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Introduction
In RAN1 #98, link-level simulation assumptions for PRACH performance evaluation were agreed [1]. It was also agreed the following cases are to be evaluated: 
Agreement:
Companies are encouraged to provide the evaluations based on agreed assumptions for the following cases to justify their proposed PRACH design: 
	
	Elevation angle
	Differential delay

	UL Frequency offset (Both S- and Ka-band)
(with compensation of common Doppler)
	Beam Set at satellite

	Case 1
	90 degree for LEO
	Small
	Large
	Set-2

	Case 2
	45 degree for LEO
	Medium
	Medium
	Set-2

	Case 3
	10 degree for GEO and 30 degree for LEO
	Large
	Small
	Set-2

	Case 4
	With both open loop timing and frequency compensation
	Small
	Small
	Set-2

	Note 1: For channel model, NTN TDL-D is considered. Delay scaling factors equals to the mean delay spread and mean K factor for suburban LOS at corresponding elevation angle for each case. Omni-directional antenna with single antenna element is considered for UL transmission.
Note 2: Companies are encouraged to report the receiver for PRACH detection.
Note 3: As the baseline, the number of UEs that simultaneously access the network in a single random access occasion (RO) is 2.
The two UEs may have different timing offsets/Doppler, which are randomly picked within the [0 Max_differential_delay]/[-max_UL_frequency_offset  max_UL_frequency_offset] per case;
Note 4: Fixed power offset between UEs is 3dB.
Note 5: Metrics including CDF of estimation error for frequency/timing, FAR (Based on the preamble pool size is not less than 64), MDR, are considered.
Note 6: The SINR of the stronger UE for simulation is based on the SNR from link budget (with bandwidth for UL = 1MHz for VSAT in Ka, and Handheld for S) with additional offset (e.g., [-6 - log10(Bandwidth [MHz])] dB) per case.



In NTN, unless geo-location is available at a UE, the product of the frequency offset and the delay of a PRACH transmission can be significantly larger than 0.5. Consequently, new PRACH design is needed. In [2], the two-rooted PRACH preamble was proposed to support both large delay and frequency offset. The associated root pair selection is discussed in a companion paper [3]. 
[bookmark: _Ref473802466][bookmark: _Ref462669569]In this contribution, we describe a receiver for two-rooted PRACH and present evaluation results. 

Receiver for Two-Rooted PRACH 
A two-rooted PRACH preamble consists of two ZC (Zadoff-Chu) sequences with different roots. Two transmission modes as illustrated in the figure below will be considered in sequel:
· Mode A: the two sequences of a preamble are transmitted sequentially in time.
· Mode B: the two sequences of a preamble are transmitted together in the same time and frequency.
a
b




              Figure 1. Transmission modes of two sequences: a). sequentially in time, b). together. 



As described in [3], root pair selection has impact on performance. Denote 0, and 1 as the two roots of a pair, and u-1 as the modular multiplicative inverse of root  under modulo the sequence length, L, then performance can be optimized by selecting the root pair according to the following rules:
· minimize     (mod L)
· minimize     (mod L)

When u-1=1, a frequency offset of one subcarrier spacing (SCS) corresponds to a delay of only one sample during the peak detection and, as a result, a small error in peak timing detection due to non-integer upsampling and noise can lead to a relatively large frequency estimation error. Consequently, u-1=1 is avoided. Based on the above, root pairs are selected depending on transmission modes and will be used throughout this document. The selected root sets are:
· For Mode A where two sequences are transmitted sequentially, 64 root pairs are selected as 

                                                          (1)
· For Mode B where two sequences are transmitted together, the two root sets must be disjoint and hence 64 root pairs are selected as 

                                                          (2)

A receiver for two-rooted PRACH preambles is depicted in Figure 2.
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Figure 2. Block diagram of a 2-rooted PRACH Preamble Receiver.

Each of the functional blocks in Figure 2 is detailed below.
· [bookmark: _Hlk21006870]The received baseband signal is first filtered by a lowpass filter with bandwidth of the ideal sequence without frequency offset. Although some of the desired signal energy will be filtered out particularly when the frequency offset is large, cross-correlation peaks will still appear at the same cyclic shifts   ,  , or both, depending on the exact value of . The lowpass filter reduces noise and leads to overall better performance.
· After narrowband filtering, for each possible root, the cross-correlations of the received signal and all possible cyclic-shifted local copy of the ideal sequence are calculated. This can be done efficiently using FFT and IFFT. 
· For each root, cross-correlation peaks are then found by comparing the cross-correlations with a threshold. Pruning is then performed if more than one peaks found above the threshold. The objectives of the pruning are to find at most two peaks for a root and to determine the association of each peak with respect to  and . If cross-correlation peaks are found for both of the two roots of a pair, a PRACH preamble is detected; otherwise, the PRACH preamble associated with the root pair is not detected.  
· For each detected preamble, delay and frequency offset are estimated as described in [2] and [3].

Evaluation Results
For the transmission of a 2-rooted preamble, a delay up to the CP duration and a frequency offset up to ±L*SCS/2 together can be detected, where L is the sequence length and SCS is subcarrier spacing. To examine the performance of the proposed 2-rooted preamble design under extreme delay and frequency offsets, we consider the following simulation assumptions:
Table 1. Simulation assumptions for detection limits of delay and frequency offset 
	Sequence Length
	CP length
	SCS
	Delay
	Frequency Offset
	Channel Model
	Transmission Mode

	839
	839
	1.25 kHz (Chip duration Tc≈0.954 s)
	Uniformly generated in [0, 839]*Tc
	Uniformly generated in [-400 kHz, 400 kHz]
	CDL-D
	Mode A



 In addition, each time two UEs are transmitting with distinct root pairs drawn from the set in (1) for mode A. The received signal power between the two UEs is 3 dB. 
For the SNR range simulated, false alarm, the ratio of falsely detected preambles and the number of PRACH occasions, is less than 0.1%.  There is only one case with observed nonzero miss detection rate (<<1%). The CDF of the delay and frequency offset estimation errors are provided in Fig. 3 and Fig. 4, respectively.
[image: ]

Figure 3. Delay estimation error (SNR is measured for the UE of lower power).

[image: ]
Figure 4 Frequency estimation error (SNR is measured for the UE of lower power)
As can be observed, even with SNR=-9 dB, the probability of delay estimation error within 1 s (about 1 Tc) is 94% and the probability of frequency estimation error within 1.25 kHz is more than 97%.  In summary, we have the following observation.
Observation 1: The 2-rooted PRACH preamble design allows estimation of delay up to the CP duration and frequency offset up to half of the preamble bandwidth.

Below, agreed evaluation cases are considered. For evaluation case 4, existing NR PRACH design works and will not be considered here. The SNR values of evaluation cases 1 to 3 for LEO satellite are calculated according to agreed link budget assumption for PRACH performance evaluation [1]. Assuming that the common delay and doppler are to be compensated, i.e., the round trip delay and the Doppler shift due to satellite movement at the beam center (ground location pointed by the boresight of the beam), the maximal differential  delays and the maximal differential  Doppler shifts, and the associated maximal UL frequency offset including UE movement and residual frequency offset after synchronization are listed in Table 2 for S band and Table 3 for Ka band, respectively. 
Table 2. S-band link budget and maximal PRACH delay and frequency offset (UE speed=3 km/h).
	S-Band Scenarios
	Link Budget SNR (dB)
	Maximal Delay (s)
	Maximal Doppler Shift (ppm)
	Maximal UL FO (ppm)

	600 km, elevation angle 900
	-2.5
	13
	1.94
	3.99

	600 km, elevation angle 450
	-5.2
	850
	1.53
	3.17

	600 km, elevation angle 300
	-7.6
	1987
	1.26
	2.63

	1200 km, elevation angle 900
	-8.6
	28
	1.86
	3.83

	1200 km, elevation angle 450
	-10.9
	1653
	1.54
	3.19

	1200 km, elevation angle 300
	-13.0
	3752
	1.33
	2.77



 
Table 3. Ka-band link budget and maximal PRACH delay and frequency offset (UE speed=1000 km/h).
	Ka-Band Scenario
	Link Budget SNR (dB)
	Maximal Delay (s)
	Maximal Doppler Shift (ppm)
	Maximal UL FO (ppm)

	600 km, elevation angle 900
	39.9
	3.2
	0.97
	3.89

	600 km, elevation angle 450
	37.2
	420
	0.75
	3.45

	600 km, elevation angle 300
	34.7
	965
	0.61
	3.17

	1200 km, elevation angle 900
	33.9
	7.1
	0.93
	3.81

	1200 km, elevation angle 450
	31.5
	815
	0.76
	3.47

	1200 km, elevation angle 300
	29.3
	1800
	0.65
	3.25



Three typical scenarios are chosen to show different trade-offs in PRACH format design. In particular, there are a trade-off of receiver complexity versus accuracy of frequency estimation and a trade-off of link budget versus accuracy of delay estimation. In addition, unless the target SNR is very low, transmission mode B as described in Sec. 2 can be used for higher spectrum efficiency. The three scenarios considered and the associated PRACH format parameters are listed in Table 4. 
Table 4. Evaluation scenarios and PRACH format parameters.
	Evaluation Number
	Scenario
	SCS (kHz)
	Sequence Length
	Minimal CP Length
	Transmission Mode

	E-1
	S-band, 600 km, 900 
	1.25
	839
	14
	A

	E-2
	S-band, 1200 km, 450
	0.3125
	839
	434
	A

	E-3
	Ka-band, 1200 km, 900
	15
	419
	45
	B




For E-1, the bandwidth is about 1 MHz and the two sequences are transmitted sequentially, hence the baseline SNR is -2.5 dB, same as the link budget value given in Table 2. Hence slightly better results than that reported in Figures 3 and 4 are expected due to smaller frequency offsets. Results are not repeated here again.

For E-2, the PRACH bandwidth is about 250 kHz. Since transmission mode A is chosen, the baseline SNR is -4.9, 6 dB higher than the link budget for 1M Hz bandwidth. Simulations were run for  SNR of the weaker UE starting from -13.9 dB. The false alarm and miss detection rates are given in Table 5.
Table 5. False alarm and miss detection rate of E-2.
	SNR of weaker UE (dB)
	-13.9
	-10.9
	-7.9
	-4.9

	Miss Detection Rate
	15.5%
	1.7%
	0
	<0.1%

	False Alarm Rate
	1.5%
	1.3%
	<0.1%
	0



As can be seen from the table, both false alarm and miss detection rates are relatively large at SNR=-13.9 dB. For SNR=10.9 dB, slightly larger than 1% false alarm and miss detection rates were observed. For higher SNR, both false alarm and miss detection are negligible.
The CDFs of delay and frequency estimation error are provided in Figures 5 and 6, respectively.
[image: ]
Figure 5. Delay estimation error for E-2 (SNR is measured for the UE of lower power).


[image: ]
Figure 6. Frequency estimation error for E-2 (SNR is measured for the UE of lower power).
Note that the estimation accuracy is satisfactory for both frequency and delay for all SNR simulated. However, as mentioned above, large miss detection rate is observed for SNR at -13.9 dB. From the above, one can see that the two-rooted PRACH preamble design works well when SNR is greater than -10 dB.

 For E-3, the bandwidth is about 6 M Hz. A larger bandwidth is possible because of the small delay to be supported. With a sequence length of 419, the chip duration is about 159 ns. Better estimation accuracy in delay can be obtained by using longer sequence at the cost of higher receiver complexity. Since the two sequence are transmitted together, transmit power must be split between each sequence and PAPR can also be larger. The PAPR of the two of the two sequences can be reduced by applying a pair of cyclic shifts to the two sequences, respectively.  It was found that with the optimal cyclic shifts, the PAPR increase can be kept within 1.5 dB. Considering all above together, the base line SNR of E-3 is 33.9-10*log10(6)-3-1.5=21.6 dB. In all the simulations, no miss detection and false detection was observed. The CDFs of the delay estimation error and frequency estimation error were illustrated in Figures 9 and 10, respectively. 
 
[image: ]
Figure 7.  Delay estimation error for E-3 (SNR is measured for the UE of lower power).


[image: ]
Figure 8. Frequency estimation error for E-2 (SNR is measured for the UE of lower power).
From Figures 7 and 8, with a probability of 95% or higher, the delay estimation error is within 159 ns and the frequency estimation error is within 15 kHz.

Conclusions
[bookmark: _GoBack]In this contribution, we have described a receiver design for the 2-rooted PRACH preamble. We also presented simulation results for different scenarios that require different PRACH format. All simulation results show that the 2-rooted PRACH works well in TDL-D channel with SNR greater than -10 dB. In addition, simulation results confirm the following observation.
Observation 1: The 2-rooted PRACH preamble design allows estimation of delay up to the CP duration and frequency offset up to half of the preamble bandwidth.
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 E levation angle  Differential delay    UL Frequency offset (Both  S -   and Ka - band)   (with compensation of  common Doppler)  B eam Set at satellite  

Case 1  90 degree for LEO  Small  Large  Set - 2  

Case 2  45 degree for LEO  Medium  Medium  Set - 2  

Case 3  10 degree for GEO  and 30 degree for  LEO  Large  Small  Set - 2  

Case 4  With both open loop  timing and  frequency  compensation  Small  Small  Set - 2  
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