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1. Introduction
In the last 3GPP RAN 1 #88bis, some agreements on the PRACH sequence type are made [1]:

Agreements:
· NR RACH capacity shall be at least as high as in LTE
· Such capacity is achieved by time/code/frequency multiplexing for a given total amount of time/frequency resources
· Zadoff-Chu sequence is adopted in NR
· FFS other sequence type and / or other methods in addition to Zadoff-Chu sequence for the scenario, e.g., high speed and large cells
· FFS definition of large cell and high speed
· FFS other sequence type and / or other methods for capacity enhancements, e.g.:
· At least in multi-beam and low speed scenario, regarding multiple/repeated PRACH preamble formats, option 2 with OCC across preambles 
· FFS: Option 2 with OCC across multiple/repeated preambles in high speed scenarios
· PRACH preamble design composed with multiple different ZC sequences
· Sinusoidal modulation on top of option 1

PRACH preambles using Zadoff-Chu sequence are adopted for the cases of low to medium speeds. Other sequence types for high speeds and large cells may be defined. 

In addition, the following agreement on the candidate PRACH sequence lengths is made [1]:

Agreements:
· For Zadoff-Chu sequence type, the RAN1 specifications will support two NR-PRACH sequence lengths (L) 
· L = 839: SCS = {1.25, 2.5, 5} KHz
· Select one of
· L = 63/71: SCS = {15, 30, 60, 120, 240} KHz
· L = 127/139: SCS = {7.5, 15, 30, 60, 120} KHz
· FFS: Supported sub-carrier spacings for each sequence length
· FFS for other sequence types

Considering that for frequencies below 6GHz, NR is expected to support mobility up to 500 km/h which leads to Doppler spread up to 1.9 kHz at 4GHz carrier frequency and in addition, transmission at frequency bands above 6GHz will be more sensitive to frequency offset – as mentioned also in [2]- it is readily understood that performance of PRACH preamble sequences in the case of high Doppler requires special attention. 
In [2] and [3] the ambiguity function of the Zadoff-Chu sequences of the LTE Format 0 ([4]) is discussed; sidelobes of the ambiguity function at higher Doppler shifts can be seen. Therefore, there is a need for a sequence without these side-lobes at higher Doppler shifts. 
In [3], the Root Hamming windowed Zadoff-Chu sequence is presented. Here, the performance of the windowed Zadoff-Chu sequence in comparison to Zadoff-Chu sequences is presented. 


2. Root Hamming windowed Zadoff-Chu sequence 
[image: ]Zadoff-Chu (abbreviated ZC) sequences are adopted for PRACH in LTE because of their low PAPR and perfect autocorrelation properties. However, in the presence of Doppler, the perfect autocorrelation property of ZC sequences is no longer valid.Figure 1: radar ambiguity function of a ZC sequence.


Figure 1 shows the radar ambiguity function of a ZC sequence (that is the correlation magnitude of a ZC sequence with delay and Doppler shifts of itself). In Figure 1, it can be noticed that a Doppler shifted ZC sequence will correlate with several different cyclic shifts of the same ZC sequence. In the context of PRACH this leads to missed detections. 
The perfect autocorrelation of ZC sequences can be maintained in the presence of Doppler by using time windowing. Therefore, for PRACH we propose a Root-Hamming windowed 3x repeated ZC sequence (abbreviated RH-ZC).
We now give the mathematical formula of the RH-ZC sequence. Let  denote the length of the ZC sequence in baseband. Then,  is the length of the final sequence. Denote the sequence by , then:	
							               
                                   		  , for 

Where  denotes the Root-Hamming window, and  denotes a Zadoff-Chu sequence. These are defined below.
                                    	    for 

  for 

[image: ]Where  denotes the root index of the Zadoff-Chu sequence. Figure 2 shows the ambiguity function of the HR-ZC sequence. In Figure 2 note that the RH-ZC sequence does not correlate strongly with delay shifts of itself even in the presence of high Doppler.  Therefore, the performance of the proposed sequence will be robust to oscillator offsets and mobility.Figure 2: radar ambiguity function of RH-ZC.


3. Simulation results
The PRACH performance of the RH-ZC sequence was compared to ZC sequences with different subcarrier spacing. The simulation assumptions agreed in the email discussion of [1] are used. Table 1 shows the simulation parameters, while Table 2 shows the parameters defining the HR-ZC. Note that a 1.08 MHz bandwidth is used for the simulated PRACH sequences.
Table 1: Simulation Parameters


	Channel model
	CDL-C (100 ns scaling)

	MIMO order
	1 x 1 x 2

	UE speed
	3 km/h, 120 km/h

	Carrier frequency
	4 GHz

	Timing offset
	0-10, 0-100 

	Frequency offset
	0.1 ppm at UE, 0.05 ppm at TRP

	PRACH bandwidth
	1.08 MHz















The proposed Root Hamming windowed ZC sequence is compared to the reference LTE preamble format 0 and 4, which are the calibration PRACH sequences.
	Symbols in ZC sequence
	277

	Repetitions of ZC sequence
	3

	Symbols in RH-ZC
	831


      Table 2: RH-ZC Parameters







Figure 3 shows the miss detection probability of the proposed sequence and of the calibration sequences, namely LTE preamble formats 0 and 4, as well as of the ZC sequence with subcarrier spacing equal to 15 kHz. The UE speed is 3km/h and the maximum timing offset is 10 sec. The miss detection probability remains high in the case of LTE Preamble 0 even when the SNR is increasing. The proposed Root Hamming windowed ZC sequence outperforms the other ZC sequences, even the ZC sequence with larger subcarrier spacing (i.e. 15 kHz). The reason is that the proposed sequence can combat the frequency offset.
[image: ]
[bookmark: _Ref478496560][bookmark: _Ref478496555]Figure 3: Miss detection probability; 3 km/h; maximum timing offset: 10 s.

Figure 4 shows the miss detection probability of the simulated sequences for the case of UE speed equal to 120 km/h. The maximum timing offset is equal to 10 sec. The same observation as for the case of UE speed of 3km/h is done here as well.
[image: ]
[bookmark: _Ref478497805]Figure 4: Miss detection probability; 120 km/h; maximum timing offset: 10 s.

Figure 5 shows the miss detection probability of the simulated sequences for the case of UE speed equal to 3 km/h. The maximum timing offset is equal to 100 sec. With this larger initial timing offset, LTE preamble formats 0 and 4 exhibit high miss detection probability even in the case of high SNR values.
[image: ]
[bookmark: _Ref478498124]Figure 5: Miss detection probability; 3 km/h; maximum timing offset: 100 s.
Figure 6 shows the miss detection probability of the simulated sequences for the case of UE speed equal to 120 km/h. The maximum timing offset is equal to 100 sec. With this larger initial timing offset, LTE preamble formats 0 and 4 exhibit high miss detection probability even in the case of high SNR values even for higher subcarrier spacing. 
[image: ]
[bookmark: _Ref481750925]Figure 6: Miss detection probability; 120 km/h; maximum timing offset: 100 s.


4. Discussion
Simulation results show that RH-ZC sequences achieve an excellent ( missed detection rate for both UE speeds, for the frequency offset simulated here. In contrast, ZC sequences experience an error floor due to false peaks induced by both frequency offset and Doppler shifts. The error floor is mitigated by increasing the subcarrier spacing; however, this has the known negative repercussions on the overall PRACH design, such as lower link budget, which requires repetitions of PRACH preambles. In addition, larger subcarrier spacing results in a single ZC sequence length that is shorter than the round-trip time and the maximum delay spread. Repetition of ZC sequence has very similar ambiguity function as the ambiguity function of the single ZC sequence. 
Proposal: The Root Hamming windowed ZC sequence should be considered and adopted as one of the RACH preamble sequences for the high speed and large cell case.
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