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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Four potential alternatives for NR-U PRACH frequency resource allocation have been included into the Technical Report TR 38.889 [1, pp.42]. They might be considered as the starting point for further design of NR-U PRACH waveforms in the work item for NR unlicensed [2].
In this contribution we present a generic construction of spectral-domain modulation sequences for NR-U PRACH that can be adjusted to any of above-mentioned four frequency resource allocation alternatives. We show by examples that the resulting sets of PRACH preambles have favorable performances in terms of peak-to-average power ratio (PAPR), auto-/cross-correlation and PRACH capacity for any of four frequency resource allocation alternatives captured in the TR 38.889.
Basic Construction of Modulation Sequences
Let us assume that the elements of a complex-valued  spectral-domain modulation sequence, , , are used as the DFT coefficients  at frequencies , where
                                                           (1)

is the -th () set of allowed frequencies for PRACH over a frequency band consisting of  discrete frequencies, which is further divided into with interlacing subbands each containing  consecutive frequencies. It is noted that  implies a repetitive PRACH resource allocation, i.e., the same allowed RE locations {} are repeated in all the  subbands.
Then we define the sequence  as 
,        ,                                (2)
where , , is a constant-envelope sequence of length , and  , ,  is the set of  (near) orthogonal sequences.
The generic sequence (2) is applicable to the PRACH design under any of the four frequency resource allocation alternatives in [1], as the PRACH resource allocations in these alternatives can all be represented using a common set of parameters  and  with different realizations. Given a specific allowed frequency set  , a PRACH preamble waveform can be obtained by scaled IDFT of a block-interleaved comb spectrum as
				(3)
where ,  takes value according to (2) if  and 0 otherwise. The sequences  and   have the same energy .
[bookmark: _GoBack]On the basis of (1) to (3), different combinations of the allowed frequency set , the (long) sequence  and the (short) sequence  can be adopted to generate a set of PRACH preambles with low PAPR and low correlation between them. In this contribution, the following two variants of the generic sequence construction will be considered.
Variant 1: 
· , where  is relatively prime to ;
·  is a column of a pre-determined  (near) orthogonal matrix .
Variant 2:
· , where  is relatively prime to ;
· .
It should be noted that the construction in Variant 2 leads to a set of sequences  which are effectively cyclically shifted versions of a single ZC sequence , with cyclic shift gap  i.e., .
Performance Evaluations
Simulation scenarios
Detection time window: When a gNB performs PRACH waveform detection, it does not have the timing information of the potentially transmitted PRACH waveform. Hence a certain detection time window should be assumed at the gNB, which equals the sum of the maximum round-trip delay and the maximum channel delay spread. 
· Maximum round-trip delay: 5G NR-U agreed in 3GPP RAN1#94 meeting [3] a maximum inter site distance of 300 meters. The corresponding maximum round-trip delay is  s;
· Maximum channel delay spread: In our analysis, we adopt the CDL-C channel model in [4] with 100ns desired delay spread. The corresponding maximum channel delay is . 
This indicates that a detection time window of 1.15+0.87 s = 2.02 s should be assumed at the receiver in all the PRACH schemes below. Consequently, our proposed PRACH schemes should guarantee good auto/cross-correlation within this detection time window. Mathematically, the normalized periodic cross-correlation (NPCC) function between any two PRACH preambles  and  in (3) is defined as 
.					(4)
Specifically, (4) reduces to a normalized periodic auto-correlation (NPAC) function when  Since the generic sequence construction in Section 2 involves repetitive PRACH resource allocation, it can be proved that the generated PRACH preamble waveform always has a zero auto-correlation zone (ZAZ) of size , i.e., , which corresponds to a time span of   with  being the spacing of the frequencies. When this ZAZ time span is less than the required detection time window, at least one auto-correlation side-peak on each side of the main peak will fall within the detection time window, and the allowed frequency set, i.e., , should be carefully designed to suppress the amplitude of these auto-correlation side-peaks to a sufficiently low level.
Frequency resource allocation: 
· Alternative 1 (Uniform PRB-level interlace mapping), we choose to (uniformly) allocate every other PRB to PRACH, which is equivalent to reserving the PRB-based interlaces-0/2/4/6/8 for PUSCH/PUCCH and allocating PRB-based interlaces-1/3/5/7/9 to PRACH, i.e., the number of interlaces for PUCCH/PUSCH is the same as for the PRACH ,  as illustrated in Figure 1. Hence the maximum number of frequencies available for PRACH is . Consequently, we let , which is the maximum primitive number satisfying  and . As a result, we have  and, and the RE allocation per subband can be selected as {13, 14, …, 23, 36, 37, …, 47}, which guarantees sufficiently low auto-correlation side-peaks within the detection time window as shown in Fig. A-1(a) of Appendix A;


Figure 1. Resource allocation in alternative 1, where PRB-based interlaces-0/2/4/6/8 are reserved for PUSCH/PUCCH and PRB-based interlaces-1/3/5/7/9 are available for PRACH, i.e., .
· Alternative 2 (Non-uniform PRB-level interlace mapping), we set the size of a subband to be  and allocate the 0th, 1st and 3rd PRBs per subband to PRACH. This is equivalent to reserving the PRB-based interlaces-2/4/7/9 for PUSCH/PUCCH and allocating PRB-based interlaces-0/1/3/5/6/8 to PRACH, i.e., and as illustrated in Figure 2. In this case, the PRBs allocated to PRACH are non-uniformly distributed, and the number of subbands, , is at most . Consequently, we let , which is the maximum primitive number less than 21. As a result, we choose , and the two allowed frequency sets in each subband can be selected as {0, 1, …, 5, 12, 13, …, 17, 36, 37, …, 42} and {6, 7, …, 11, 18, 19, …, 23, 41, 42, …, 47}, both of which can guarantee sufficiently low auto-correlation side-peaks within the detection time window as shown in Fig. A-2(a) of Appendix A;


Figure 2. Resource allocation in alternative 2, where the PRB-based interlaces-2/4/7/9 are reserved for PUSCH/PUCCH and PRB-based interlaces-0/1/3/5/6/8 available for PRACH, i.e., and.
· Alternative 3 (Uniform RE-level interlace mapping), we choose to allocate every third RE (i.e., at most ) to PRACH. Consequently, we let , which is the maximum primitive number satisfying  and . As a result, we have , and the allowed frequency sets in each subband are given as {0, 3, 6, …, 54}, {1, 4, 7, …, 55} and {2, 5, 8, …, 56}, respectively. Note that the compatibility between PUSCH/PUCCH and PRACH is not considered here;
· Alternative 4 (Non-interlaced mapping), we choose to set , i.e., the same as the NR short PRACH sequence length.  Consequently, we can let and. The allowed frequency sets in each subband is then given by {3, 4, …141}. Again, the compatibility between PUSCH/PUCCH and PRACH is not considered here.
Modulation sequence design:
· For Variant 1, the matrix  is generated from a DFT matrix of proper size with certain rows(s) removed (if necessary) to match the length , and then with certain columns removed in order to reduce the maximum pairwise NPCC within the detection time window to be less than a pre-defined level (e.g., 15%) that ensures the resultant probability of false detection no higher than the predefined target value (i.e., 0.1%). For example, under Alternative 1 with , we select a  DFT matrix and remove its last row as well as all the odd columns to obtain a matrix  of size , i.e.,  . The detailed designs of matrix  for all the four frequency allocation alternatives are listed in Table 1. 
· For Variant 2, and Alternatives 1, 2 and 3, the ZC sequence length  is selected to be the minimum primitive number no less than the size of allowed frequency set , i.e., . For the Alternative 4, where  the same ZC sequence is repeated in different subbands, we select , i.e., the same as the number of allowed REs per subband. It is equivalent to a generic sequence construction where  is an all-1 sequence and  is a length- ZC sequence with certain cyclic shift. For convenience, we still refer to such a construction as Variant 2. For all the four alternatives, the cyclic shift gap  is numerically determined to reduce the maximum pairwise NPCC within the detection time window to be less than the pre-defined level (e.g., 15%). The detailed values of   and  for each alternative are listed in Table 1. 
Table 1. Parameter settings of considered PRACH schemes under different alternatives.
	
	Alt-1
	Alt-2
	Alt-3
	Alt-4

	
	48
	60
	57
	144

	
	23
	19
	19
	8

	
	23
	19
	19
	139

	
	1
	2
	3
	1

	RE allocation(s) within each subband {}
	{13, 14, …, 23, 36, 37, …, 47}
	{0, 1, …, 5, 12, 13, …, 17, 36, 37, …, 42} and {6, 7, …, 11, 18, 19, …, 23, 41, 42, …, 47}
	{0, 3, 6, …, 54}, {1, 4, 7, …, 55} and {2, 5, 8, …, 56}
	{3, 4, …141}

	Variant 1
	
	12
	6
	9
	23

	
	
	
	
	
	

	Variant 2
	
	541
	367
	367
	139

	
	
	
	46
	40
	6



Results summary
In Appendix A, we plot the PAPR and auto/cross-correlation of all the 8 PRACH schemes listed in Table 1, and the main observations from them are summarized in Table 2 below. It can be seen that the generic sequence construction can always achieve satisfactory performance in terms of PAPR, auto-/cross-correlation and PRACH capacities. In particular, the Variant 1 can bring lower cross correlation for all the four alternatives for the frequency resource allocation, and lower PAPR for the Alternatives 1, 2 and 4.
Table 2. Performance of generic sequence constructions under different alternatives. 
	
	Generic sequence construction
	Max. PAPR (dB)
	Max. NPAC

	Max. NPCC

	PRACH Capacity

	
	
	
	105
	
	
	

	Alt-1
	Variant 1
	0
	6.0860
	0.0435
	0.0435
	6348 (92 cells)

	
	Variant 2
	8.8271
	8.9384
	
	0.0963
	6480 (90 cells)

	Alt-2
	Variant 1
	0
	6.6424
	0.1442
	0.0776
	4104 (38 cells)

	
	Variant 2
	7.7262
	8.8843
	
	0.1350
	5124 (72 cells)

	Alt-3
	Variant 1
	0
	6.2466
	0
	0.0526
	9234 (114 cells)

	
	Variant 2
	3.0671
	3.0676
	
	0.1130
	9882 (135 cells)

	Alt-4
	Variant 1
	5.7023
	6.7996
	0.0359
	0.1092
	25576 (368 cells)

	
	Variant 2
	12.1317
	12.1317
	
	0.1141
	3174 (46 cells)



Observation 1: The generic sequence construction can provide satisfactory PAPR, auto-/cross-correlation and PRACH capacity.
Observation 2: Variant 1 brings lower cross-correlation for all the four alternatives for frequency resource allocation, and lower PAPR for the Alternatives 1, 2 and 4.
Conclusion
Based on the above results, we have the following two proposals:
Proposal 1: The PRACH preamble modulation sequence  is defined as
,        ,     
where , , is a constant-envelope sequence of length , and  , ,  is the set of  (near) orthogonal sequences.
Proposal 2: The following two variants of the Proposal 1 should be considered:
Variant 1: 
· , where  and  is relatively prime to ;
·  is a column of a pre-determined  (near) orthogonal matrix .
Variant 2:
· , where  is relatively prime to ;
· .

Appendix A: Examples of modulation sequences for different frequency resource allocations
We show here the performance evaluation results for the eight PRACH waveforms listed in Table 1. We have evaluated the auto-/cross correlations and the PAPR. The normalized periodic auto-correlation (NPAC) function of each preamble only depends on the allowed frequency allocation for PRACH, which is the same for both variants of sequence design. We follow the LTE setting of 64 preambles per cell and generate 64 preambles for both variants of sequence design.
Figure A-1 contains the auto-correlation, PAPR and cross-correlation of the PRACH schemes based on the generic sequence constructions with two variants under the Alternative 1. It can be seen in Figure A-1(a) that there is one auto-correlation side-peak on each side of the main-peak that falls within the detection time window of 2.02s, but its amplitude is very low, i.e., only 0.0435. Hence its impact on the mis-detection performance is negligible. Their PAPR values are compared in Figure A-1(b), and their pairwise maximum amplitude of normalized periodic cross-correlation (NPCC) within the detection time window (i.e., 2.02 ) are plotted in Figure A-1(c) and Figure A-1(d), respectively. The generic sequence construction with Variant 1 has lower PAPR and lower NPCC than that with Variant 2.
[image: ][image: ]
(a). Auto-correlation                                                              (b). PAPR
[image: ][image: ]
(c). Cross-correlation of Variant 1                                             (d). Cross-correlation of Variant 2
Figure A-1. Performance of generic sequence for the Alternative 1 for frequency resource allocation.
Figure A-2 contains the results for the Alternative 2 for frequency resource allocation. An auto-correlation side-peak of amplitude 0.1442 is observed on each side of the main-peak within the 2.02  detection time window. This side-peak is low enough and does not impact the mis-detection performance. The generic sequence construction with Variant 1 has lower PAPR and lower NPCC than that with Variant 2. 
Figure A-3 plots the results for the Alternative 3 for frequency resource allocation. In this case, the REs allocated to a PRACH preamble are uniformly distributed in the frequency band. Hence a zero auto-correlation zone (ZAZ) whose time span is much larger than the 2.02  detection time window is achieved. Due to the uniform RE allocation for a PRACH preamble, the generic sequence construction with Variant 2 can maintain the low PAPR of ZC sequences (as low as 3.07 dB), while the Variant 1 produces higher PAPR (i.e., 6.25 dB). However, the generic sequence construction with Variant 1 achieves a much lower NPCC within the detection time window than that with the Variant 2.
Figure A-4 plots the results for the Alternative 4 for frequency resource allocation. The Variant 1 produces much lower PAPR than the Variant 2. 
 [image: ][image: ]
(a). Auto-correlation                                                                            (b). PAPR
[image: ][image: ]
(c). Cross-correlation of Variant 1                            (d). Cross-correlation of Variant 2
Figure A-2. Performance of generic sequence for the Alternative 2 for frequency resource allocation.
[image: ][image: ]
(a).   Auto-correlation                                                                         (b). PAPR
[image: ][image: ]
(c). Cross-correlation of Variant 1                                    (d). Cross-correlation of Variant 2
Figure A-3. Performance of generic sequence for the Alternative 3 for frequency resource allocation.
 [image: ][image: ]
(a).   Auto-correlation                                                                          (b). PAPR
[image: ][image: ]
(c). Cross-correlation of Variant 1                                   (d). Cross-correlation of Variant 2
[bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Figure A-4. Performance of generic sequence for the Alternative 4 for frequency resource allocation.
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