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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At the previous meeting (RAN1 #88) the following was agreed for PRACH preamble sequence design:
· Evaluate designs considering possibility to have larger number of PRACH preamble sequences in a RACH transmission occasion than in LTE
· The following methods can be considered for evaluations:
· Zadoff-Chu with cover extension using M-sequence
· M-sequences
· Zadoff-Chu sequence
· Other methods are not precluded
· Note that PAPR and false alarm of these different sequences should also be evaluated

In this contribution, we first discuss requirements and motivations of a novel PRACH design for NR and consider a RACH preamble design using cover extensions of Zadoff-Chu (ZC) sequences in order to fulfill these new requirements while at the same time maintaining at least the same PRACH capacity as that in LTE.    

[bookmark: _Ref129681832]Motivations for New PRACH Preamble Sequences in NR 
Motivations for new PRACH in NR follow from new requirements of supporting higher-speed scenarios than in LTE and transmission in new high frequency bands [1]. These requirements can be translated into more specific technical targets:
1) Robustness against frequency offsets (High-speed scenario and mmWave)
For below 6GHz, NR is expected to support higher speed mobility than LTE with up to 500km/h which would lead to Doppler spread up to 1.9 kHz at 4 GHz carrier frequency. Additionally, transmissions in above 6GHz bands will be more sensitive to frequency offset. A straightforward way to improve robustness of OFDM-based signals against frequency offsets is to increase the subcarrier spacing (SCS). Assuming the same type of RACH preamble design as in LTE with a similar RACH bandwidth, we will show below that this approach will lead to a significant decrease of RACH preamble capacity.
In LTE, the random access preambles are generated based on cyclic shifts of one or several ZC sequences with different root indices as

where 

is the ZC sequence with root index u and length . The root index 0 <  should be a relative prime to . Hence if  is a prime, the root index u can take value from any integers between 1 and . The cyclic shift  is given by multiples of the offset   between two preambles


The offset  must be selected to allow unambiguous round-trip time estimation at the TRP in the worst case when the UE is located at the cell edge including the expected maximum delay spread, i.e.,

where the PRACH subcarrier spacing   determines the sequence length  and  are additional guard samples due to the receiver pulse shaping filter. 
The number of orthogonal sequences that can be generated with a single ZC root is then  , and the total PRACH capacity is 

Several of the recently proposed NR PRACH preamble formats consider much shorter sequences than in LTE, in order to support larger SCSs while not proportionally increasing the PRACH bandwidth [3].  The PRACH preamble capacity of some of these designs for below 6GHz numerology is shown in Figure 1 as a function of the cell radius. The preamble capacity is expressed on Figure 1 in the number of supported cells with 64 different preambles per cell as in LTE. The evaluation is made with  and [s] which is the length of the UL data CP with 15 kHz SCS.  
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[bookmark: _Ref477186718]Figure 1. Preamble capacity in number of supported cells assuming 64 different preambles per cell as a function of the cell radius. 

The maximum cell radius such that the preamble capacity from Figure 1 can support reuse factors of 3 and 7 are shown in Table 1. For given  and SCS, the maximum cell radius is calculated as the projection on x-axis of the point on the corresponding curve where the preamble capacity is 3 or 7.



[bookmark: _Ref477186965][bookmark: _Ref477186952]Table 1: Maximum cell radius such that the PRACH preamble capacity with ZC sequences can support at least 3  and 7 cells with 64 different preambles per cell, for different proposed numerologies in below 6GHz transmissions.
	
	SCS 
	Maximum cell radius supporting preamble reuse factor of 3 cells
	Maximum cell radius supporting preamble reuse factor of 7 cells 

	839
	1.25 kHz (LTE)
	119 km
	119 km 

	839
	5  kHz
	29 km
	29 km 

	139
	7.5 kHz (LTE)
	8.9 km 
	3.9 km

	139
	15 kHz
	4.1 km 
	1.6 km 

	71
	15 kHz
	2.2 km 
	0.4 km 

	71
	30 kHz
	0.7 km 
	N/A 

	71
	60 kHz
	N/A
	N/A



From Table 1 one can conclude that the large SCSs considered in some cases cannot even be supported for a reuse factor of 7 with ZC sequences, while in cases they can the corresponding cell radius is much less than for LTE format 0. Using a similar numerology than with LTE format 4  (, SCS = 7.5 kHz), a radius up to 3.9 km can be supported with preamble reuse factor 7, and this format was in fact originally designed only for small cells with up to 1.5 km radius in LTE. It should furthermore be noted that preamble reuse factors of 3 or 7 could be also too aggressive for small cells and lead to interference. 
Observation 1:  Proposed PRACH preambles with short ZC sequences significantly reduce the PRACH capacity compared to LTE. 

2) DL beam association 
For frequency bands above 6GHz, beam management should also be supported in NR for both downlink synchronization signal and uplink PRACH. In previous meetings, it was agreed to support:
· Multi-beam operation during RACH preamble transmission in the case of no Tx/Rx reciprocity. 
· Implicit reporting of DL Tx beam to gNB. For this, association between DL synchronization signal and a subset of RACH resources is considered in the case of Tx/Rx reciprocity. When Tx/Rx reciprocity is not available, RACH preamble/resource could be further considered. 
These new features also add new requirements on PRACH compared to LTE. The association between DL SS and RACH resources will require using multiple time-frequency RACH resources, each for one RACH preamble. Supporting DL/UL multi-beam operation by time-frequency mapping only will either result (i) in a much larger total overhead and bandwidth allocation than in LTE, or (ii) in a smaller allocated time-frequency resource per single RACH preamble. The situation is further worsened especially when Tx/Rx reciprocity is not available, where a large number of RACH resources/sequences is needed to support both multi-beam RACH operation and DL Tx beam reporting, making the overhead even larger or the available RACH resource per RACH preamble even smaller. A smaller frequency resource for one RACH preamble implies a shorter sequence length and thus less available sequences (with also higher correlation). In the meanwhile, a small time resource allocation per preamble will limit the cell coverage radius. Association with RACH preamble sequences could alternatively be considered to indicate the DL SS in order to avoid too large overhead, but for this purpose, the pool of available RACH sequences would need also to be increased. 
3) Increased connectivity   
Finally, increased connectivity compared to LTE could also be considered for NR. The motivation for having several preambles per cell is to support multiple user access; otherwise one preamble per cell would be enough. Multiple users lead to collusions in the random access channel. The more users the higher the collision probability, while the larger preamble pool size the less collision probability. Thus if NR needs to support larger connectivity than in LTE, more PRACH preamble sequences would also be required.  In [4], the lower bound on miss-detection probability with multi-user collision was computed. Figure 2 shows this lower bound as a function of the average number of users that attempt to access during the same RACH occasion assuming this number of users follows a Poisson distribution. As it can be seen, to support the same miss-detection probability, an increase of the average number of users merely from 1 to 2 would require at least doubling the number of PRACH sequences.  
Proposal 1: The PRACH preamble capacity in NR should not be smaller than in LTE. 
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[bookmark: _Ref477266114][bookmark: _Ref477266106]Figure 2: Lower bound of miss-detection probability as a function of average number of user accessing the same RACH occasion. 

NR RACH sequences 
In order to fulfill new PRACH requirements while at the same time maintaining at least a similar PRACH capacity as in LTE, we proposed in [1] a framework to increase the number of sequences obtained from ZC constructions by using cover sequences. 
Given a set of ZC sequences   and a cover sequence , a new sequence set    is obtained by an element-wise multiplication of all ZC sequences in  with  
. 
The total set of sequences  includes the original ZC sequences  and the additional new sequences in all covers 

where  is the total number of cover sequences. As a result, the total PRACH capacity of  is  times the PRACH capacity of . 
Below we propose two explicit cover sequences  and  allowing up to covers with a maximal normalized cross-correlation within the set  of the order of .  One family of cover sequence consists of cyclic-shifted m-sequences, as proposed in [1]. The second family consists of prime-length polyphase sequences, whose phases are defined by different third-order polynomials. These two families are meant to complement each other depending on the actual preamble lengths. The first construction with m-sequence has better correlation properties but is applicable only to sequence length being of the form . The second construction with 3rd degree polynomial is compatible with all prime length, i.e., for a much larger number of sequence lengths, and thus also with LTE numerology; however it has slightly worse correlation properties.  For sequence length compatible for both designs, we propose that m-sequence cover codes should be used. 
The resulting PRACH preamble capacity with  covered sets of sequences in addition to the original ZC sequence set is displayed in Figure 3. In addition to allow larger reuse factors of preambles, here with have a minimum of 78 cells with  and SCS = 60 kHz, cover extensions allow larger cell radius as shown in Table 2. Here a total of  extensions is considered, but cover sequences can be added only when necessary for large cell resulting in a large , i.e., in the same way as in LTE that additional ZC roots are used only when  is too large. Finally, we remark that the preamble capacity could in fact be even further increased because as it will be show below the value of cyclic shift offset  has no impact on the correlation property of the covered sequences and all extensions  could be constructed from the full set of cyclic shifted ZC sequences with . 
Observation 2:  With cover sequence extensions, the main sequence design can be kept as cyclic-shifted ZC sequences as used in LTE where cover extensions are used as complementary sequences only when necessary, e.g. large cells. 
Observation 3: Cover extensions of short ZC sequences allow maintaining a PRACH capacity at least of the same level as in LTE. 
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[bookmark: _Ref477512522]Figure 3: Preamble capacity of ZC sequences in Figure 1 with cover extensions in number of supported cells assuming 64 different preambles per cell as a function of the cell radius. 


[bookmark: _Ref477512229][bookmark: _Ref477512919]Table 2: Maximum cell radius and preamble reuse factor for ZC sequences with cover extensions, assuming 64 different preambles per cell.  
	
	SCS 
	Maximum cell radius 
	Preamble reuse factor at maximum cell radius 

	139
	7.5 kHz (LTE)
	19  km 
	301

	139
	15 kHz
	9.1  km 
	301

	71
	15 kHz
	9 km 
	78

	71
	30 kHz
	4.1 km 
	78

	71
	60 kHz
	1.7 km
	78



ZC-Sequences with m-sequence Cover Extension
In [1] cyclic-shifted m-sequences were proposed as cover, whose length is of the form  for some positive integer , i.e.  31, 63, 127, 511, 1023, etc, and so it is applicable to ZC sequences of the same length. An m-sequence is obtained via a generator polynomial of order m. For example, a 6th order polynomial applicable for is given by,

and a 7th order polynomial applicable for  is given by 
.
The sequence is then transformed into a BPSK () modulated sequence . Several cover codes can be obtained by cyclic shifted versions of the same m-sequence:

 is the m-sequence specific cyclic shift that may be an integer multiple of . 

In [2], it is shown that cover extensions of cyclic-shifted version of a single root ZC sequence produces a set of quasi-orthogonal sequences. By analogical derivations, it can be shown that the circular auto-correlation and cross-correlation of the covered ZC sequences with same root indices are very structured as shown in Figure 4 and also provide desired low-correlation zone equal to    almost everywhere, i.e. almost the same cross-correlation values as between two original ZC with different root indices.   
The cross-correlation for sequences with different ZC roots is less structured, but in [2] it was shown that its maximum is of the order of  , i.e., very close to the Carlitz-Uchiyama bound. Therefore, for constructing a set of cell-specific sequences, a single root with several cover extensions should be favored. 
 Observation 4: Cyclic versions of an m-sequence as different cover extension of cyclically shifted ZC sequence provide a large structured set of sequences with nearly optimal maximum cross-correlation.
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(a) Auto-Correlation of a m-sequence covered ZC sequence .
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b) Cross-correlation between two covered sequence of same root  and .
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(c) Cross-Correlation of a ZC sequence  with the cover of a shifted ZC sequence  .
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(d) Cross-Correlation of   or  with the cover of a ZC sequence with a different root  .

	Cases a)b):          
Case c):                   
Case d)                and   


[bookmark: _Ref477187996]Figure 4: Illustrations of normalized circular-correlation values for ZC sequences with m-sequence cover extensions.  

ZC-Sequences with 3rd-degree Polynomial (P3) Cover Extension 
The m-sequence cover construction above is limited to specific sequence lengths. In this contribution we present another cover construction that can be used for any prime length .
[bookmark: _GoBack]In [2], it is shown via the so-called Carlitz-Uchiyama bound that an enlarged structured construction would inevitably introduces inner product no less than .  Three-degree polynomial cover extension can be designed in order to always satisfy this bound. The cover phase signature  is defined as 

where the length of the sequence  is a prime number and the cover parameter   is an integer satisfying  . 
Auto- and cross-correlation properties of the P3 extended set are illustrated in Figure 5. The correlations are always in a form that can be upper-bounded from the Carlitz-Uchiyama bound  [2] as 

where  is a  degree polynomial. It follows that for the normalized auto-correlation at non-zero delay or cross-correlation between sequences of the same cover is never higher than  as the 3rd degree term in  is cancelling out. For the other cases, the cross-correlation between two sequences is always of the form above with a 3rd degree polynomial and thus after normalization always below . 
Therefore, ZC sequences with P3-cover extensions have a better maximum cross-correlation than the m-sequence covers, but more sequences have unstructured cross-correlation as in the case c) in Figure 5. 
Observation 5: Third-degree polynomial (P3) sequences as different cover extension of cyclically shifted ZC sequence provide a large set of sequences with optimal maximum cross-correlation for any prime length.
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(a) Auto-Correlation of a P3- covered ZC sequence .
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b) Cross-correlation between two covered sequences of same root  and  and same cover.
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(c) Cross-Correlation of a ZC sequence  or   with a different cover , or 
	






[bookmark: _Ref477188884]Figure 5: Illustrations of normalized circular-correlation values for ZC sequences with P3 cover extensions.  
Preamble Format 
For evaluation of the proposed sequence designs, the preamble formats in Appendix A are considered and briefly discussed below. 
For high-speed scenario and below 6GHz carrier frequency, we considered 2 formats, NR_Format_1 and NR_Format_2, with same bandwidth (1.08 MHz) and SCS (7.5 kHz), as in LTE format 4. This SCS is 6 times of that for LTE format 0 and thus offers better robustness against frequency offset. However, LTE format 4 was design to cover small cell of 1.5 km. The GT and CP lengths in NR_Format_1 and NR_Format_2 are such to support a cell radius of ~15 km and a maximum delay spread of 33us. The total preamble length is 500us and repetition could be considered to span 1ms duration. Compared to LTE format 0, the sequence length of NR_Format_1 is reduced from 139 to 127 in order to be compatible with an m-sequence length. Otherwise with sequence length of 139, P3 cover sequences can be used. We recall that as shown in Table 1, using cyclic-shifted ZC sequences without cover as in LTE could not even support 3 cells with this cell radius and numerology. 
The considered NR_Format_3 was proposed in [2] with the motivation to allow two-stage detection for decrease complexity [2]. With the same bandwidth as in LTE (1.08 MHz), the sequence length  421 is about half of that for LTE Format 0 but with doubled SCS (2.5 kHz). This format can support up to 9.3 km cell radius.
For above 6 GHz carrier frequency, NR_Format_4 and NR_Format_5 have SCS of 30 kHz and 4.32 MHz bandwidth which correspond to 6 RB of data SCS at 60 kHz. The GT and CP lengths are set to support a maximum set size of ~2km and a maximum delay spread of 2.08us. The total preamble length is 62.5us i.e., 1/16 of a 1ms. The difference between NR_Format_4 and NR_Format_5 is again the sequence length such that one is compatible with m-sequences. 
Finally, NR_Format_6 and NR_Format_7 have 120 kHz SCS and bandwidth 8.24 MHz which correspond to 6RB of data SCS at 120 kHz. The GT and CP lengths are set to support a maximum set size of ~0.8km and a maximum delay spread of 1.04us. The total preamble length is again 62.5us. The difference between NR_Format_6 and NR_Format_7 is the sequence lengths which are 63 and 71, respectively. 

Simulations  
The simulation parameters are set according to the email discussion [3], summarized in Appendix B. The prime goal of these simulations is to compare sequence designs rather than preamble formats. 
We use a simple relative threshold detector as in [5]. Its description can be found in Appendix B.  The threshold is set to satisfy a probability of false alarm of with noise only. A false alarm is declared for detecting different preambles than the one that was sent. A miss-detection is declared if one of the following error cases occurs i) Not detecting the  preamble that was sent or ii) Correct preamble detection but with the wrong timing estimation. Miss-detection account for timing error, when the maximum tolerated timing error is set to +/-50% to the CP length of the UL data OFDM symbol. 
The cyclic shift offset between ZC sequences is systematically selected as   to be consistent with [3] in which it was agreed that for LTE format 0 with 100s timing offset,   is at least equal to ; and for LTE format 4 with 10s timing offset,  should be used.

Cell-specific sequences construction with cover extensions: In all the simulations, cover extensions are used to construct complementary sequences to the cyclic-shifted ZC sequences from a single root instead of using additional ZC root sequences. To construct 64 sequences with cover extensions, we thus proceed as follows: 

1. Select a single ZC root , and a cyclic shift offset . 
2. Construct  cyclic-shifted ZC sequences  . 
3. If , select   covers  and construct complementary sequences .
4. The total set of sequences is . If needed, a few sequences are disregarded such that the set size is exactly 64.
As the cyclic shift offset  in the m-sequence covers does not have an impact on cross-correlation properties, the value  is used. 

4 GHz Carrier Frequency with 120 km/h Speed
100s Maximum Timing Offset
We start by evaluating the performance of the cover extensions with the two formats NR_Format_1 and Format_2 at 4GHz carrier frequency with 120 km/h UE speed and a uniformly distributed timing offset of  [0,100s]. This corresponds to a maximum cell radius of about 14.4 km. A timing error is declared if it is 50% larger than the CP length of UL data with 15 kHz SCS.
As explained in Section 2, ZC sequence design as in LTE is not a feasible solution for this scenario as the number of ZC sequences would not even allow a cell preamble reuse factor of three. Indeed, with this timing offset and resulting  value, one can only construct one ZC sequence per-root. Therefore with cover sequences, here the set of 64 sequences is made from a single ZC root sequence plus 63 covered versions. 
The probabilities of miss-detection and false alarm are shown on Figure 6.  LTE format 0 has severe performance degradation due to high timing error which is a consequence of the very large frequency offset. As expected the NR_Format_1 and 2 have better robustness against frequency offset. The two cover extensions have similar probability of miss-detection, but the m-sequence covers have a better false-alarm rate. The PAPR of the resulting waveform is shown on Figure 7. With m-sequence and P3-sequence cover extension, the PAPR is about 3dB worse compared to ZC construction. The PAPR with P3-sequence covers is slightly better than with the m-sequence covers. 
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[bookmark: _Ref477770321][bookmark: _Ref477770306]Figure 6: Probability of miss-detection of m-sequence and P3 cover extension with NR_Format_1 and 2. UE speed at 120 km/h, 4GHz carrier frequency, and maximum timing offset of 100s.
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[bookmark: _Ref477785729]Figure 7: PAPR of the waveforms used in Figure 6.

10s Maximum Timing Offset 
We perform the same simulation with a smaller timing offsets uniformly distributed in [0 10s].  This corresponds to a cell radius of about 1.4 km. A timing error is declared if it is +/-50% larger than the CP length of UL data with 15 kHz SCS. In this case, NR_Format_2 with ZC sequences can have a preamble reuse factor of 23 assuming with each cell use 64 different preamble. 
The set of 64 sequences is made from 12 and 11 original cyclic-shifted version of a single ZC root sequence, with m-sequence and P3 cover extensions, respectively. Additional sequences are obtained by multiplying these original sequences with by 5 cover sequences.
Similar trends as in Figure 6 are observed, the miss-detection is the same for all sequences, but the m-sequence cover construction has the best probability of false alarm. The false alarm of P3 cover construction is better than ZC in low-SNR but becomes worse in high SNR. A 3dB PAPR degradation is again observed with cover codes in Figure 9. 
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[bookmark: _Ref478379671]Figure 8: Probability of miss-detection of m-sequence and P3 cover extension with NR_Format_1 and 2. UE speed at 120 km/h, 4GHz carrier frequency, and maximum timing offset of 10s.
[image: ]
[bookmark: _Ref478395442]Figure 9: PAPR of the waveforms used in Figure 8.


 4 GHz Carrier Frequency, 3 km/h Speed, [0, 60s] timing offset
We evaluate the NR_Format_3 which was proposed in [2] for two-stage decoding. This format is of prime length without any close m-sequence length so we only consider P3 cover sequences. The maximum timing offset is set to 60s. This format performs also better than LTE format 0 here due to the larger subcarrier spacing. LTE format 0 has again significant timing error, which is the consequence of the fixed worst-case-scenario of frequency offset that was agreed for the simulation parameter in [3]. 
 
[image: ] [image: ]
[bookmark: _Ref478379700]Figure 10: Probability of miss-detection of P3 cover extension with NR_Format_3. Scenarios with UE speed at 3 km/h, 4GHz carrier frequency, and uniformly distributed timing offset of [0,60s].
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Figure 11: PAPR of the waveforms used in Figure 10.

30GHz Carrier Frequency  
5s Maximum Timing Offset
We now turn to 30GHz carrier frequency cases for which LTE format 4 was agreed as a baseline [3]. A timing error is declared if it is +/-50% larger than the CP length of UL data with 60 kHz SCS. Timing offset is selected to be uniformly distributed in [0,5s].  With the resulting  value, NR_Format_5 with ZC sequences without cover extension could only accommodate a maximum of 12 cells without sequence reuse.  For cover extensions, we used 6 cyclic-shifted versions of single ZC root sequence.  
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[bookmark: _Ref478379737]Figure 12: Probability of miss-detection and false-alarm of m-sequence and P3 cover extension with NR_Format_4 and 5. UE speed at 3 km/h, 30GHz carrier frequency, and maximum timing offset of 5s.  
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Figure 13: PAPR of the waveforms used in Figure 12.

2.5s Maximum Timing Offset
Figure 14 shows the performance with NR_Format_6 and 7 which use 120 kHz SCS and sequence length  and 71, respectively. Here, a timing error is declared if it is +/-50% larger than the CP length of UL data with 120 kHz SCS. The timing offset is below 2.5s which leads to set   and    for NR_Format_6 and 7, respectively. With this value of  ZC constructions could support only a maximum of 3 cells without preamble reuse. 
NR_Format_7 has a sequence length equal to  which is compatible with the sequence design Omega-1 as described in [3].  64 sequences are constructed by using   which lead to and  for all . Since there is an ambiguity in the given definition of the parameter  satisfying ), we considered two methods: i) the smallest  satisfying this equation for each  ii)  which the equation for all . These two methods for selecting  led to the same probability of missdetection and false alarm which is shown on Figure 14. The Omega-1 sequence design gives here the worse false alarm and PAPR over other sequence designs. 
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[bookmark: _Ref478118091]Figure 14: Probability of miss-detection and false-alarm of several sequence designs with NR_Format_6 and 7. Scenarios with UE speed at 3 km/h, 30GHz carrier frequency, and maximum timing offset of 2.5s.  
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[bookmark: _Ref478379770]Figure 15: PAPR of the waveforms used in Figure 14 
Observations from Simulations
Observation 6: ZC sequences with m-sequence covers provide the best false alarm probability and thus outperform the original cyclic-shifted ZC construction. ZC sequences with P3 cover extensions provide better false alarm in low-SNR than ZC without cover but worse in high SNR.  
Observation 7: ZC sequences with P3 covers have slightly better PAPR than ZC with m-sequence covers. 
We note that good false alarm rate of m-sequence covers is consistent with the observation in [6] where it was shown that Cyclic Delay-Doppler Shifted m-Sequences have also better false-alarm than ZC sequences.  The Cyclic Delay-Doppler Shifted m-Sequences is a rather similar construction where m-sequences are also multiplied by a polyphase sequence whose phase is a first-order polynomial.  
Finally, we recall that the prime motivation for considering new PRACH sequences is to increase the PRACH preamble capacity to support new PRACH requirements compared to LTE. To this respect, other proposed designed in [3]  (Cyclic Delay-Doppler Shifted m-Sequences or Sequences with ZC Sequences Cover Extension) does not allow a PRACH preamble capacity increase, except the Omega-1 sequences.   However, the Omega-1 sequences perform worse than ZC with cover sequences according to our simulation in Figure 14 and Figure 15. 
Proposal 2: NR should support ZC sequences and cover extended ZC sequences obtained by multiplying them with different cyclic-shifted versions of an m-sequence or different P3 sequences.

Conclusions
In this contribution, we have considered cover extension of ZC sequences NR PRACH sequence design. The following are the observations that we have identified:
Observation 1:  Proposed PRACH preambles with short ZC sequences significantly reduce the PRACH capacity compared to LTE. 
Observation 2:  With cover sequence extensions, the main sequence design can be kept as cyclic-shifted ZC sequences as used in LTE where cover extensions are used as complementary sequences only when necessary, e.g. large cells. 
Observation 3: Cover extensions of short ZC sequences allow maintaining a PRACH capacity at least of the same level than in LTE. 
Observation 4: Cyclic versions of an m-sequence as different cover extension of cyclically shifted ZC sequence provide a large structured set of sequences with nearly optimal maximum cross-correlation.
Observation 5: Third-degree polynomial (P3) sequences as different cover extension of cyclically shifted ZC sequence provide a large set of sequences with optimal maximum cross-correlation for any prime length.
Observation 6: ZC sequences with m-sequence covers provide the best false alarm probability and thus outperform the original cyclic-shifted ZC construction. ZC sequences with P3 cover extensions provide better false alarm in low-SNR than ZC without cover but worse in high SNR.  
Observation 7: ZC sequences with P3 covers have slightly better PAPR than ZC with m-sequence covers. 
Proposal 1: The PRACH preamble capacity in NR should not be smaller than in LTE. 
Proposal 2: NR should support ZC sequences and cover extended ZC sequences obtained by multiplying them with different cyclic-shifted versions of an m-sequence or different P3 sequences.
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Appendix A
The considered preamble formats for evaluations are given in the table below 
	
	
	SCS
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)
	GT(Ts)
	Max cell radius 

	NR_Format_1
	127
	7,5
	1,08
	2
	1
	1/30720
	4096
	3076
	15 km

	NR_Format_2
	139
	7,5
	1,08
	2
	1
	1/30720
	4096
	3076
	15 km

	NR_Format_3
	421
	2,5
	1,08
	1
	2
	1/30720
	2112
	1920
	9.3 km

	NR_Format_4
	127
	30
	4,32
	1
	1
	1/(4*30720)
	1920
	1664
	2 km

	NR_Format_5
	139
	30
	4,32
	1
	1
	1/(4*30720)
	1920
	1664
	2 km

	NR_Format_6
	63
	120
	8,64
	6
	1
	1/(8*30720)
	1664
	1408
	0.8 km

	NR_Format_7
	71
	120
	8,64
	6
	1
	1/(8*30720)
	1664
	1408
	0.8 km



N_OS is the number of OFDM symbol and N_RP is the number of repeated sequences.




Appendix B
The simulation assumptions are shown in the table below:
Table 3: Simulation assumptions.
	
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model
	CDL-C, AWGN

	Delay Scaling
	100 ns
	30 ns

	Circular Angle Spread at BS after angle scaling (including subrays)
	ASD: values from sec. 7.7.5.1 in 38.900
ZSD: 1°
	ASD: values from sec. 7.7.5.1 in 38.900
ZSD: 1°

	Circular Angle Spread at UE after angle scaling (including subrays)
	ASA: values from sec 7.7.5.1 in 38.900
ZSA: 5°
	ASA: values from sec. 7.7.5.1 in 38.900
ZSA: 5°

	Circular Mean Angle at BS after angle scaling (including subrays)
	Uniformly distributed
AoD: [-30°,30°]


	Circular Mean Angle at UE after angle scaling (including subrays)
	Uniformly distributed
AoA: [-30°,30°]


	Antenna Configuration at BS
	(M,N,P) = (1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW = 65° in elevation and azimuth, directivity gain 8dB), (dV,dH)=(0.5,0.5) λ

	Mechanical downtilt at BS
	0°

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(1,1,2) with omni-directional antenna element

	Antenna port virtualization
	No beamforming and no beam selection
	One 2D beam generated by the Kronecker product of 2 weights, consisting of 4 beams in vertical plane and 8 beams in horizontal plane

	Frequency Offset
	0.05 ppm at TRP , 0.1 ppm at UE

	UE speed
	3 km/h, 120 km/h
	3 km/h





	Initial timing Offset
	Preamble format 0: Uniformly distributed [0,100s] i.e. assuming a maximum cell radius of 14.4 km.
Preamble format 4: Uniformly distributed [0,10s] i.e. assuming a maximum cell radius of 1.4 km.
For other formats both values should be simulated, [0 100]us and [0 10]us
	Two different values to be used:
Uniformly distributed in [0 5]us and [0 2.5]us

	Preamble Detector
	Relative threshold detection similar as in [5]. 
The received signal is correlated with a bank of filters that correspond to all candidate preambles. 
Filtered signals from two different polarization directions (and from N_RP repeated preambles if any) are non-coherently combined to form a Power Delay Profile (PDP)  for each time delay . 
Each PDP is normalized by its average to obtain  and compared to a threshold  for all in a window of length . The threshold   is set a-priori such that the probability of false alarm is  when input is noise only.
The search window length is set according to the maximum timing offset (in samples). The BS declares that a preamble  is detected if   for some . A false alarm is declared if an un-transmitted preamble is detected. A miss-detection is declared if one of the following events occurs i) not detecting the preamble that was sent or ii) a correct preamble detection but with timing estimation error beyond +/-50% of the CP length of UL data. 
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