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1. Introduction
At the RAN#80 meeting the new study item on Non Terrestrial Networks (NTN) was agreed [1], the latest study item description can be found in [2]. Objectives of the study item related to physical layer are copied below. 
	Consolidation of potential impacts as initially identified in TR 38.811 and identification of related solutions if needed  [RAN1]: 
· Physical layer control procedures (e.g. CSI feedback, power control)
· Uplink Timing advance/RACH procedure including PRACH sequence/format/message
· Making retransmission mechanisms at the physical layer more delay-tolerant as appropriate. This may also include capability to deactivate the HARQ mechanisms.

Performance assessment of NR in selected deployment scenarios (LEO based satellite access, GEO based satellite access) through link level (Radio link) and system level (cell) simulations [RAN1]


At the last RAN1 meeting [3] the following agreement was made.
	Agreement:
· If pre-compensation of timing and frequency offset is assumed (e.g., if UE knowledge of geo-location of the UE at the requisite level of accuracy is available), existing Rel-15 PRACH formats and preamble sequences can be reused in NTN.
· FFS: Whether enhancements based on existing formats and sequences, e.g., repetitions and/or larger sub-carrier spacing may be necessary in certain conditions to ensure coverage.
· If pre-compensation of timing and frequency offset is not performed, introduction of enhanced PRACH formats and/or preamble sequences is beneficial.
· At least for the case without pre-compensation of timing and frequency offset, at least the following options for enhanced PRACH formats and/or preamble sequences can be considered:
· Option-1: A single Zadoff-Chu sequence based on larger SCS, repetition number
· FFS: CP and Ncs
· Option-2: A solution based on multiple Zadoff-Chu sequences with different roots
· Option-3: Gold/m-sequence as preamble sequence with additional process, e.g., modulation and transform precoding


In this contribution sequence design for NTN is discussed. Four options for sequence design are considered: Zadoff-Chu sequence, M-sequence, Gold sequence and complimentary Golay pair of sequences.
2. Discussion
2.1. Zadoff-Chu sequence
Zadoff-Chu sequence are well-known in 3GPP. Existing LTE and NR PRACH is based on Zadoff-Chu sequence defined by the following equation.

	,	(1)
where i = 0,1,…,L-1, L is sequence length (for Zadoff-Chu sequence it should be prime number), u = 1,2,…,L is root of Zadoff-Chu sequence. 
The performance of detection and estimation of time and frequency shift for a PRACH sequence x depends on the absolute value of ambiguity function defined by the equation (2) for the range of time and frequency shifts corresponding to a particular deployment. The auto-correlation function is defined as ambiguity function with zero frequency shift Rx(0,l).

	,	(2)
where k = 0,1,…,L-1 corresponds to frequency shift in subcarriers, l = 0,1,…,L-1 corresponds to time shift in samples. 
For Zadoff-Chu sequence ambiguity function has additional peaks which makes it difficult to do correct estimation of time and frequency shift if maximum frequency shift for the deployment is larger than half of subcarrier spacing since it is not possible to distinguish additional peak of ambiguity function with the peak corresponding to true time and frequency shift. The example of ambiguity function of Zadoff-Chu sequence is presented in the following figure for L = 63 and u = 3.
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Figure 1. Ambiguity function for Zadoff-Chu sequence (L = 63, u = 3)
In order to avoid ambiguity due to additional peaks of ambiguity function, subcarrier spacing of PRACH transmission can be increased so that the maximum frequency shift for the deployment is lower than half of subcarrier spacing. It is already possible by the NR specification to set subcarrier spacing for PRACH larger than the maximum frequency shift for FR1 NTN deployment if PRACH format with short duration (L = 139) is used. New subcarrier spacing value is needed in order to support LEO NTN deployment in FR2. Another way to eliminate ambiguity is to use multiple Zadoff-Chu sequences with different roots for PRACH transmission like it is proposed in [4, 5].
One more important property of sequences used for PRACH is cross-correlation of PRACH transmission from different UEs in the same cell and cross-correlation between PRACH transmissions of UEs in different cells. In case of large frequency shifts, it is characterized by the cross-ambiguity function of two PRACH sequences x and y defined by the equation (3). The cross-correlation function corresponds to Rx,y(0,l).

		(3)
In the current NR specification the set of sequences for transmission in one cell include 64 Zadoff-Chu sequences with different roots or, depending on the used PRACH format, cyclically shifted version of Zadoff-Chu sequences with the same root. If the maximum time shift for the considered deployment is higher comparing to duration of one PRACH sequence (one PRACH OFDM symbol), it is not possible to use cyclically shifted version of Zadoff-Chu sequence with the same root as different PRACH sequences due to duality of time shift and cyclic shift. Hence, the number of Zadoff-Chu sequences available for PRACH in such case is limited by the sequence length L. Thus, for L = 139 only 139 sequences are available, which means that only two sets of 64 sequences can be supported. Such low number of sequence sets may lead to higher inter-cell interference and/or less efficient resource usage.
The absolute value of cross-ambiguity function of two Zadoff-Chu sequences with different roots is 1/sqrt(L) (< -10 dB for L = 139). 
The performance of PRACH also depends on the peak-to-average-power-ratio (PAPR) and cubic metric (CM) of the PRACH sequence. PAPR and CM show the relative loss due to nonlinearity of UE power amplifier. The evaluation results of PAPR and CM for Zadoff-Chu sequence and and random sequence with pi/2-BPSK modulation are presented in figure 2 for L = 139. The CM metric is calculated according to [6].
[image: ]
Figure 2. CCDF of PAPR and CM for Zadoff-Chu sequence and random sequence with pi/2-BPSK modulation
As it can be seen from the above figure, lower PAPR and CM can be achieved by using pi/2-BPSK modulation comparing to Zadoff-Chu sequence. 
The following observations were made from the above analysis.
Observation 1: 
· The performance of detection and time/frequency shift estimation for PRACH based on Zadoff-Chu sequence is limited due to additional peaks of ambiguity function for frequency shifts larger than half of subcarrier spacing
· This issue may be solved by using subcarrier spacing larger than maximum frequency shift multiplied by two or by using multiple Zadoff-Chu sequences with different roots for PRACH transmission
· The absolute value of cross-ambiguity function of Zadoff-Chu sequences with different roots (L different sequences) is equal to inversed square root of the sequence length L (< -10 dB for L = 139)
· Lower PAPR and CM can be achieved by using pi/2-BPSK modulation comparing to Zadoff-Chu sequence
2.2. M-sequence
M-sequence is constructed by the linear feedback shift registers which are represented by primitive binary polynomial. Primitive polynomial of degree n generates M-sequence of length L = 2n-1. M-sequence of length 127 is specified for NR PSS signal in section 7.4.2.2.1 of TS38.214 [7]. The absolute value of cross-correlation for M-sequence is equal to 1/L (< -20 dB for L = 127). The absolute value of ambiguity function for M-sequence is equal to 1/sqrt(L-1) (< -10 dB for L = 127). The absolute value of ambiguity function of M-sequence is represented in the figure 3. However, cross-correlation and cross-ambiguity requires optimisation and computer search to find set of sequences. The size of the set with good cross-correlation and cross-ambiguity properties is limited for a given L by the number of primitive polynomials used for sequence generation, for L = 127 there are only 18 sequences with cross-correlation lower than 1.
 [image: ]
Figure 3. Example of ambiguity function of M-sequence with L = 127
Observation 2:
· M-sequence has good cross-correlation properties, maximum value of auto-correlation is < -20 dB for L = 127, maximum value of ambiguity function is < -10 dB for L = 127
· The number of  sequences with good cross-correlation and cross-ambiguity function is limited for L = 127
2.3. Gold sequence
Gold sequence is generated by XOR of two M-sequences with different polynomials called preferred pair of polynomials. A set of Gold sequences have good cross-correlation and cross-ambiguity properties. Set of Gold sequences of length L = 127 is supported for NR SSS specified in section 7.4.2.3.1 of TS38.211 [7]. For the Gold sequences with L = 127 generated by the preferred pair of polynomials specified for SSS, maximum value of auto-correlation and cross-correlation is < -8.5 dB and maximum value of ambiguity function and cross-ambiguity function is < -6 dB. The number of sequences with good properties is larger than 1000 for L = 127. 
[image: ][image: ]
Figure 4. Example of ambiguity and cross-ambiguity function of Gold sequence
Observation 3: 
· Gold sequence has good auto-correlation and cross-correlation properties, maximum value of auto-correlation and cross-correlation is < -8.5 dB for L = 127
· Gold sequence has moderate correlation values in case of frequency shift, maximum value of ambiguity function and cross-ambiguity function is < -6 dB for L = 127 for large number of sequences
2.4. Complimentary Golay pair
Complimentary Golay pair is a pair of sequences with sum of auto-correlation functions of two sequences is equal to 1 at l = 0 and equal to 0 at l = 1,2,…,L-1. If length is a power of 2 (L = 2N), complementary Golay pairs can be generated by using simple algorithm presented in [8]. The correlation properties of complementary Golay pair (x, y) in case of frequency shifts are characterised by the sum of ambiguity functions of that two sequences (4). 

	,	(4)
While the auto-correlation for a complimentary Golay pair is perfect in case of zero frequency shift, it has significant additional peaks for non-zero frequency shift. An example of ambiguity function for complimentary Golay pair is presented in figure 5. Optimization of ambiguity function together with optimization of cross-correlation properties is needed in order to find set of complimentary Golay pairs for PRACH. 
[image: ]
Figure 5. Example of ambiguity function of a complimentary Golay pair with L = 128
Observation 4:
· Complimentary Golay pair of sequences has perfect auto-correlation properties for zero frequency shift
· Optimization of ambiguity function together with optimization of cross-correlation properties is needed in order to find set of complimentary Golay pairs for PRACH
3. Conclusion
[bookmark: _GoBack]In this contribution different options of PRACH sequence design are considered including Zadoff-Chu sequence, M-sequence, Gold sequence and complimentary Golay pair of sequences. Based on the analysis presented in this contribution the following proposal was made. 
Proposal:
· Consider Zadoff-Chu sequence and Gold sequence as candidate for PRACH enhancement for NTN
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