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Introduction
During RAN1#88, RAN1 captured the following agreements regarding RACH preamble design
Agreements:
· Regarding multiple/repeated PRACH preamble formats, NR at least supports option 1
· RAN1 studies other options and consider option 1 as baseline for comparison with other options
· For RACH capacity enhancements,
· Option 2 with/without OCC and/or option 4 with different sequences can be considered
· Note: for option 4, combination with different sequences can be studied
· Note: for option 4, two-stage or multiple-stage UE detection can be studied for possible complexity reduction for PRACH detection
· All options will consider beam switching time
· FFS : Number of Preambles/Symbols, Length of CP/GT 
· The region for PRACH transmission should be aligned to the boundary of uplink symbol/slot/subframe
· 
Agreements:
· Evaluate designs considering possibility to have larger number of PRACH preamble sequences in a RACH transmission occasion than in LTE
· The following methods can be considered for evaluations:
· Zadoff-Chu with cover extension using M-sequence
· M-sequences
· Zadoff-Chu sequence
· Other methods are not precluded
· Note that PAPR and false alarm of these different sequences should also be evaluated

Conclusion:
· Starting points for the email discussion is below
· Fixed false alarm rate: 0.1%
· Template for evaluation results
· Focusing on single cell scenario
· All proponents need to disclose their proposed sequence design until 3rd March
· Following information should be disclosed 
· PRACH sequence type
· Sequence length for each parameter set
· Default numerology
· PRACH transmission BW
· CP/GP length
· All proponents are requested to evaluate it at least for 1 RACH OFDM symbol case until the next meeting
· Note that all proponents need to disclose detailed evaluation results such as 
· PAPR/CM performance
· Miss-detection probability performance
· False alarm rate performance
· Timing estimation accuracy
· MCL
· etc.
·  Note that all proponents need to disclose detailed evaluation assumptions such as 
· Receiver SNR
· Timing/frequency offset
· Number of RACH preambles generated from PRACH sequence

This contribution considers RACH preamble design for NR. 

Discussion on options for RACH preamble format 
When beam correspondence holds at TRP side, UE transmits RACH preamble(s) with RACH preamble format assigned by gNB carrying the selected RACH preamble index on single RACH resource associated with the specified DL SS/BCH/TRS while TRP determines its RX beam for that RACH resource and the TRP should be able to identify which Tx/Rx beam pair for the RACH reception is appropriate and make a decision on a TRP Tx beam for RAR transmission corresponding to the TRP Rx beam. If TRP doesn’t have beam correspondence, a UE also transmits RACH preamble(s) with RACH preamble format assigned by gNB on multiple RACH resources associated with DL SS/BCH/TRS while TRP sweeps its Rx beams and identify the strong Tx/Rx beam pair for the RACH reception. TRP Tx beam for RAR transmission should be estimated during RACH detection. Note that all UEs in a cell follow only one RACH configuration indicated via broadcast channel. In NR RAN1#88, Option 1 has been agreed for the consecutive multiple/repeated RACH preamble transmissions. 


Figure 1. Three options for RACH preamble format
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH symbols, CP/GT between RACH symbols 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 preambles
· Option 4: Different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles

In Option1, more opportunities for Rx beam sweeping are expected compared to other Options represented as Figure 2. Basically, Option 2 and 4 need at least two RACH OFDM symbols per Rx beam, but Option 1 needs single RACH OFDM symbol per Rx beam considering the fact that at least length 2 OCC is needed to improve the RACH capacity in Option 2 and at least 2 different sequences (sequence ID A and sequence ID B) is needed for Option 4. Moreover, the guard interval for beam switching between consecutive RACH symbols in Option 1 is much shorter than Option 2 and 4. 


Figure 2. Example on Rx beam sweeping for each option
As mentioned above, although option 1 is good at providing beam sweeping opportunities to reduce RA latency, the number of available RACH preambles with this preamble format is constrained. Compared with long PRACH sequence, the short PRACH sequence with larger subcarrier spacing and shorter symbol duration has less number of orthogonal sequences for UE selection. So, for the sake of increasing RACH capacity with short PRACH sequence with larger subcarrier spacing, Option 2 and 4 can be considered. It is obvious that RACH capacity can be increased N times compared to Option 1 in case of Option 2 with Time domain OCC, where N is Time domain OCC length. The length of Time domain OCC should be carefully determined considering time varying channel characteristic. Phase noise for above 6GHz does harm to time-invariant characteristic even the channel is constant across multiple RACH preambles. Constant channel characteristic across multiple RACH preambles will not be maintained due to residual carrier frequency offset as well. So, short sequence duration can be beneficial to apply time domain OCC in Option 2 so that larger subcarrier spacing should be considered to combine coherently across multiple OFDM symbols. In our view, Option 2 with time domain OCC works well with larger subcarrier spacing and low mobility. The simulation results are discussed in section 3. In Option 4, RACH capacity enhancement can be expected the combinations of independent root sequence IDs across consecutive RACH OFDM symbols. If one UE choose multiple independent short PRACH sequences or their combinations, it may reduce the collision probability by providing a larger pool of the sequence selection. For example, if there totally M root sequence ID are available, (M2) combinations can be generated for two consecutive RACH OFDM symbols in Option 4. Table 1 shows an example on the supportable set of root sequence ID for two options. 
[bookmark: _Ref473124547]Table 1. Example on supportable sets of root sequence ID in Option 2 and 4
	Index
	Option 2 with Time domain OCC
	Option 4 

	1
	(A A) with Time domain OCC index 0
	(A A)

	2
	(A A) with Time domain OCC index 1
	(A B)

	3
	(B B) with Time domain OCC index 1
	(A C)

	4
	(B B) with Time domain OCC index 0
	(B A)

	5
	(C C) with Time domain OCC index 1
	(B B)

	6
	(C C) with Time domain OCC index 0
	(B C)

	7
	-
	(C A)

	8
	-
	(C B)

	9
	-
	(C C)



As represented in Table 1, from the supportable number of set perspective, Option 4 provides more set with limited number of root sequence ID. However, it is not clear that whether gNB can distinguish the actual sequence ID from UE. For example, when it is assumed that two UEs are choose index pair (A,B) and (B,C) respectively, gNB will detect sequence ID of (A, C) in the first time slot and sequence ID of (B,C) in the second time slot, respectively. Then gNB may think multiple index pairs as candidates represented in table 1, even though just two UEs transmit RACH. So the false alarm probability may increase because gNB can not distinguish the actual root index pair from UEs. 
Table 2 shows the relative comparison among three options. 
Table 2. Example on supportable sets of root sequence ID in option 2 and 4
	
	Option 1
	Option 2 with Time domain OCC
	Option 4

	The number of supportable Beams under constant time interval
	Option 1 > Option 2 = Option 4

	RA latency
	Option 1 < Option 2 = Option 4

	Coverage
	From small cell to wide cell
	Wide cell
	Wide cell

	RACH capacity
	M
	M x N
(N : OCC length)
	M2

	False alarm prob.
	Option 1 = Option 2 < Option 4



From Table 2, the features between Option 2 and 4 seem like similar. However, since beamforming with large number of beams may operate at high frequency to overcome path-loss, it seems reasonable to assume relatively small cell so that it doesn’t have to be considered very large number of UEs. Thus, Option 2 is preferred to enhance RACH capacity enhancement for multiple/repeated RACH preamble transmission with multiple beam operation. 
Proposal 1 :  Support Option-2 with time-domain OCC in case that there is a request to enhance the number of available preamble IDs in a RACH Tx occasions, e.g. multiple DL Tx beams are associated with one RACH Tx occasion, which requires preamble grouping to indicate each DL Tx beam. 
While striving for the purpose of increasing the available preambles within one cell, another issue need to be considered is the inter-cell interference. In the legacy LTE system, the DMRS sequence generation will be according to the cell specific sequence hopping, more precisely, the cyclic shift hopping. By borrowing the similar idea, e.g., the cyclic shift value is related to the cell ID, the cyclic shift hopping could be utilized in the preamble sequence generation to alleviate the inter-cell interference.
Proposal 2: NR could consider cyclic shift hopping to alleviate the inter-cell interference.

Discussion on RACH preamble design 
The features of Zadoff-chu sequence are well-known, especially it has two important properties: 
· 
Constant envelope: A sequence is generated by formula, it is in the form of . It means the amplitude of sequence is constant. So, Zadoff-chu sequence provides better PAPR performance compared to that of m-sequence. 
· Zero Autocorrelation: Correlation between a sequence using formula and another sequence generated by shifting the same sequence by Ncs(Ncs :1 ~ Nseq-1) become zero.
As the Zadoff-Chu sequence defined in LTE has good correlation properties and shows low PAPR, it can be reused in NR as well. However, its numerology, such as sequence length, SCS, and etc should be optimized for supporting single and multi-beam operations. 
Proposal 3: Considering good correlation properties and low PAPR characteristic, Zadoff-chu sequence should be supported as a RACH preamble sequence in NR.  
We propose PRACH format as follows:
Table 3. PRACH Sequence Design for below 6GHz
	
	Sequence Type
	Sequence Length
	Subcarrier spacing [KHz]
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)
	GT(Ts)

	Samsung_1
	Zadoff-Chu
	283
	15
	4.32
	1
	1
	1/(30720)
	976
	816

	Samsung_2
	Zadoff-Chu
	283
	15
	4.32
	2
	1
	1/(30720)
	1872
	1712



Table 4. PRACH Sequence Design for Above 6GHz
	
	Sequence Type
	Sequence Length
	Subcarrier spacing [KHz]
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)
	GT(Ts)

	Samsung_3
	Zadoff-Chu
	283
	30
	8.64
	14
	1
	1/(4*30720)
	2054
	2042

	Samsung_4
	Zadoff-Chu
	283
	60
	17.28
	14
	1
	1/(4*30720)
	1027
	1021

	Samsung_5
	Zadoff-Chu
	283
	30
	8.64
	1
	2
	1/(4*30720)
	2394
	2380

	Samsung_6
	Zadoff-Chu
	283
	60
	17.28
	1
	2
	1/(4*30720)
	1197
	1190



Table 3 and 4 show proposed PRACH preamble format for below 6GHz and above 6GHz, respectively. Table A-1 in Appendix shows the simulation assumption. Following figures show evaluation results of RACH preamble detection with Zadoff-chu sequence based on the Table 3, 4, and A-1. There are two important performance metrics which are commonly used to evaluate the performance of RACH detection: 
· False alarm probability: The probability that a RACH preamble is detected during one Rx sweep when the RACH preamble is not transmitted, should be less than 0.1%
· Miss detection probability: The probability that a RACH preamble is not detected when UE actually transmits the RACH preamble, should be less than 1%.

[image: ]
Figure 3. Miss detection probability at below 6 GHz, Samsung_1, NCS=0

Figure 3 shows the performance of Samsung_1 option for PRACH performance for sub-6GHz at the agreed evaluation parameters to attain a constant FA=0.1%. It is seen that the performance of the PRACH preamble sequence is very close across UE speeds. This is attributed to the fact that the loss in performance (SNR loss) owing to the Doppler spread fD at a sub-carrier spacing 1/T (which is 15kHz for Samsung_1) and given by is approximately 0, -0.003 and -0.0125 dB at 3kmph, 60kmph and 120kmph respectively. Note that the effect of CFO on all these three cases is the same (0.1 ppm at UE and 0.05ppm at TRP).
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Figure 4. Miss detection probability at below 6 GHz, Samsung 1 and Samsung_2, NCS=0

Figure 4 shows the performance between Samsung_1 and Samsung 2 with v=60km/h. From Table 6-2, Samsung 2 has similar structure to preamble format 2 in LTE. This structure can be used for coverage extension and performance reliability improvement as well. It is noted that diversity gain can be achieved when TRP detects RACH independently across multiple symbols. 
[image: ]
Figure 5. Miss detection probability at 30 GHz, Samsung_3, NCS=0, UE speed = 3km/h
[image: ]
Figure 6. Miss detection probability at 30 GHz, Samsung_4, NCS=0, UE speed = 3km/h

Figure 5 and 6 shows performances of Samsung_3 and Samsung_4 for PRACH performance for above-6GHz, respectively. In the simulation, Option 1 shown in Figure 1 is considered. During each RACH occasion consisting 14 RACH RACH symbols, except for the long CP at the beginning of the first detection window, a shorter CP is reserved at the beginning of each following detection window for beam switching time. As a consequence, gNB detects RACH preamble while it sweeps 13 Rx beams sequentially within the length of 14 RACH symbols, where the directions of Rx beams are uniformly-spaced along the azimuth axis. It is seen that he proposed NR RACH design performs well and the 1% miss detection rate is reached at below -10 dB SNR for both cases. 
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Figure 7. Miss detection probability at 30 GHz, Samsung_5 and 6, NCS=0, UE speed = 3km/h, no beam scan
Figure 7 shows the performance of Samsung_5 and Samsung_6 for above 6GHz. In this figure, Option 2 as a preamble format is considered. It is assumed that Option 2 is used in the case that TRP has beam correspondence, so it is transmitted with fixed beam. The performance curves of two cases show same trend. So we describe the impact of residual frequency offset and mobility on the performance in Samsung_6, which is more robust against on the time varying characteristic thanks to its shorter symbol duration.
[image: ]
Figure 8. Miss detection probability at 30 GHz, Samsung_6, NCS=0, UE speed = 3km/h, with different residual frequency offsets, no beam scan
Figure 8 shows the effect of residual carrier frequency offset on the Miss Detection performance of Samsung_6. As mentioned above, in order to apply time domain OCC to Option 2, it should be assumed that the channel characteristic across multiple RACH preamble is constant. However, constant channel characteristic across multiple RACH preambles will not be maintained when oscillators between TRP and UE are not exactly aligned. In order to avoid the effect of residual carrier frequency offset to multiple RACH OFDM symbols, sufficiently larger subcarrier spacing, such as 60kHz, etc should be supported for above 6Hz. 
[image: ] 
Figure 9. Miss detection probability at 30 GHz, Samsung_6, NCS=0, with UE speed = 3km/h, 60km/h, and 120km/h, no beam scan


However, the performance of Option 2 with time domain OCC degraded according to mobility in addition to residual carrier frequency of 0.1 ppm/0.05 ppm at UE and TRP, respectively. Figure 9 shows the Miss Detection performance in Samsung_6 according to mobility with residual carrier frequency of 0.1/0.05 ppm at UE and TRP. Figure x-1 shows the timing error with v=3kmh. From this figure, option 2 with time domain OCC works well with low mobility, however, the performance degraded according to increase mobility. Doppler shift  is proportional to the carrier frequency  of the electromagnetic wave, and is given by 







Where is the relative speed between the transmitter and the receiver, is the speed of light (3 x 108m/s), and  is the angle of the velocity vector. The maximum happens when 



If the speed is in unit of kilometres per hour, can be changed represented in Table. 3
Table 3. Doppler shifts for various speed
	v (km/h)
	max fd (Hz) (fc = 3GHz)
	max fd (Hz) (fc = 30GHz)

	3kmh/h
	8.333
	8.333 x 101

	60km/h
	1.667 x 102
	1.667 x 103

	120km/h
	3.333 x 102
	3.333 x 103

	240km/h
	6.666 x 102
	6.666 x 103


[image: ]
Figure 10. Estimated PDP on desired preamble ID with OCC set 1 and 2
Figure 10 shows the estimated PDPs on desired preamble ID with time domain OCC set 1 and 2, respectively. Time domain OCC set 1 and 1 have [1 1], [1,-1], respectively. In this simulation it is assumed that time domain OCC set 1 is transmitted. And it is also assumed that transmitted signal experiences only frequency offset. It is shown that unexpected peak happened from time domain OCC set 2 when residual carrier frequency offset is relative high to subcarrier spacing. It is because the initial phase of the second symbol would be inversed due to relative high frequency offset to subcarrier spacing. The received baseband symbols under presence of CFO as follows : 




where is the normalized frequency offset, the ratio of frequency offset to the subcarrier spacing. If two identical RACH OFDM symbols are transmitted consecutively like option 2 with time domain OCC set 0, the corresponding signals with CFO of are related with each other as follows: 


Figure 11. An example on phase distortion due to residual CFO and mobility
As can be seen Figure 11, the phase distortion due to residual CFO and mobility can be represented as linear phase in time domain. The phase difference between two consecutive RACH OFDM symbols can be represented as follow:





 where denotes the element of time domain OCC (). The initial phase term of second symbol may change its sign value according to  increases. This also explains the poor performance of Option 2 at high mobility as shown in Figure x which shows performance of Samsung_6. Thus, option 2 with Time domain OCC could be used in the scenarios that supports larger subcarrier spacing and low mobility 
Observation 1:. Unexpected time domain OCC index is detected when residual carrier frequency to subcarrier spacing is high and high mobility case. 
Observation 2: Option 2 with time domain OCC for RACH capacity enhancements could be used in scenarios that support larger subcarrier spacing and low mobility.
Table 4. MCL of Option 1 for 30kHz and 60kHz of carrier spacing at carrier frequency of 30GHz
	SCS
	Samsung 3
	Samsung 4

	(1) Max. Tx power (dBm)
	23
	23

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

	(3) Receiver noise figure (dB)
	5
	5

	(4) Interference margin (dB)
	0
	0

	(5) Occupied RACH bandwidth (Hz)
	8640000
	17280000

	(6) Effective noise power 
   (2) + (3) +(4)+10log((5)) (dBm)
	-99.96
	-96.6246

	(7) Required SINR (dB)
	-14
	-14

	(8) Receiver sensitivity
  ( (6) + (7) ) (dBm)
	-113.96
	-110.96

	(9) MCL    ( (1) – (8) ) (dB)
	136.96
	133.96



Table 5. MCL of Option 2 for 30kHz and 60kHz of carrier spacing at carrier frequency of 30GHz
	SCS
	Samsung 5
	Samsung 6

	(1) Max. Tx power (dBm)
	23
	23

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

	(3) Receiver noise figure (dB)
	5
	5

	(4) Interference margin (dB)
	0
	0

	(5) Occupied RACH bandwidth (Hz)
	8640000
	17280000

	(6) Effective noise power 
   (2) + (3) +(4)+10log((5)) (dBm)
	-99.96
	-96.6246

	(7) Required SINR (dB)
	-9.1
	-8.9

	(8) Receiver sensitivity
  ( (6) + (7) ) (dBm)
	-109.06
	-108.5246

	(9) MCL 
   ( (1) – (8) ) (dB)
	132.06
	131.5246



Based on the evaluation results and discussions, we propose PRACH preamble format as follows:
Proposal 4: NR supports at least following PRACH format for above 6GHz
· Supports at least 60kHz subcarrier spacing for PRACH 
· PRACH duration is same as slot duration with N OFDM symbols, where N(=7 or 14 for Normal CP) is configurable by gNB. 
· RACH preamble duration can be decided according to the number of Rx beams for TRP Rx sweeping, where the number of Rx beams within a PRACH duration can be configurable
Conclusions
This contribution discusses the RACH preamble design. The observations and proposals are as follows:
Proposal 1 :  Support Option-2 with time-domain OCC in case that there is a request to enhance the number of available preamble IDs in a RACH Tx occasions, e.g. multiple DL Tx beams are associated with one RACH Tx occasion, which requires preamble grouping to indicate each DL Tx beam. 
Proposal 2: NR could consider cyclic shift hopping to alleviate the inter-cell interference.
[bookmark: _GoBack]Proposal 3: Considering good correlation properties and low PAPR characteristic, Zadoff-chu sequence should be supported as a RACH preamble sequence in NR.  
Observation 1:. Unexpected time domain OCC index is detected when residual carrier frequency to subcarrier spacing is high and high mobility case. 
Observation 2: Option 2 with time domain OCC for RACH capacity enhancements could be used in scenarios that support larger subcarrier spacing and low mobility.
Proposal 4: NR supports at least following PRACH format for above 6GHz
· Supports at least 60kHz subcarrier spacing for PRACH 
· PRACH duration is same as slot duration with N OFDM symbols, where N(=7 or 14 for Normal CP) is configurable by gNB. 
· RACH preamble duration can be decided according to the number of Rx beams for TRP Rx sweeping, where the number of Rx beams within a PRACH duration can be configurable
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Appendix
Table A-1. Simulation assumption 
	Parameter
	Value

	Carrier frequency
	4GHz, 30 GHz

	Subcarrier spacing
	15kHz, 30, 60 kHz

	CFO 
	+-0.05 ppm at TRP

	Channel model
	CDL-C with 30 ns delay spread

	Mobility
	3, 60, 120 km/h

	RACH sequence
	ZC-sequence with length 283

	Number of RACH preamble ID 
	64

	Antenna Configuration at TRP
	(M,N,P,Mg,Ng) = (1,1,2,1,1) for sub-6GHz and (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

	Antenna Configuration at UE
	(1,1,2) for sub-6GHz and (4,8,2) for above-6GHz
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