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Introduction
In RAN1# NR Ad-Hoc [1], some details regarding the NR RA preamble design were agreed as follows.
· 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. 
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 sequences
· 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

· 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

In this contribution we investigate some aspects of the NR RACH preamble sequence design, focusing on the consecutive multiple/repeated RACH preambles option 4 and ZC sequence. In our companion contribution [2], we study the NR 4-step RA procedures.

RACH Preamble Sequence Design in NR
Several aspects need to be considered for the NR preamble including the preamble sequence, transmission duration, numerology and resource provisioning. In this contribution we touch upon some of these considerations. 
For synchronization in many communication systems, sequences with good auto and cross-correlation properties are quite desirable. In LTE, the Zadoff-Chu (ZC) sequence is used for the PSS, PRACH, UL DMRS and SRS. The ZC sequence exhibits a CAZAC property which is also beneficial for low PAPR transmissions. Another benefit is that a DFT transformation of the ZC sequence results in a weighted and cyclically shifted version of the original sequence. Given the agreement that both CP-OFDM and DFT-S-OFDM will be supported at least for eMBB uplink for up to 40GHz, the ZC sequence is ideally suited for preamble transmission irrespective of the UL waveform.
Observation 1: the ZC sequence is suitable for preamble transmission irrespective of whether DFT-S-OFDM or CP-OFDM is the UL waveform. 

In LTE, RACH preamble format 0 and format 1 are designed with a length of 24576 Ts, which is equivalent to 12 OFDM symbols. A long RACH preamble supports a larger search window which is needed to estimate the round trip time (RTT) of a large cell. However, this also comes with higher detection complexity. LTE also supports additional RACH preamble formats 2 and 3 for extended coverage areas ranging from 15 km to 100 km. In addition, a short RACH preamble format 4 was also defined with a length of 2 OFDM symbols in order to take full advantage of the UpPTS region of a TDD special subframe. Because of the short sequence length, a short preamble sequence may only be used for small cells but has the advantage of smaller detection complexity. Since it applies to small cells, it may not be necessary to have restricted sets to support high speed users.

In NR frame structure design, the self-contained structure is the primary frame structure to support fast transmission and short processing time with HARQ-ACK feedback within a slot as shown in Figure 1. As shown, a slot may contain a DL transmission part, gap period and UL transmission part. The duration of each DL/UL transmission part is expected to be short to support high speed data transmission with low latency for eMBB applications. URLLC applications expect an even shorter interval in order to meet the 0.5ms user plane latency requirements. URLLC would also require low latency in the initial access as well. Moreover, dynamic TDD configuration signalling would adapt the DL/UL configuration according to the prevailing traffic characteristics. Thus, the RACH preamble sequence should be short enough to fit the dynamic TDD and self contained structure. 

Proposal 1: A short preamble sequence should be considered for RA Msg1 to support dynamic TDD and self-contained structure in NR.

[bookmark: _Ref458089023]Figure 1: NR frame structure – slot and subframe
As earlier mentioned, a short preamble sequence has the advantage of low detection complexity, albeit with lower coverage it supports RRT estimation for smaller cell sizes. It also implies that more root sequences are required to meet the target collision probability. In other words, the PRACH capacity is reduced for shorter preamble sequences all other things being equal. The lower coverage implies that higher SINR is required for a target detection performance. In order to improve the preamble detection performance and reduce the collision probability of a short preamble sequence, a multi-stage preamble sequence could be considered. Multi-stage preamble sequence is designed to have a set of multiple short preamble sequences in combination as a single RA Msg1 transmission. The UE would select a set of short preamble sequences transmitted in a single time frequency resources as configured by the network. The network (gNB/TRP) would detect the entire set of short preamble sequences to declare a successful RACH Msg1 detection. A multi-stage short preamble sequence could eliminate the ambiguity of RACH preamble peak detection, which relaxes the SINR requirement for preamble detection. If the short preamble sequence is selected independently at each stage, the collision probability will be reduced exponentially. 
Proposal 2: Multi-stage short preamble sequence should be considered for RA Msg1 for better detection performance and low collision probability.
The multi-stage short preamble sequence with short CP and GT is more suitable  for small cells, but not for large cells in NR. As agreed in RAN1 #86, NR should support both short and long preamble lengths. So the configurability of both short and long preamble lengths should be considered. One solution is to reuse the same scheme of LTE preamble, i.e., define different RACH preamble formats with different preamble lengths.
Proposal 3: Multi-stage short preamble and long preamble should both be supported and different RACH preamble format can be defined with different preamble lengths.

In LTE, the numerology of RACH preamble is 1.25 KHz for format 0~3 and 7.5 KHz for format 4, which are different from the DL/UL data/control channels. For Option 4 in the list of agreed evaluation options, the numerology is proposed to be the same as the data channel in order to reuse the FFT module in the receiver for the data channel.

For LTE, the maximum number of preambles supported in a cell is 64. For NR, the maximum number of preambles supported in a cell should be no less than that as LTE, e.g., 64.

Sequence Design

For LTE RACH preamble format 4 as shown in Figure 2, the  root Zadoff-Chu sequence is adopted as the preamble sequence, which is defined by

                                                                             (1)




where . From the  root Zadoff-Chu sequence, random access preambles with zero correlation zones of length  are defined by cyclic shifts. As  is 139 in (1), total number of physical root sequence is 138. As there is only one preamble sequence, the sequence is also called one-stage sequence.


Figure 2: LTE RACH preamble format 4 with one-stage preamble sequence
For LTE PRACH format 4, SCS = 7.5K Hz, TCP=448Ts, Tseq=4096Ts, TGT=228Ts.

For NR RACH preamble option 4 with multiple-stage sequence as shown in Figure 3 where two short sequences in combination as one RA Msg1. Two different RACH sequences with CP are used and GT is reserved at the end of the two consecutive preamble sequences. Each preamble is selected independently by UE and detected independently by gNB. As gNB would detect the both short preamble sequences before  declaring a successful RA Msg1 detection, which means that the RA Msg1 is successfully detected if and only if the preamble-1 and preamble-2 are both successfully detected.

The  root Zadoff-Chu sequence is also adopted as the preamble sequence, which is defined by

,                                                                             (2)

where  is the maximum prime number  less than 72, i.e., 71.


Figure 3: NR RACH preamble with two-stage preamble sequence
For NR PRACH option 4, SCS = 15K Hz, TCP=448Ts, T’seq = 1/2Tseq = 2048Ts, TGT = 228Ts..
Table 1 gives an example format of the two-stage preamble in time domain based on similar structure in Figure 3, assuming data subcarrier spacing of 15 kHz. This example format is derived from LTE format 4.
[bookmark: _Ref469559221]Table I. Example of NR two-stage preamble sequence
	TCP1
	TSEQ1
	TCP2
	TSEQ2
	TGT

	14.6us (448×Ts)
	66.7us (2048×Ts)
	14.6us (448×Ts)
	66.7us (2048×Ts)
	7.4us (228×Ts)




Performance Analysis
1) Auto-correlation and cross-correlation
Property 1: The ZC sequences of any length have ‘ideal’ normalized cyclic autocorrelation (i.e. the correlation with the circularly shifted version of itself is a delta function) [3]. 








Property 2: The absolute value of the cyclic cross-correlation function between any two ZC sequences is constant and equal to , if  (where  and  are the sequence root indices) is relatively prime with respect to  [3]. As  is a prime number for both LTE and NR RACH preambles, the condition is guaranteed if  and .

Therefore, the auto-correlation and cross-correlation performance are better with a larger . The detection performance of LTE RACH preamble with one-stage sequence is better than that of NR RACH preamble option 4 with multi-stage sequence, in absence of frequency offset. The case with high frequency offset will be discussed in the following.

2) Comparison of total number of preambles
For fair comparison, only a PRACH subband and a PRACH time slot are assumed in the following analysis.
For LTE RACH preamble format 4 as shown in (1), the total sequence number is 

,                                                                     (3)

where  denotes the round down operation.
For NR RACH preamble option 4 as shown in (2), the total sequence number is

.                                                                  (4)




Take , and  and 71 for LTE RACH preamble format 4 and NR RACH preamble separately for example, the total sequence number can be calculated as , and .

The total number of multi-stage sequence is much larger than that of one-stage sequence (), which will result in a much lower collision probability. 
In order to ensure the number of one-stage sequence and multi-stage sequence are the same, a different solution is to configure multiple PRACH subbands in the same PRACH time slot, and / or multiple PRACH time slots within the same PRACH subbands. However, the solution will be at the expense of PRACH resources.

3) Collision probability
A collision is assumed to occur only if multiple UEs make a random access in the same random-access slot and frequency band with the same preamble sequence for one-stage sequence and the same whole sequences for multi-stage sequence. If there are a larger number of potential UEs, the UE arrival is a Poisson distribution and the arrival rate is , the random access collision probability has been analyzed in [4] and given by

                                                                                       (5)



where  is the total number of random-access opportunities per second per cell and  is the random-access intensity, i.e., there are   random-access attempts per second and cell. 

For fair comparison, only a PRACH subband and a PRACH time slot are assumed in the following analysis. Table II shows the collision probability of two types of RACH preamble sequence with different arrival rate . The number of cells in the network is 19. 
Table II. Collision probability of two types of RACH preamble sequence
	


\ \
	LTE RACH preamble format 4 
	NR RACH preamble option 4

	
	

	


	
=1.0
	0.013
	0.00016

	
=5.0
	0.061
	0.00078

	
=10.0
	0.12
	0.0015

	
=15.0
	0.17
	0.0023

	
=20.0
	0.22
	0.0031

	
=50.0
	0.47
	0.0077


As shown in Table I, the collision probability of multi-stage sequence is much lower than that of one-stage sequence.

4) The impact of frequency offset on the time offset
As well known, the autocorrelation of two ZC sequences is a function of linear combination of the frequency offset and the time offset between them (or so called the ambiguity between frequency offset and time offset). If there is a large frequency offset between the received preamble and local one, the peak of autocorrelation may not provide the accurate PRACH timing offset estimate. Consider that the impact of the frequency offset on the time offset estimation is ZC root index dependent, using the correlation results from more than one ZC sequence with different root indexes could potentially provide a way to mitigate the issue.
Let us assume we have two-stage short preamble scheme where preamble-1 has root index u1 and preamble-2 has root index u2 and the frequency offset is not changed for both preambles. Now, we have two independent detections for the preamble-1 and preamble-2. Then, the time offset estimates for both preamble detections will be different if both detection are successful, due to fact that the two preambles have different root indexes. It is clear that the two timing detections will provide more information to improve the timing accuracy than when the same root index is used in both preambles, and how to combine the two time estimates to come with an optimal timing estimation may need further study. As an extreme case, if the ZC-sequence for the preamble-2 is a conjugate of the ZC-sequence for the preamble-1, the impact of frequency offset on the timing error to the detection of both preambles will have the same magnitude but in the exact opposite directions. In this case, the impact of the frequency offset on the timing error can be eliminated at the cost of increasing the collision probability.
Since NR is going to support much higher carrier frequency than LTE and the CP length could be much shorter, the accurate PRACH timing estimation will become one of the critical issues in PRACH detection performance.
Observation 2: NR RACH preamble option 4 with multi-stage sequence can be potentially more robust to frequency offset than LTE RACH preamble with one-stage sequence.

Performance Evaluation
The simulation assumptions are given in Table II.
Table II. Simulation Assumptions
	Parameter
	Value

	System Bandwidth
	20MHz

	Carrier
	2.0GHz

	Antenna Configuration
	1Tx2Rx

	Channel Model
	AWGN, ETU70

	PRACH Format / Option

	For LTE PRACH format 4, Ncs =10, a UE is selected, which uses preamble sequence index 1 from a given preamble sequence set with the dimensions of 64.
For NR PRACH option 4, Ncs =10, a UE has two preamble sequences. The preamble sequences are selected from the same preamble sequences set with the dimensions of 64. The first preamble uses sequence index 1 and second preamble uses sequence index 2.

	Timing error
	Without; With: uniform in [0, 5us]

	Frequency offset
	3.75KHz, 5KHz

	Timing estimation threshold
	1.04us for AWGN, 2.08us for ETU70.

	Metric
	Two metrics to evaluate the performance of RACH preamble are defined as follows, which are given in section 8.4 of TS 36.104.
· The false alarm probability is the conditional total probability of erroneous detection of the preamble (i.e. erroneous detection from any detector) when input is only noise.
· The probability of detection is the conditional probability of correct detection of the preamble when the signal is present. There are several error cases,
· Detect different preamble than the one that was sent; 
· Detect different preamble than the one that was not detecting a preamble at all;
· Detect different preamble than the one that was correct preamble detection but with the wrong timing estimation. For AWGN, a timing estimation error occurs if the estimation error of the timing of the strongest path is larger than 1.04us. For ETU70, a timing estimation error occurs if the estimation error of the timing of the strongest path is larger than 2.08us. The strongest path for the timing estimation error refers to the strongest path (i.e. average of the delay of all paths having the same highest gain = 310ns for ETU) in the power delay profile.
The minimum requirements for above metrics are
· The false alarm probability shall be less than or equal to 0.1%;
· The probability of detection shall be equal to or exceed 99%, on the other hand, the probability of miss detection shall be less than or equal to 1%.


	Detection method
	Refer to appendix.



Note: For all simulation results in section 2.3.1 and 2.3.2, the legend ‘LTE format 4’ means that LTE PRACH format 4 with detection method in appendix 5.1; ‘NR option4-seq1’ and ‘NR option4-seq2’ mean that preamble sequence 1 and sequence 2 of NR option4 are detected independently with the same detection method as LTE format 4; ‘NR option4-seq-comb’ indicates that preamble sequence 1 and preamble sequence 2 of NR option4 are detected together with detection method in appendix 5.2.

CASE1: Without Timing Error
The simulation results of miss detection without timing error are given from Figure 4 to Figure 9. As shown in Figure 4 and Figure 5 with frequency offset of 0 Hz, the performance of ‘NR option4-seq-comb’ is better than ‘NR option4-seq1’ and ‘NR option4-seq2’, and that of ‘LTE format 4’ is the best. Compared with ‘NR option4-seq1’ and ‘NR option4-seq2’ @ miss detection probability of 1%, ‘NR option4-seq-comb’ achieves gain of 1.6 dB and 1.9 dB for AWGN and ETU 70, respectively, ‘LTE format 4’ achieves gain of 3.5 dB and 3.6 dB for AWGN and ETU 70, respectively.  As shown in Figure 6 and Figure 7 with frequency offset of 3.75KHz, the miss detection performance of ‘NR option4-seq1’, ‘NR option4-seq2’ and ‘LTE format 4’ are nearly the same, while ‘NR option4-seq-comb’ is better, with gain of 1.3 dB and 2 dB @ miss detection probability of 1% for AWGN and ETU70, respectively. Figure 8 and Figure 9 compare the miss detection performance with frequency offset of 5 KHz. The performance of ‘NR option4-seq1’ and ‘NR option4-seq2’ are the same, and better than ‘LTE format 4’. The performance of ‘NR option4-seq-comb’ is best, with gain of 4.0 dB and 4.1 dB @ miss detection probability of 10% for AWGN and ETU70, respectively.

CASE1.1: frequency offset =0 Hz
[image: ]    [image: ]
Figure 4: CASE1.1 (a): AWGN-0 Hz                                         Figure 5: CASE1.1 (b): ETU70-0 Hz 

CASE1.2: frequency offset =3.75 KHz
[image: ]   [image: ]
Figure 6: CASE1.2 (a): AWGN-3.75KHz                   Figure 7: CASE1.2 (b): ETU70-3.75KHz 

CASE1.3: frequency offset = 5 KHz
[image: ]    [image: ]
Figure 8: CASE1.3 (a): AWGN-5KHz                         Figure 9: CASE1.3 (b): ETU70-5KHz

CASE2: With Timing Error
The simulation results with timing error are given from Figure 10 to Figure 15. As shown in Figure 10 and Figure 11 with frequency offset of 0 Hz, the performance of ‘NR option4-seq-comb’ is better than ‘NR option4-seq1’ and ‘NR option4-seq2’, and that of ‘LTE format 4’ is the best. Compared with ‘NR option4-seq1’ and ‘NR option4-seq2’ @ miss detection probability of 1%, ‘NR option4-seq-comb’ achieves gain of 1.7 dB and 1.9 dB for AWGN and ETU 70, respectively, ‘LTE format 4’ achieves gain of 3.7 dB and 4.1 dB for AWGN and ETU 70, respectively. As shown in Figure 12 and Figure 13 with frequency offset of 3.75 KHz, the miss detection performance of ‘NR option4-seq1’, ‘NR option4-seq2’ and ‘LTE format 4’ are nearly the same, while ‘NR option4-seq-comb’ is better, with gain of 1.2 dB and 2.1 dB @ miss detection probability=1% for AWGN and ETU70, respectively. Figure 14 and Figure 15 compare the miss detection performance with frequency offset of 5 KHz. The performance of ‘NR option4-seq1’ and ‘NR option4-seq2’ are the same, and better than ‘LTE format 4’. The performance of ‘NR option4-seq-comb’ is best, with gain of 4.4 dB and 4.7 dB @ miss detection probability of 10% for AWGN and ETU70, respectively.

CASE2.1: frequency offset =0 Hz
[image: ]  [image: ]
Figure 10: CASE2.1 (a): AWGN-0 Hz                                         Figure 11: CASE2.1 (b): ETU70-0 Hz 

CASE2.2: frequency offset = 3.75 KHz
[image: ]    [image: ]
  Figure 12: CASE2.2 (a): AWGN-3.75KHz                        Figure 13: CASE2.2 (b): ETU70-3.75KHz

CASE2.3: frequency offset = 5 KHz
[image: ]  [image: ]
                            Figure 14: CASE2.3 (a): AWGN-5KHz                       Figure 15: CASE2.3 (b): ETU70-5KHz

Results analysis
With low frequency offset (0 Hz), the miss detection performance of NR option 4 is worse than LTE format 4 as the auto-correlation of short ZC sequence for NR option 4 is small than that of long ZC sequence for LTE format 4.
With high frequency offset (3.75 KHz and 5 KHz), the miss detection performance of NR option 4 is better than LTE format 4 as NR option 4 has larger SCS and is more insensitive to frequency offset. When the maximum frequency offset (Foffset) is 3.75 KHz. For LTE PRACH format 4 where Tseq=4096 Ts=133.3us, the normalized phase offset is Foffset* Tseq = 0.5. For NR PRACH option 4 where Tseq =2048 Ts=66.67us, the normalized phase offset is Foffset* Tseq = 0.25. When the maximum frequency offset (Foffset) is 5 KHz. For LTE PRACH format 4 where Tseq=4096 Ts=133.3us, the normalized phase offset is Foffset* Tseq = 0.67. For NR PRACH option 4 where Tseq =2048 Ts=66.67us, the normalized phase offset is Foffset* Tseq = 0.33.
Observation 3: NR RACH preamble option 4 with two-stage sequence can achieve a better performance than LTE RACH preamble with one-stage sequence with large frequency offset.
Conclusion
This paper discusses the NR RACH preamble sequence design with the consideration of self-contained frame structure and dynamic TDD configuration, and analyzes the performance of multi-stage sequence and one-stage sequence. We have the following observations:
· Observation 1: the ZC sequence is suitable for preamble transmission irrespective of whether DFT-S-OFDM or CP-OFDM is the UL waveform.
· Observation 2: NR RACH preamble option 4 with multi-stage sequence can be potentially more robust to frequency offset than LTE RACH preamble with one-stage sequence.
· Observation 3: NR RACH preamble option 4 with 2-stage sequence can achieve a better performance than LTE RACH preamble with one-stage sequence with high frequency offset.

Based on the analysis, we propose:  
· Proposal 1: Short preamble sequence should be considered for RA Msg1 to support dynamic TDD and self-contained structure in NR.
· Proposal 2: Multi-stage short preamble sequence should be considered for RA Msg1 for better detection performance and low collision probability.
· Proposal 3: Multi-stage short preamble and long preamble should both be supported and different RACH preamble format can be defined with different preamble lengths.
Reference
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Appendix: Detection Method for PRACH Preamble

LTE PRACH
The procedure of detection method for LTE PRACH format 4 is described as follows. Calculate the correlation power and noise power of the received preambles with 64 candidate preamble sequences at the receiver, calculate the detection variable (ratio of correlation power and noise power), and compare detection variable with a given threshold.
NR PRACH Option 4
As there are always two different / same preamble sequences for NR PRACH option 4, the receiver at the BS can do the detection based the two sequences together. The procedure of detection method is described as follows. Firstly, calculate the correlation value of two received preambles with 64 candidate preamble sequences at the receiver, and get the optimal preamble sequence correlation window (of length Ncs) with the highest correlation power. Add the correlation power of the two optimal preamble sequence window, calculate the detection variable (ratio of sum peak correlation power and sum noise power), and compare the detection variable with a given threshold.
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