discusses the design criterion for the NR PRACH preamble. Support of high speed UE (Doppler frequency), coverage, and sequence capacity could be the main factors for the design of PRACH preamble.
Doppler frequency
· In NR, it is required to support high speed UE up to 500km/h at least for the below 6GHz carrier frequency. For the support of high speed UE, maximum Doppler frequency should be taken into account for the design of subcarrier spacing and Table 1 is showing maximum Doppler frequency values depending on carrier frequency and UE speed. In [3], 500Km/h speed should be supported in the system of 4GHz frequency band. Furthermore, if we consider the potential utilization of the NR system for V2X use case in the future, high speed support on around 6 GHz band (e.g. 5.9 GHz for V2X) should be also considered. From Table1, PRACH preamble should be designed to cope with the 2.78 KHz Doppler frequency at least for the system of below 6GHz band and accordingly the subcarrier spacing should be sufficiently large enough to tolerate the high Doppler UEs.
Table 1: Doppler frequency of various UE speeds and carrier frequencies
	Speed (Km/h)
	500
	500
	500
	500
	100
	100
	100
	100

	Carrier (GHz)
	0.8
	2
	4
	6
	4
	6
	30
	60

	Maxf (KHz)
	0.37
	0.93
	1.85
	2.78
	0.37
	0.56
	2.78
	5.56



Coverage
· It is also required that NR should support at least the same coverage as LTE. In LTE, for the support of various coverage scenario, multiple PRACH preamble formats have been specified. Among them, format 3 is designed to support 100Km radius cell by providing preamble repetitions and sufficient CP length and guard time (GP). Therefore, even for NR, for the support of the extreme cell size of 100Km, the CP and GP should be as large as the ones in LTE PRACH format 3.
· If the larger subcarrier spacing is defined only to cope with the maximum Doppler frequency, the PRACH bandwidth gets larger. The bandwidth increase in PRACH would decrease maximum coupling loss (MCL) since the effective noise is increased according to the effective bandwidth for PRACH transmissions. In order to support sufficient MCL, it is proposed to choose the suitable subcarrier spacing values considering the trade-offs between high Doppler support and reasonable PRACH bandwidth.

Capacity
· It is important to accommodate sufficient number of PRACH sequences inside a certain amount of time and frequency resources. In LTE, 64 preambles are configured for each cell by using different cyclic shifts and different root sequences of Zadoff-Chu sequences. In NR, Zadoff-Chu sequence could be the baseline since it was proved that Zadoff-Chu sequence can provide sufficient capacity with reasonable complexity in LTE. In addition, Zadoff-Chu sequences provides good cross-correlation properties and low PAPR/CM.

Based on the discussions above, Zadoff-Chu sequence is the best candidate for PRACH preamble as agreed last RAN1 meeting and it is proposed not to consider additional sequence types. 
Then the remaining issue is the selection of sequence lengths for larger subcarrier spacing cases and potential down selection of subcarrier spacings for each sequence length case. For the sequence length, given the fact that only ZC sequence is used for NR, there is no reason to consider the length 63 or 127. Therefore we will discuss which is desirable between 71 and 139 according to some evaluation results in the next section. In addition, we will discuss the down selection on the potential subcarrier spacing of PRACH preamble.
3. Sequence design details
3.1 Sequence for L=819
Figure 1 is showing the missed detection probability for different subcarrier spacings for 4GHz carrier frequencies respectively. The missed detection probability is according to the definitions below.
Missed detection probability is defined as the radio of the number of missed detection events and the total number of transmitted preambles, where the missed detection events include the following 3 cases:
· Detecting different preamble than the one that was sent
· Not detecting a preamble at all
· Correct preamble detection but with the wrong timing estimation
For 4GHz case, we compared 1.25 KHz, 2.5 KHz, and 5 KHz subcarrier spacings for UE speeds of 3, 120 and 500Km/h as given in Figure 1. Detection thresholds were chosen to meet 0.1% actual false alarm rate depending on SNR values. Assuming simple time domain matched filter is used for the sequence detection, 500 km/h speed performance gets lower for narrower subcarrier spacing including 1.25 KHz and 2.5 KHz because the comparatively large Doppler frequency results in shifted peaks in the matched filter output for those cases. Required SNR for 10-2 missed detection probability is increasing as wider subcarrier spacing is used. This is because the frequency diversity gain is larger for wider subcarrier spacing.
Figure 2 is showing the CDF of timing uncertainties of each case. If the timing uncertainties are within the range of [-1.2us, 1.2us] for 4GHz carrier, they can be considered as correctly detected sequences as given in [2]. All figures are showing that the timing error is negligible for the operating SNR region (-5dB or larger).
Table 2 shows the analysis of maximum coupling loss for different frequency bands respectively assuming 3km/h UE. Each table is comparing MCL for different subcarrier spacings. In Table 2, the MCL is the largest for subcarrier spacing of 2.5 KHz but the differences between subcarrier spacings are marginal. 
Considering performances and capacity, 1.25 kHz subcarrier spacing could be the good baseline. Furthermore, 1.25 kHz subcarrier spacing has been fully proved as used in practice. However, considering high speed case that has not fully proved in LTE, 5 kHz subcarrier spacing could be a good supplements since it supports 500km/h speed UEs more efficiently with reasonable coverage. Therefore, it is proposed to specify 1.25 kHz and 5 kHz for the case of L=839. 
[bookmark: _GoBack]Proposed PRACH subcarrier spacing for L = 839: 1.25 kHz and 5 kHz
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Figure 1. Misdetection probability (4GHz carrier frequency)
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Figure 2. Timing uncertainties (4GHz carrier frequency)

Table 2: MCL for 4 GHz carrier frequency
	
	Subcarrier spacing (kHz)
	1.25
	2.5
	5.0

	Transmitter
	(0) Max Tx power  (dBm)
	23.0
	23.0
	23.0

	
	(1) Actual Tx power (dBm)
	23.0
	23.0
	23.0

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

	
	(3) Receiver noise figure (dB)
	5.0
	5.0
	5.0

	
	(4) Interference margin (dB)
	0.0
	0.0
	0.0

	
	(5) Occupied channel bandwidth (Hz)
	1080000.0
	2160000.0
	4320000.0

	
	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	-108.7
	-105.7
	-102.7

	
	(7) Required SINR (dB)
	5
	1.5
	-2

	
	(8) Receiver sensitivity
 = (6) + (7) (dBm)
	-103.7
	-104.2
	-104.7

	
	(9) MCL 
 = (1) - (8) (dB)
	126.7
	127.2
	127.7



3.2 Sequence of L=71 or 139 
Figure 3 is showing the missed detection probability for different subcarrier spacings for 30GHz carrier frequencies respectively. Left figures are for the cases of L=71 and the right figures are for the cases of L=139. From the figure, it is desirable to choose L=139 and the subcarrier spacing should be greater than or equal to 30. The error floor for the lower subcarrier spacings are because of the high probability of timing error by insufficient bandwidth of the sequence, which can be seen in Figure 4. 
Figure 4 is showing the CDF of timing uncertainties of each case. If the timing uncertainties are within the range of [-0.3us, 0.3us] for 30GHz carrier. From the figures, for the smaller subcarrier spacing, e.g., 7.5 and 15kHz in case of L=139, there are cases that the error is out of the tolerable range and it increased the mis-detection probability. We can see that the CDF reaches to more than 99% at the rightmost value (0.3us) of the tolerable range. from the subcarrier spacings of 30kHz (L=139). 
Table 3 is the analysis of maximum coupling loss for different frequency bands respectively assuming 3km/h UE. Each table is comparing MCL for different subcarrier spacings. Note that the multi-antenna gain is not considered here since the omni antenna is considered both for UE and gNB.
Considering the performance evaluation, it is proposed to adopt length 139 and subcarrier spacing 30 as a baseline which can be used for above 6GHz case. In addition, for the support of beam sweeping of large number of beams (up to 120), 120 kHz subcarrier spacing could be a good candidate in order to reduce the time resources reserved for PRACH. And also, 7.5 kHz subcarrier spacing is supported for the small cell environment of below 6GHz band as supported in LTE TDD. 
Proposed PRACH subcarrier spacing for L = 139: 7.5 kHz, 30 kHz, and 120 kHz
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(a) L = 71						     						(b) L =139
Figure 3. Misdetection probability (30GHz carrier frequency)
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(b) L = 71						     						(b) L =139
Figure 4. Timing uncertainties (30GHz carrier frequency)

Table 3: MCL for 30 GHz carrier frequency (L=139)
	
	Subcarrier spacing (kHz)
	30
	60
	120

	Transmitter
	(0) Max Tx power  (dBm)
	23.0
	23.0
	23.0

	
	(1) Actual Tx power (dBm)
	23.0
	23.0
	23.0

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

	
	(3) Receiver noise figure (dB)
	5.0
	5.0
	5.0

	
	(4) Interference margin (dB)
	0.0
	0.0
	0.0

	
	(5) Occupied channel bandwidth (Hz)
	4320000
	51840000
	51840000

	
	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	-102.7
	-99.7
	-96.7

	
	(7) Required SINR (dB)
	5
	2
	1

	
	(8) Receiver sensitivity
 = (6) + (7) (dBm)
	-97.7
	-97.7
	-95.7

	
	(9) MCL 
 = (1) - (8) (dB)
	120.7
	120.7
	118.7




4. Conclusion
This contribution discusses the design aspects of PRACH preamble by providing some evaluation results based on different subcarrier spacings, different sequence lengths, and carrier frequencies. Based on the discussions, the following combinations can be considered for the NR PRACH design.
Proposed PRACH sequence
· L = 839, subcarrier spacing = 1.25 kHz, 5 kHz
· L = 139, subcarrier spacing = 7.5kHZ, 30kHz, 120kHz
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Annex: Evaluation assumption
Table 7 – Simulation assumptions.
	
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model
	AWGN, CDL-C

	Delay Scaling
	100 ns
	30 ns

	Circular Angle Spread at BS after angle scaling (including subrays)
	ASD: values from sec. 7.7.5.1 in 38.900
ZSD: 1°
	ASD: values from sec. 7.7.5.1 in 38.900
ZSD: 1°

	Circular Angle Spread at UE after angle scaling (including subrays)
	ASA: values from sec 7.7.5.1 in 38.900
ZSA: 5°
	ASA: values from sec. 7.7.5.1 in 38.900
ZSA: 5°

	Circular Mean Angle at BS after angle scaling (including subrays)
	Uniformly distributed
AoD: [-30°,30°]

	Circular Mean Angle at UE after angle scaling (including subrays)
	Uniformly distributed
AoA: [-30°,30°]

	Antenna Configuration at BS
	omni-directional antenna element

	Mechanical downtilt at BS
	0°

	Antenna Configuration at the UE
	omni-directional antenna element

	UE speed
	3 km/h, 120 km/h, 500km/h
	3 km/h, 120km/h

	Initial timing Offset
	Uniformly distributed [0,100s]
	Uniformly distributed [0,s]

	Preamble Detector
	Time domain correlator
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