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Introduction
During RAN1#87, RAN1 captured the following agreements regarding RACH preamble design
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 Preamble
· 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
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:
· 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

This contribution considers RACH preamble design for NR. 

Discussion on options for RACH preamble format 
The multi-beam based random access procedure with and without beam correspondence is described in [2]. Fig 1 shows an example of RACH preamble format transmission depending on beam correspondence at TRP. When beam correspondence holds at TRP side, UE can transmit RACH preamble format using the selected RACH preamble index on RACH resource associated DL SS/BCH/BRS while TRP sweeps its RX beam and the TRP should be able to receive the RACH on a strong Tx/Rx beam pair and can find a TRP Tx beam to be used for RAR transmission corresponding to the TRP Rx beam.. If TRP doesn’t have beam correspondence, a UE can transmit RACH preamble format to TRP while TRP sweeps its Rx beams and the TRP should be able to receive the RACH on a strong Tx/Rx beam pair. TRP Tx beam for RAR transmission should be estimated during RACH detection. Note that all the UEs in a cell follow only one RACH configuration indicated via broadcast channel. 



Figure 1. An example of RACH preamble transmissions corresponding to beam correspondence at TRP

For RACH preamble format, there are three options shown in Fig. 2 based on the agreement of Adhoc meeting. 
· 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 3: Different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles


Figure 2. Three options for RACH preamble format transmission

For option 1, what the main difference with other options is that CP between RACH symbols is omitted. Omitting CP can generate continuous waveform, which means there is no discontinuity during RACH preamble format transmission. For the Rx beam sweeping perspective at TRP side, previous RACH symbol acts like a CP of other options described in figure 3. If TRP has no beam correspondence, a UE can be configured to transmit multiple RACH symbols repeatedly to cover all TRP Rx beams. According to the agreement in RAN1#87, UE fixes one of UE Tx beams during RACH transmission occasion. Interval marked as ‘A’ in option1 represents guard interval that acts CP between two RACH symbol for beam switching. In our view, required time for beam switching is much less than CP duration so that option 1 can show the most efficient resource usage. Note that each PDP(Power Delay Profile) for RA preamble in time domain would be shifted every Rx beam duration in option 1. 



Figure 3. Examples on RACH preamble format transmission while TRP sweeps its Rx beam

Table 1 and Table 2 show the parameter for RACH preamble and the available number of Rx beams within subframe duration for each option, respectively. In case that single RACH preamble is transmitted during duration that both Tx beam and Rx beam are fixed, option 1 provide opportunities of Rx beam sweeping more than option 2/3. For the case that TRP doesn’t have beam correspondence, it is obvious that option 1 is desirable for RACH preamble format. 
In case that multiple transmissions are allowed during duration that both Tx beam and Rx beam are fixed, option 1 can provide more opportunities to sweep TRP Rx beams under the same time duration constraint as well. In table 1, CP duration is based on the normal CP with 15kHz. CP of RACH should be longer than the maximum channel delay spread and round trip delay of cell. Guard duration should be longer than the round trip delay of the cell. In here, it is assumed that cell radius is 1km. 



Table 1: Random access preamble parameter (1km, SCS : 15KHz)
	Subframe duration 
	Subcarrier spacing 
	Symbol duration 
	CP duration for 1km 
(normal CP + 3.3us = channel delay + RTD)
	Beam switching time
	Guard duration (us)

	1000 us
	15 kHz
	66.67 us
	8.03 us
	1us
	6.6 us



Table 2: An example on available number of Rx beams within one subframe for each option
	
	# of Rx beams
(for 1 preamble)
	# of Rx beams
(for 2 repeated preambles)

	Option1
	14
	7

	Option 2/3
	13
	6



In Fig. 4, the miss detection probability of option 1 and option 2 are presented under CDL-C channel model. The UE speed is assumed to be 3 km/h. It is assumed that both TRP and UE have one panel with the defined number of antennas and polarizations. In addition, the panels of the TRP and UE are oriented towards each other. During one RACH occasion, UE fixes its Tx beam and transmits multiple RACH symbols repeatedly in order to support Rx beam sweeping at TRP. From Fig. 4, it is observed that the performance of option 1 outperforms the performance of option 2. The 1% miss detection rate is achieved at approximately -17 dB. The SNR displayed in the figure does include the antenna element gain nor the beamforming gain of the TRP and UE. The detailed parameters used for this simulation are provided in Table 5.
[image: ]
Figure 4. Miss detection probability of option 1 and option 2

Observation 1: Option 1 can provide more opportunities to sweep TRP Rx beams under the same time duration constraint compared with other options.

In order to enhance coverage, multiple/repeated RACH preamble transmissions can be. Figure 5 shows an example on multiple transmissions during duration that both Tx beam and Rx beam are constant. In fig. 5, TRP can combine two preamble sequences to improve performance of RACH detection. In option 1, the duration that Rx beam is fixed is shorter than that in option 2/3 since CP between consecutive RACH symbol is omitted. 



Figure 5. Example on multiple RACH symbol transmissions for the case that TRP has beam correspondence

Proposal 1: For PRACH preamble format, at least NR supports option 1.

Table 3: Proposed PRACH preamble format
	Preamble format
	

	

	Number of RACH preambles
	Note

	0
	

	

	1
	


should be longer than round-trip delay

is length for RACH sequence 



Moreover, 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, phase noise for above 6GHz, phase noise 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. Multiple/repeated transmission without time domain OCC may be more robust against the effects of phase noise and residual carrier frequency offset than options with time OCC since PDP of RACH preamble can be calculated and combined across multiple RACH preambles. 
Time domain OCC can be also applied to option 3. The number of combinations of different sequences and time domain OCCs is even larger than that of option 2 with OCC. One potential use case for this option is to indicate the DL Tx beam by the association with different OCC group. However, the false alarm probability is also increased. Meanwhile, the residual carrier frequency offset will also affect the detection performance for option 3 with time domain OCC.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Observation 2: Necessity of Time domain OCC across multiple RACH sequences should be further studied considering the effect of residual carrier frequency offset and phase noise. 

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. 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. However, it requires the complicated definition of the sequence pattern in the spec and in additional it will increase the signalling overhead of the PRACH configuration. Therefore, the use of option 3 for UE initial access is quite challenging, especially for the case of rx beam sweeping. 
A possible use case of the short PRACH sequences is the contention-based synchronized PRACH for the RRC_CONNECTED UEs to send the scheduling request. Assuming the total PRACH resources with M CP-OFDM symbols are divided into multiple time slots, where there are N short PRACH OFDM symbols per time slot. Each RRC_CONNNECTD UE is allowed to choose one of the multiple time slots, as shown in Fig. 5. For the UEs who choose a short NR-PRACH sequence with same ID, the gNB/TRP can still differentiate the UEs if they send their PRACH sequence in different time slots. Instead of defining the complicated pattern with multiple independent short sequences per UE, we introduce the (M/N) sets of orthogonal time slots for UE selection, equivalently increasing the PRACH capacity for SR transmission. Considering the RRC_CONNECTED UEs with fine time/freq synchronization, the short CP length of each OFDM symbol is sufficient to avoid the interference. Whether to introduce the orthogonal cover codes for the N OFDM symbols within a time slot may need further evaluation. Also we need further study on the number of N symbols per time slot.
[image: ]
Fig. 6 Short PRACH sequence with N CP-OFDM symbols
Observation 3: If the RACH procedure is to be supported for scheduling request purpose in NR, the short RACH sequence with CP can be considered and further study on how to improve the capacity is needed. 
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 PAPR performance better compared to PAPR performance 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.
Figure 6 shows evaluation results of RACH preamble detection with Zadoff-chu sequence. The simulation assumptions are represented in Table 6. 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: ] [image: ]	
           (a)  (139,211,419) sequence length                  (b)   (3,60,120) mobility
[image: ]
(c)  (60, 120) kHz subcarrier spacing
Figure 7. Miss detection probability at 30 GHz

In fig. 7(a), ZC sequence length is assumed as 139, 211, 419. As can be seen from this figure, three cases have similar performance. Regarding to Maximum Coupling Loss in Table 4, shorter sequence length is preferred due to relatively low effective noise power. If occupied RACH bandwidth of (M MHz) is much smaller than total RA bandwidth of (N MHz), (N/M) frequency regions for RACH transmission can be considered and then RACH capacity increases as UE can randomly select one of frequency regions for RACH transmission. From fig. 7(b), detection probability can be maintained with length of 139 thanks to large subcarrier spacing. From fig. 7(c) and Table 4, ZC with subcarrier spacing of 120kHz and sequence length of 139 can be used for the scenario that cell coverage is relative small. In case that subcarrier spacing of 240kHz is used, the number of resource blocks for RACH is 6 RB, the sequence length should be chose shorter than 72 (not wider than 20MHz). Although it might be robust against time-varying characteristic thanks to short symbol length in time domain, short sequence length might be weak on interference addressed from other UEs.

Table : MCL for 60kHz and 120kHz of carrier spacing at carrier frequency of 30GHz
	SCS
	60 kHz
	120 kHz

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

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

	(3) Receiver noise figure (dB)
	5
	5

	(4) Occupied RACH bandwidth (Hz)
	8340000
	16680000

	(5) Effective noise power 
   ( (2) + (3) + 10log((4)) ) (dBm)
	-99.7883
	-96.778

	(6) Required SINR (dB)
	-17
	-14

	(7) Receiver sensitivity
  ( (5) + (6) ) (dBm)
	-116.7883
	-110.778

	(8) MCL 
   ( (1) – (7) ) (dB)
	-139.7883
	-133.778



Observation 4: ZC sequence with length of 139 and subcarrier spacing of 60 kHz is preferred for high frequency band. 

In Figure 8, subcarriers are used as guard subcarriers for multiplexing with data channel. It is obvious that inter-frequency band interference happened when RACH is multiplexed with data channel on same subframe since RACH symbol duration is different from the data channel. Even though the subcarrier spacing for RACH symbol is same as the subcarrier spacing for data channel, the duration of RACH symbol is longer than the data channel due to its long CP. However, if multiple RACH symbol are transmitted consecutively and then it has same subcarrier spacing with the subcarrier spacing for data channel, inter-band interference will not happened when gNB performs FFT to data channel depicted in fig. 8.  


Figure 8. An example of RACH subcarrier spacing is same as subcarrier spacing for data channel

Proposal 2: Same subcarrier spacing for RACH symbol as that of data symbol should be supported at high carrier frequency 

Conclusions
This contribution discusses the RACH preamble design. The observations and proposals are as follows:
Observation 1: Option 1 can provide more opportunities to sweep TRP Rx beams under the same time duration constraint compared with other options.
[bookmark: _GoBack]Proposal 1: For PRACH preamble format, at least NR supports option 1.
Observation 2: Necessity of Time domain OCC across multiple RACH sequences should be further studied considering the effect of residual carrier frequency offset and phase noise. 
Observation 3: If the RACH procedure is to be supported for scheduling request purpose in NR, the short RACH sequence with CP can be considered and further study on how to improve the capacity is needed. 
Observation 4: ZC sequence with length of 139 and subcarrier spacing of 60 kHz is preferred for high frequency band.
Proposal 2: Same subcarrier spacing for RACH symbol as that of data symbol should be supported at high carrier frequency 
References
[1] Chairman’s Note of 3GPP TSG RAN WG1 Adhoc 
Appendix
Table 5: Simulation assumption I
	Parameter
	Value

	Carrier frequency
	30 GHz

	Subcarrier spacing
	15 kHz

	Mobility
	3 km/h

	RACH sequence
	ZC-sequence with length 139

	Sampling rate
	30.72 MHz

	Number of RACH preamble ID 
	64

	Number of Rx beams at TRP
	12

	Number of Tx beams at UE
	1

	Channel model
	CDL-C with 100 ns delay spread

	Antenna Configuration at TRP
	(4,8,2) with directional antenna element, HPBW=65 degree, directivity=8 dB

	Antenna Configuration at UE
	(2,4,2) with directional antenna element, HPBW=90 degree, directivity=5 dB

	ASD/ASA
	5/30 degree

	ZSA/ZSD
	10/3 degree



Table 6. Simulation assumption II
	Parameter
	Value

	Carrier frequency
	30 GHz

	Subcarrier spacing
	60, 120 kHz

	CFO 
	+-0.05 ppm at TRP

	Phase noise model 
	Model with set A in [3]

	Channel model
	CDL-C with 100 ns delay spread

	Mobility
	3, 60, 120 km/h

	RACH sequence
	ZC-sequence with length, 139, 211, 419

	Number of RACH preamble ID 
	64

	Antenna Configuration at TRP
	(M,N,P,Mg,Ng) = (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
	(M, N, P, Mg, Ng) = (2, 4, 2, 1, 2); (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (0, 0)λ.
Θmg,ng=90; Ω0,1=Ω0,0+180;
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