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At the previous meeting, new PRACH preamble formats were agreed and others were considered as a working assumption, see Appendix A. In this contribution, we analyze the usefulness of the proposed PRACH preamble formats for short sequence length and evaluate the need of other designs for high-speed scenario.  
PRACH preamble formats for sequence length 127/139 
In the last meeting PRACH preamble formats with 4, 6 and 12 OFDM symbols were agreed and it was agreed to support additionally PRACH preamble formats with 1 and 2 OFDM symbols.
Formats with 4 and 6 OFDM symbol in TDD slot:  The PRACH preamble formats A2 and A3 can allow 4 and 2 preambles, respectively, time-multiplexed in a 12 PUSCH symbols duration. These two PRACH preamble formats do not include guard time (GT), and in a FDD slot, the last two symbols can instead be used for guard time. However; for a TDD slot, the guard time should be included inside the 12 PUSCH symbols duration as one symbol is reserved for DL control and another for potential UL-DL switching. Therefore, we propose to support PRACH preamble format B2 and B3 that includes a GT at the cost of a slightly reduced CP. 
Formats with 2 OFDM symbols:  For this case, PRACH preamble formats A1, B1 and C1 are considered as working assumption. The PRACH preamble format A1 allows the time-multiplexing of 6 preambles inside a 12 PUSCH symbols duration without GT. B1 is its counterpart with GT for TDD slot. As an alternative, C1 allows the time-multiplexing of 4 preambles inside a 12 PUSCH symbols duration and with a GT at the end of the slot. While C1 provides a larger cell radius than A1/B1, it has only the same multiplexing capability as PRACH preamble formats A2 (agreed) and B2 with 4 OFDM symbols. So we propose to support A1 and B1.
Formats with 1 OFDM symbol:  For this case, the PRACH preamble formats A0, B0, and, C0 are considered as working assumption.  First, the PRACH preamble format B0 is the same that A0 and there is no need to define twice the same PRACH preamble format.
The PRACH preamble format A0 and C0 can allow 12 and 8 preambles, respectively, aligned with 12 PUSCH symbols duration. The CP length of A0 is the same as the PUSCH CP which is not desirable since PRACH CP needs to accommodate the round-trip delay in addition to the channel delay spread that could be up to the PUSCH CP length. Therefore, A0 can only cover a very small cell radius under the condition of the very short channel delay profile. The CP length of C0 is much longer and thus more robust against delay spread. As a result C0 can support much larger cell radius.
Proposal 1: Confirm PRACH preamble formats C0, A1, A2, B1, B2 and B3. 
Hence, NR would support the PRACH preamble formats according to Table 1 for L=[127 or139]. These PRACH preamble formats require a very large number of roots, up to 64, to support their maximum cell radius [1] and thus will lead to a PRACH capacity issue. Therefore, the sequence length L=127 should be supported in for PRACH capacity enhancement via ZC with m-sequence cover, which is detailed in the companion contribution [1].
Proposal 2: NR should support PRACH preambles with ZC sequences of length L=127. 


Table 1. Proposed supported PRACH preamble formats for L=[127 or 139].
	Preamble
format
	# of 
Sequence
	TCP
	TSEQ
	TGP
	Path profile 
(Ts)
	Path profile 
(us)
	Maximum 
Cell radius
(meter)
	Use case

	C
	0
	1
	1240
	2048
	0
	144
	4.69
	5300
	Normal cell

	A
	1
	2
	288
	4096
	0
	96 
	3.13 
	938
	Small cell

	
	2
	4
	576
	8192
	0
	144 
	4.69 
	2109
	Normal cell

	
	3
	6
	864
	12288
	0
	144 
	4.69 
	3516
	Normal cell

	B
	1
	2
	192
	4096
	96
	96 
	3.13 
	469
	Small cell

	
	2
	4
	360
	8192
	216
	144 
	4.69 
	1055
	Normal cell

	
	3
	6
	504
	12288
	360
	144 
	4.69 
	1758
	Normal cell

	
	4
	12
	936
	24576
	792
	144 
	4.69 
	3867
	Normal cell



High-speed scenarios and restricted sets
A UE speed up to 500 km/h must be supported in NR. In [2], it was suggested that a high-speed PRACH preamble format supporting a carrier frequency up to 6 GHz in a cell radius of 5 km should be agreed. NR PRACH preamble format 3 with 5 kHz subcarrier spacing, confirmed at the last meeting, enables such scenario. However, the maximum cell radius for NR PRACH preamble format 3 is limited to 14 km. It is desirable to support high-speed usage also in larger cell, a least for cell as large as supported by LTE in lower frequency band. LTE with restricted set A enables 500 km/h UE speed with up to 33 km cell radius [3]. 
Observation 1: The cell radius of NR PRACH preamble format 3 is limited to 14 km, which is less than for LTE PRACH format with restricted sets.   
For 500 km/h UE speed, the maximum Doppler spread at 2 GHz carrier frequency of the UL received signal is about 1.9 kHz which is the twice that of the DL Doppler frequency and the maximum frequency offset can be up to 2.45 kHz with hardware imperfection. Because, the UE transmits an UL signal on the estimated downlink carrier frequency, i.e., the initial carrier frequency plus DL Doppler shift that UE experienced. In this case, the Doppler shift experienced at the gNB is the sum of the DL and UL Doppler shifts, which can potentially be twice the maximum Doppler shift. 
Observation 2: With 500 km/h speed at 2 GHz carrier frequency, the maximum frequency offset is at least 1.9 kHz on the UL received signal and at least 3.8 kHz Doppler frequency shift for 4 GHz carrier frequency.
Since larger SCS would decrease the supported cell size, increasing the SCS larger than 2.5 kHz to deal with the frequency offset does not provide a satisfactory solution. Therefore, PRACH preamble formats with 1.25 kHz SCS need to be able to cope with frequency offset from high speed scenario in order to provide large cell deployment.  Restricted set A was designed to cope with a maximum frequency offset of about 1.2 SCS, i.e., 1.5 kHz, with the assumption that the maximum supported speed is 350 km/h. Restricted set B [4] was agreed in LTE to cope with frequency offset of up 2.75 kHz in order to support speed up to 500 km/h. 
From Table 2 and 3 in Appendix B, it follows that to support a Doppler frequency >1.55 kHz, NR PRACH preamble format 0/1 with restricted set B, NR PRACH preamble format 3 with restricted set A and B are feasible. However, when the cell radius increases to be larger than 7.6 km, only NR PRACH preamble format 0/1 with restricted set B is feasible. Table 3 shows that NR PRACH preamble format 0/1 with restricted set B provides 500 km/h velocity for a cell radius up to 22 km. From the capacity comparison in Table 2 and 3, and simulation results in Table 4, for 500 km/h, the best PRACH preamble format for carrier frequency range from 1.6~3 GHz is NR PRACH preamble format 0/1 with restricted set B. In this frequency range, most of the LTE refarming bands are covered. For 300 km/h, the suitable carrier frequency range for NR PRACH preamble format 0/1 with restricted set B increases to about 2.8~5.1 GHz, which covers NR new frequency bands on 3.5 GHz.
Observation 3: Restricted set A with 1.25 kHz SCS preamble, enables to cope with frequency offset <1.55 kHz up to a cell radius of 33 km. 
Observation 4: Restricted set B with 1.25 kHz SCS preamble, enables to cope with frequency offset of >1.55 kHz up to a cell radius >7.6 km.
Moreover, the occupied bandwidth of NR PRACH preamble format 3 is 4 times that of NR PRACH preamble format 0, i.e., 4.32 MHz. Table 1 shows that even with the same amount of resources, the PRACH capacity of NR PRACH preamble format 3 is much less than NR PRACH format 0/1 with restricted set B.  
Observation 5: NR PRACH preamble formats with 1.25 kHz SCS with restricted set B provide better performance on most low frequency bands (1.65 GHz~3 GHz) for 500 km/h velocity (and 2.79~5.1 GHz for 300 km/h velocity) compared to NR PRACH preamble format 3,  and with the following benefits:
· Much larger PRACH preamble capacity.
· It is the only solution which supports cell radius larger than 7.6 km for Doppler frequency larger than 1.55 kHz.
· Occupies smaller bandwidth.
· Better miss detection- and false alarm performance.
In order for NR to have at least the same capability as LTE, the restricted set B should be supported in NR. For even higher Doppler frequencies, NR PRACH preamble format 3 with restricted set A and B can be supported. Therefore, in order to cope with high-speed (Doppler frequency >1.55 kHz) and cells with radius >7.6 km, we have the following proposals.    
Proposal 3: NR supports restricted set B for NR PRACH preamble formats with 1.25 kHz SCS. 
Proposal 4: NR supports restricted set A for NR PRACH preamble format 3.
Conclusions
The following observations have been made:

Observation 1: The cell radius of NR PRACH preamble format 3 is limited to 14 km, which is less than for LTE PRACH format with restricted sets.
Observation 2: With 500 km/h speed at 2 GHz carrier frequency, the maximum frequency offset is at least 1.9 kHz on the UL received signal and at least 3.8 kHz Doppler frequency shift for 4 GHz carrier frequency.
Observation 3: Restricted set A with 1.25 kHz SCS preamble, enables to cope with frequency offset <1.55 kHz up to a cell radius of 33 km. 
Observation 4: Restricted set B with 1.25 kHz SCS preamble, enables to cope with frequency offset of >1.55 kHz up to a cell radius >7.6 km.
Observation 5: NR PRACH preamble formats with 1.25 kHz SCS with restricted set B provide better performance on most low frequency bands (1.65 GHz~3 GHz) for 500 km/h velocity (and 2.79~5.1 GHz for 300 km/h velocity) compared to NR PRACH preamble format 3,  and with the following benefits:
· Much larger PRACH preamble capacity.
· It is the only solution which supports cell radius larger than 7.6 km for Doppler frequency larger than 1.55 kHz.
· Occupies smaller bandwidth.
· Better miss detection- and false alarm performance.
The following proposals are made:
Proposal 1: Confirm PRACH preamble formats C0, A1, A2, B1, B2 and B3. 
Proposal 2: NR should support PRACH preambles with ZC sequences of length L=127. 
Proposal 3: NR supports restricted set B for NR PRACH preamble formats with 1.25 kHz SCS.
Proposal 4: NR supports restricted set A for NR PRACH preamble format 3.
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APPENDIX A
· Confirm the working assumption on supporting format 3
· For formats with L=839
· Unrestricted sets are supported
· For restricted sets
· 1.25 kHz: Restricted set A supported, Restricted set B is FFS 
· 5 kHz: Restricted set is supported with FFS if Restricted set A, B or both are supported
· For L=127/139 with option 1, formats with 1,2,4,6, and 12 OFDM symbols are supported
· Number of symbols can be adjusted if problems are identified
· For 15 kHz subcarrier spacing,
· Agree on following preamble formats A2, A3, B4
· Working assumption on following preamble formats A0, A1, B0, B1, B2, B3, C0, C1

	Preamble
format
	# of 
Sequence
	TCP
	TSEQ
	TGP
	Path profile 
(Ts)
	Path profile 
(us)
	Maximum 
Cell radius
(meter)
	Use case

	A
	0
	1
	144
	2048
	0
	48 
	1.56 
	469
	TA is already known or Very small cell

	
	1
	2
	288
	4096
	0
	96 
	3.13 
	938
	Small cell

	
	2
	4
	576
	8192
	0
	144 
	4.69 
	2,109
	Normal cell

	
	3
	6
	864
	12288
	0
	144 
	4.69 
	3,516
	Normal cell

	B
	0
	1
	144
	2048
	0
	48 
	1.56 
	469
	TA is already known or Very small cell

	
	1
	2
	192
	4096
	96
	96 
	3.13 
	469
	Small cell

	
	2
	4
	360
	8192
	216
	144 
	4.69 
	1,055
	Normal cell

	
	3
	6
	504
	12288
	360
	144 
	4.69 
	1,758
	Normal cell

	
	4
	12
	936
	24576
	792
	144 
	4.69 
	3,867
	Normal cell

	C
	0
	1
	1240
	2048
	0
	144
	4.69
	5300
	Normal cell

	
	1
	2
	1384
	4096
	0
	144
	4.69
	6000
	Normal cell


· Note 1: Unit is Ts, where Ts = 1/30.72MHz
· Note 2: PRACH preamble are aligned with OFDM symbol boundary for data with same numerology
· Note 3: Additional 16Ts for every 0.5ms should be included in TCP when RACH preamble is transmitted across 0.5ms boundary or from 0.5ms boundary
· Note 4: For format A, GP can be defined within the last RACH preamble among consecutively transmitted RACH preambles
· For 30/60/120 kHz subcarrier spacing, preamble format can be scaled according to subcarrier spacing. 
· Ts =1/(2*30720) ms for 30 kHz subcarrier spacing 
· Ts =1/(4*30720) ms for 60 kHz subcarrier spacing
· Ts =1/(8*30720) ms for 120 kHz subcarrier spacing
· Note that some of the formats may not be applicable to all subcarrier spacings

APPENDIX B
Table 2. Capacity (number of available preambles) comparison for PRACH preamble format 0 and 3 on medium to high Doppler frequency for 4.32 MHz/1 ms PRACH resource.
	Cell 
coverage 
(km)
	Ncs 
configuration
	Number of preambles for Doppler up to 2.75 kHz

	
	
	Restricted set B,
format 0
	Restricted set A,
 format 3
	Capacity ratio format 1 vs. format 3

	
	Format 0
	Format 3
	
	
	

	1.16 
	15
	54
	 24920 
	2434
	1023.8%

	1.59 
	18
	66
	19840
	1792
	1107.1%

	2.16 
	22
	82
	 15552 
	1324
	1174.6%

	2.73 
	26
	98
	12448
	976
	1275.4%

	3.59 
	32
	122
	  9528 
	636
	1498.1%

	4.45 
	38
	146
	9528
	402
	2370.1%

	5.59 
	46
	178
	  5560 
	306
	1817.0%

	6.88 
	55
	214
	4160
	198
	2101.0%

	7.59
	60
	234
	3624
	138
	2626.1%

	8.74 
	68
	266
	  2888 
	Does not support

	10.74 
	82
	322
	  1720 
	

	13.31 
	100
	394
	  1232 
	

	Note the derivation for the number of preambles can be referred to [4] for restricted set A and B, [6] for unrestricted set.
The cell radius and Ncs calculation can be referred to [6].

	Note: apparently format 0 is with much larger capacity than format 3 in a given cell radius. This is because format 0 is much longer in time domain than format 3, and for given cell radius coverage, the required Ncs of format 0 is almost 1/4 of Ncs for format 3. Then for one PRACH OFDM symbol, format 0 can accommodate more users than format 3.  



Table 3. Capacity (number of available preambles) comparison for PRACH preamble format 1 and 3 on medium to high Doppler frequency for 4.32 MHz/2 ms PRACH resource.
	Cell 
coverage 
(km)
	Ncs 
configuration
	Number of preambles for Doppler up to 2.75 kHz

	
	
	Restricted set B,
format 0
	Restricted set A,
 format 3
	Capacity ratio format 1 vs. format 3

	
	Format 1
	Format 3
	
	
	

	1.16 
	15
	54
	 24920 
	4868
	511.91%

	1.59 
	18
	66
	19840
	3584
	553.57%

	2.16 
	22
	82
	 15552 
	2648
	587.31%

	2.73 
	26
	98
	12448
	1952
	637.70%

	3.59 
	32
	122
	  9528 
	1272
	749.06%

	4.45 
	38
	146
	9528
	804
	1185.07%

	5.59 
	46
	178
	  5560 
	612
	908.50%

	6.88 
	55
	214
	4160
	396
	1050.51%

	7.59
	60
	234
	3624
	276
	1313.04%

	8.74 
	68
	266
	  2888 
	Does not support

	10.74 
	82
	322
	  1720 
	

	13.31 
	100
	394
	  1232 
	

	15.89 
	118
	466
	  848
	

	18.61 
	137
	542
	520       
	

	21.61
	158 
	626
	    168
	

	Note the derivation for the number of preambles can be referred to [4] for restricted set A and B, [6] for unrestricted set.
The cell radius and Ncs calculation can be referred to [6].




Table 4. Simulation results of PRACH preamble format 0 and 3 using restricted sets of Doppler frequencies for ETU channel. 
	Doppler 
Frequency 
(Hz)
 of 
UL received 
signal
	Carrier 
frequency
 (GHz)
@500km/h
	NR PRACH format 0
(SINR(dB) @1% miss detection rate,  and false alarm rate)
	NR PRACH format 3 
(SINR(dB) @1% miss detection rate,  
and false alarm rate)
	Selected PRACH formats and performance
(SINR(dB) @1% miss detection rate, 
 and false alarm rate)

	
	
	Unrestricted
Set
	Restricted
Set A
	Restricted
Set B
	Unrestricted
Set
	Restricted
Set A
	Restricted
Set B
	Best selected NR format
	SINR(dB)
	False
 alarm
Rate

	250
	0.27
	-9.2（0.1%） 
	
	
	
	
	
	Format 0 unrestricted set 
	-9.2
	0.001

	375
	0.405
	-8.4 (50%) 
	-8.5 (0.2%) 
	
	
	
	
	Format 0 unrestricted set 
	-8.5
	0.002

	500
	0.54
	-7.4（76%）
	-7.4 (1.7%) 
	
	
	
	
	Format0 restricted set A 
	-7.4
	0.017

	750
	0.81
	-4.0 (100%) 
	-7.2（5.6%) 
	
	-8.8 (0.06%) 
	
	
	Format0 restricted set A 
	-7.2
	0.56

	1000
	1.08
	
	-8.8（0.1%）
	
	-8.4 (1%) 
	
	
	Format0 restricted set A 
	-8.8
	0.001

	1250
	1.35
	
	-9.4(0.1%) 
	
	-8.2 (8%) 
	
	
	Format0 restricted set A 
	-9.4
	0.001

	1500
	1.62
	
	-8.9（3%）
	
	-7.7 (28%) 
	
	
	Format0 restricted set A 
	-8.9
	0.03

	1600
	1.728
	
	-8.4（28%）
	-8.2（0.7%） 
	-7.6 (38%) 
	
	
	Format 0 restricted set B 
	-8.2
	0.007

	1750
	1.89
	
	-7.4（56%）
	-7.1（1.7%） 
	-7.2（54%） 
	
	
	Format 0 restricted set B 
	-7.1
	0.017

	1900
	2.052
	
	-5.3（63%）
	-6.7 (7.4%）
	-6.9（68%）
	
	
	Format 0 restricted set B
	-6.7
	0.074

	2000
	2.16
	
	-4.8（63%）
	-6.8（4.5%）
	-6.7（74%）
	
	
	Format 0 restricted set B 
	-6.8
	0.045

	2250
	2.43
	
	
	-8.（0.16%）
	-6.0（87%）
	
	
	Format 0 restricted set B 
	-8
	0.0016

	2500
	2.7
	
	
	-9.2（0.1%）
	-5.3（90%） 
	
	
	Format 0 restricted set B 
	-9.2
	0.001

	2750
	2.97
	
	
	-8.6（2.2%）
	-4.5（100%）
	
	
	Format 0 restricted set B 
	-8.6
	0.022

	3000
	3.24
	
	
	-6.7(39.8%）
	-4（100%）
	-6.5(2.0%) 
	
	Format 3 restricted set A 
	-6.5
	0.02

	4000
	4.32
	
	
	
	
	-8.2(0.1%) 
	
	Format 3 restricted set A 
	-8.2
	0.001

	5000
	5.4
	
	
	
	
	-8.8(0.1%) 
	
	Format 3 restricted set A 
	-8.8
	0.001

	6000
	6.48
	
	
	
	
	-8.3(0.56%) 
	
	Format 3 restricted set A
	-8.3
	0.0056

	7000
	7.56
	
	
	
	
	-6.4(50%) 
	-6.5（0.6%） 
	Format 3 restricted set B 
	-6.5
	0.006

	8000
	8.64
	
	
	
	
	-3.0(70%) 
	-6.5（1.4%） 
	Format 3 restricted set B 
	-6.5
	0.014

	9000
	9.72
	
	
	
	
	
	-8.3（0.1%） 
	Format 3 restricted set B 
	-8.3
	0.001

	10000
	10.8
	
	
	
	
	
	-8.7（0.1%） 
	Format 3 restricted set B 
	-8.7
	0.001

	Note: the best selected NR format is with lowest misdetection and lowest false alarm rate as well as with largest preamble capacity.  



