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Introduction
At the previous meeting (RAN1 #88bis) the following was agreed for PRACH preamble sequence design:
· 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

· 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
 
In this contribution, we first discuss requirements and motivations of PRACH design for NR and consider a PRACH 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. We then discuss RACH preambles formats with consecutive multiple/repeated sequences. Based on our discussion, Option 4 of the multiple/repeated RACH preamble is preferred under scenarios with beam switching. 






[bookmark: _Ref129681832]PRACH capacity
LTE PRACH capacity
In LTE RACH, each cell has its own unique set of preambles generated from a pre-defined set of 64 Zadoff-Chu sequences.  The set is first constructed from cyclic-shifts of a single root sequence, and then by cyclic shifts of consecutive roots if necessary. The cyclic shift offset  must be selected to allow unambiguous round-trip time estimation at the eNB 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  and the total PRACH capacity is then

PRACH sequence planning 
The large number of preamble available in LTE enables an easy PRACH root planning process [1], and could be e.g. linked to PCI planning. Assuming that all cells would have the same radius, and as a maximum of 64 of sequences per root is used, the number of supported cells is 

If all cells would be of 100km then there would be only a total of 839 preamble available, then the total number of cells in the reuse distance would then be only 839/64 ≈ 13.  If all cells would be of 1km, one ZC root directly generates 64 preambles, and the total number of cell in the reuse distance would be 839. With a 7 km cell radius which is typically sufficient for urban and suburban macro cells [1], there are five roots per cells and thus a reuse factor of at least 839/5 ≈ 167 cells. 
[image: ]
Figure 1: Example of root sequence allocation for different cells [1]. Four ZC root per cells are allocated as in LTE PRACH configuration index = 8, enabling to support up to 209 cells in the reuse distance. 
 
PRACH preamble spectral efficiency
In the least meeting, it was agreed that the NR RACH capacity shall be at least as high as in LTE for a given total amount of time/frequency resources. So, in order to compare LTE PRACH preamble capacity to different proposed NR PRACH formats, we consider the LTE PRACH spectral efficiency, i.e. the number of preamble available  normalized by the amount of time/frequency resource used:  


This definition is convenient as the PRACH spectral efficiency stays constant with increased subcarrier spacing and thus shorter time duration if the PRACH bandwidth is scaled also accordingly.   
The LTE PRACH spectral efficiency is evaluated on Figure 2 as a function of the cell radius. The maximum cell radius covered by the preamble is set according to the CP length. The evaluation is made with  and [s] which is the length of the UL data CP with 15 kHz SCS.  We can see that LTE format 0 provides a minimum of 10 preambles per second per Hz for a cell radius up to 7 km. LTE format 4 provides a minimum of 10 preambles per second per Hz for up to 500m cell radius. 
[image: ]
[bookmark: _Ref480806423]Figure 2: LTE PRACH spectral efficiency as a function of the cell radius. 

NR PRACH capacity 
The main 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 [2]. These requirements have translated to the consideration of larger subcarrier spacing (SCS), larger PRACH bandwidth and UL PRACH beam management with DL SS reporting. Larger SCS is considered to improve robustness of OFDM-based signals against frequency offsets, while larger PRACH bandwidth is needed for better timing estimation. This leads to i) shorter sequences for which the PRACH capacity decrease significantly compare to LTE, and/or ii) a very large transmission bandwidth and a decreased spectral efficiency. 
Number of supported cells 
The number of supported cells for the considered numerology with ZC sequences is shown in Figure 3 as a function of the cell radius. In Figure 3 it is assumed that each cell has different roots with 64 different preambles as in LTE and that . Large SCS and short sequences, both, decrease the maximum cell radius that can be supported with ZC sequences. Some combination of SCS and sequence length can barely support a reuse factor. 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 also be too aggressive for small cells and lead to interference. 
Observation 1:  Proposed PRACH preambles with short ZC sequences significantly reduce the number of supported cells than in LTE, and thus will lead to complicated sequence root planning. 

[image: ] [image: ]
[bookmark: _Ref477186718]Figure 3: Number of supported cells assuming 64 different preambles per cell as a function of the cell radius. Left figure is assuming a [s] which is the length of the UL data CP with 15 kHz SCS. Right figure is assuming a [s] which is the length of the UL data CP with 120 kHz SCS.

PRACH spectral efficiency of NR proposals
In the last meeting it was agreed that the PRACH capacity should be at least as large as in LTE for a given time/frequency resource. In order to take into account the amount of time/frequency resources used for each proposed formats, we consider the PRACH spectral efficiency as defined above. 
Appendix A provides an exhaustive comparison of the PRACH spectral efficiency of all proposed PRACH formats, taking into account their sequence designs. Only formats that have a SCS and sequence length compatible with the latest agreement are considered. In Figure 19, the comparison is provided for the formats proposed for below 6GHz carrier frequency and LTE format 0 is used as a baseline. The evaluation is made with  and [s] which is the length of the UL data CP with 15 kHz SCS.  The same is done in Figure 20 comparison for the formats proposed for above 6GHz carrier frequency where LTE format 4 is used as a baseline. In this case the evaluation is made with  and [s] which is the length of the UL data CP with 120 kHz SCS. For all proposals with ZC sequences in Figure 19 with at least 7.5 kHz SCS (only compatible with short sequence length according to the latest agreement), the PRACH spectral efficiency is at least  times less than for LTE format 0. All proposals with ZC sequences in Figure 20  with at least 30 kHz (only compatible with short sequence length according to the latest agreement), the PRACH spectral efficiency is at least 3 times less than for LTE format 4. Proposals considering OCC or Omega-1 and ACS Zadoff-Chu sequences [4][7] have also much lower PRACH spectral efficient than LTE, and only formats considering ZC with cover sequences have a higher PRACH spectral efficiency than LTE. 
Larger SCSs is foreseen to be used against high-Doppler (in contrast to used restricted set of cyclic-shift as in LTE). Moreover, large SCS is required for both below and above 6 GHz carrier frequency, which is only compatible with short sequence length according to the latest agreements. The spectral efficiency of PRACH should thus be maintained for any supported preamble sequence length.
Overall, it can be observed for short sequence length L=127/139 provides a better trade-off than L=63/71.
Observation 2: A sequence length of L=127/139 provides a better trade-off between PRACH spectral efficiency and large subcarrier spacing than with L=63/71. 
For these sequence lengths, only ZC with cover sequences is able to offer a PRACH spectral efficiency which is as least a large as in LTE.
Number of sequences per cell 
Finally, for forward compatibility, higher connectivity than in LTE should 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 collisions 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 [3], the lower bound on miss-detection probability with multi-user collision was computed. Figure 4 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, a small increase of the average user access will severely damage the PRACH miss detection. 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.  
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[bookmark: _Ref477266114][bookmark: _Ref477266106]Figure 4: Lower bound of miss-detection probability as a function of average number of user accessing the same RACH occasion assuming Poisson-distributed arrivals. 
An NR Cell could be a rather wide geographical area containing multiple TRPs [6], hence the number of UEs in an NR cell may be far larger (X times) than that of a typical LTE Cell. X can be in the scale of 10~100, for example. For contention-based RA with preambles randomly selected from a sequence pool, to maintain similar collision rate as in LTE where pool size is below 64, the pool size in NR may be roughly scaled by X as well. For contention-free RA, there are the following possibilities:
· Solicited transmission: preambles are assigned by gNB, gNB knows when UE will transmit preamble. This is similar to LTE contention-free RA in CONNECTED state.
· Unsolicited transmission: gNB knows each UE’s preamble sequence, but gNB does not know when UE will transmit preamble. Contention is avoided by allocating each UE a dedicated and different preamble in INACTIVE state or CONNECTED state [5][10].
The second case of unsolicited transmission of contention-free RA can facilitate reducing RA procedure delay, since UE identity is associated with preamble and hence detection of preamble automatically reveals UE identity. In the case of unsolicited contention-free RA transmission, the number of dedicated preamble scales with the UE number in an NR Cell, which can be quite large.
For both contention-based RA and unsolicited contention-free RA, the much higher connectivity/PRACH spectral efficiency can be achieved with the help of cover sequences in addition to ZC sequence, the detail of which is illustrated in section 3.2.
The much enlarged PRACH spectral efficiency implies an increase in blind detection complexity of preamble either in contention-based or unsolicited contention-free RA, which may call for corresponding complexity reduction mechanisms.
Observation 3: NR PRACH with ZC sequences only will not allow a higher connectivity than LTE and will be limited by multi-user collision.  
Observation 4: Necessary mechanism to control the blind detection complexity should be provided, given potentially much larger PRACH spectral efficiency in NR compared to LTE.

NR PRACH capacity enhancement 
In order to have a larger number of PRACH preambles available for user detection, the following methods have been proposed 
1) More time-frequency resources such as frequency division multiplexing (FDM)/ time division multiplexing (TDM) of different PRACH. Sinusoidal modulation proposed in [9] is a type of FDM.
2) Larger sequence sets [4]. 
3) Orthogonal Cover Codes (OCC) where additional long sequences are created by repeating X-times the same short sequence and multiplying it with different orthogonal spreading codes of length X. We will show below that OCC does not fundamentally increase the PRACH capacity but instead corresponds to an inefficient usage of the given PRACH time-frequency resources. 
More time-frequency resources 
Reserving additional PRACH frequency resource is not a desirable solution for low frequency band where bandwidth is already limited.  This would result in shorter sequences and limits the number of supported cells, resulting in more complex PRACH sequence planning. 
Observation 5: Decreasing the PRACH spectral efficiency by additional time/frequency multiplexing is not desirable in low-frequency bands where bandwidth is limited and overhead is high.  
For high-frequency band, more bandwidth is available and already enables much larger subcarrier spacing. However, one cannot afford to have a lower PRACH spectral efficiency since multi-beam transmissions as necessary in these bands also requires much more resources to perform UL beam scanning and DL beam reporting. It has been for example proposed to use TDM/FDM for UL beam scanning and for DL beam reporting [7]. This means in order to only support beam management in NR subsequently more time-frequency resources should be reserved compared to LTE which will in turn already subsequently decrease the overall PRACH spectral efficiency.  Beam management will decreased the PRACH spectral efficiency by   where   and  are the number of DL and UL beams, respectively.  Therefore, a high PRACH spectral efficiency per PRACH occasion in high frequency band is also needed.
Observation 6: High PRACH spectral efficiency is also needed in high-frequency band since subsequent additional time/frequency resources must be also reserved to support UL beam scanning and DL beam reporting. 
New sequences
The only way to maintain NR PRACH spectral efficiency at least as high as in LTE is to increase the sequence pool size. This may be at the cost of a small increase of cross-correlation among sequences and PAPR. Nevertheless, sequences with low correlation properties can be selected to be primarily deployed in the same cells as it is done currently in LTE. Finally, if new sequences are also of constant envelop, the PAPR can be kept reasonable.    
ZC with Cover Sequences 
In [5], a framework to increase the number of sequences obtained from ZC constructions by using cover sequences was proposed. Cover extensions enable a good coexistence of the new sequences with original ZC sequences. This construction generates a superset of  sequences with a maximum cross correlation of the order of the Carlitz-Uchiyama bound  , including the original  ZC sequences as a subset. Additional sequences are generated to complement the original cyclic-shift ZC sequences. ZC sequences can be kept as the main sequence designs and different covers can be used instead of different roots. 
As in LTE, a set of ZC sequences  is constructed 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 . If otherwise e.g.  which is not a prime, they are 36 possible root values.  The cyclic shift  is given by multiples of the offset   between two preambles

Cover sequences: 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 . 
· M-sequence cover: 

with  and where the sequence  a BPSK () modulated m-sequence. An m-sequence is obtained via a generator polynomial of order m and the sequence length should be of the form  for some positive integer . For example, a 6th order polynomial applicable for is given by,

and a 7th order polynomial applicable for  is given by 
.
· 3rd-degree polynomial cover: 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  . 
We remark that we have limited for simplicity the construction above to covers of the original ZC sequences with shift offset . Nevertheless, a cyclic shift offset  is only needed for this original ZC sequences but has no impact on the cross-correlation properties of the covered-sequences [5]. The covered sequences can thus alternatively be constructed from any other cyclic-shifted ZC sequences from the same root without impacting performance. Therefore, one can construct  covered-sequences per root in addition to the   original ZC sequences 

and the maximum number of sequences with all roots if   is a prime is 

                                                                                      .
This specifically gives: 
· for ; a total of  sequences, 
· for ; a total of  sequences, 
· for ; a total of  sequences, 
· for ; a total of  sequences. 
Since the construction enables extremely large sets, we only consider covers of the original ZC sequences with shift  and we will use the following cell specific construction. 
Cell-specific sequences construction with cover extensions: We propose that 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.
This construction can be systematically applied to support  cells with up to  different preambles per cell. 
Performance 
We compare the performance of the cover extension with the preamble formats given in Appendix B and the agreed simulation assumptions in Appendix C. In all simulations, sequences are as defined above and modulated with DFT-s-OFDM modulation. ZC sequences without covers are constructed as in LTE, i.e. with a minimum number of roots. The cyclic shift offset between ZC sequences is systematically selected as   to be consistent with [4] 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.

4GHz carrier frequency/ 100s maximum timing Offset/ 120kmh speed
We start by evaluating the performance of the cover extensions with the two formats Huawei_1 and Huawei_2 with N_OS=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. The probabilities of miss-detection and false alarm are shown on Figure 5.  As explained previously, 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. With cover extensions, the set of sequences is made of 63 covered-sequences with one original ZC sequence. 
A timing error is declared if it is 50% larger than the CP length of UL data with 15 kHz SCS. Larger subcarrier spacing has better robustness against frequency offset which improves the performance against LTE. Miss-detection can be further improved using non-coherent combining of repeated symbols as shown in Figure 16.  
The two cover extensions have similar probability of miss-detection, but the m-sequence covers have a better false-alarm rate. This is because P3 covered sequences have worse cross-correlation with the original ZC sequences than m-sequence covered sequences. As shown on the figure, if we used instead 64 sequences as P3 covered sequences only without the original ZC sequences, the performance is improved. Therefore, cover constructions can enable larger PRACH capacity without any noticeable deterioration. 
The PAPR of the resulting waveform is shown on Figure 6 for all possible roots. With m-sequence and P3-sequence cover extension, the PAPR is about less than 2dB worse compared to the original ZC construction but with a much larger number of sequences. The PAPR with P3-sequence covers is slightly better than with the m-sequence covers. 
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[bookmark: _Ref477770321][bookmark: _Ref477770306]Figure 5: Detection performances of m-sequence and P3 cover extension with formats Huawei_1 and 2 (N_OS =2). UE speed at 120 km/h, 4GHz carrier frequency, and maximum timing offset of 100s.
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[bookmark: _Ref477785729]Figure 6: PAPR of the waveforms used in Figure 5 for all ZC roots. (Dashed lines is with more cover extensions)

30GHz carrier frequency/ 5s maximum timing offset/ 3kmh speed
We now turn to 30GHz carrier frequency cases for which LTE format 4 was agreed as a baseline. Simulations are done for formats Huawei_4 and 5.  A timing error is declared if it is +/-50% larger than the CP length of UL data with 60 kHz SCS, and for a fair comparison, LTE format 4 is oversampled by a factor 4. With the resulting  value, the format Huawei_5 with ZC sequences without cover extension could only accommodate a maximum of 12 cells without sequence reuse. With cover extensions, the set of sequences is made of 58 covered-sequences with 6 original ZC sequences.   LTE format 4 is not able to provide an accurate timing estimation due to its too narrow transmission bandwidth. 
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[bookmark: _Ref478379737][bookmark: _Ref481151403]Figure 7: Detection performances of m-sequence and P3 cover extension with formats Huawei_4 and 5. UE speed at 3 km/h, 30GHz carrier frequency, and maximum timing offset of 5s.  
[image: ]
Figure 8: PAPR of the waveforms in Figure 7 for all ZC roots. (Dashed lines is with more cover extensions)



30GHz carrier frequency/ 2.5s maximum timing offset/ 3kmh speed
Figure 9 shows the performance with formats Huawei_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, and for a fair comparison, LTE format 4 is oversampled by a factor 8. The timing offset is below 2.5s which leads to set   and    for Huawei_6 and 7, respectively. With this value of  ZC constructions could support only a maximum of 3 cells without preamble reuse. With cover extensions, the set of sequences is made of 61 covered-sequences with 3 original ZC sequences.  
[image: ][image: ]
[bookmark: _Ref478118091]Figure 9: Detection performances of m-sequence and P3 cover extension with formats Huawei_6 and 7. Scenarios with UE speed at 3 km/h, 30GHz carrier frequency, and maximum timing offset of 2.5s. 
[image: ]
[bookmark: _Ref481661132] Figure 10: PAPR of the waveforms in Figure 9 for all ZC roots. (Dashed lines is with more cover extensions)

Taking into account the achievable spectral efficiency discussed in Section 2 and the performance comparison of the sequence cover, we have the following proposal

Proposal 1: NR should support PRACH preambles with ZC sequences of length L=127. 
Proposal 2: NR should support at least 64 PRACH preamble sequences per cell constructed from a single-root ZC sequence with m-sequence cover sequences.
· The m-sequence cover sequences have length L=127 and are obtained by cyclic-shifts of a single m-sequence generated from the generator polynomial .


Omega-1 sequences 
In [7], Omega-1 sequences [8] are proposed for . 
Implementation: The construction requires solving modular equalities of very large numbers which lead easily to numerical errors. For example with  , one needs to find the remainder modulo 7 of numbers of the order of . This can be solved recursively beforehand for all hypotheses, from which a  table can then be stored and used to solve the equations that generate the sequences.    
Preamble Capacity: The construction does not fundamentally increase the maximum number of PRACH sequences compared to LTE, as it generates   sequences compared to the  ZC sequences. However, unlike ZC sequences, the number of Omega-1 sequences does not decrease with the cell radius as it is the case for cyclic-shifted ZC sequences with zero-correlation zone, and thus can provide a constant number of sequences up to the maximum supported radius. 
Correlations Properties: The correlation properties of Omega-1 sequences are discussed in [8]. Examples of auto-correlation and cross-correlation are shown on Figure 11. The autocorrelation of Omega-1 is lower than for cover sequences which may improve timing accuracy. However, its cross-correlation is guaranteed to be less than , i.e. it fulfills the same theoretical bound than ZC with P3 cover sequences [5], and it can be expected to have similar false alarm rate. Moreover, this is twice larger than pure ZC with different roots having cross-correlations equal to  , and also  single root ZC with different m-sequence cover sequences which have cross-correlation less than  [5].  Therefore, pure ZC sequences and single root ZC with different m-sequence cover sequences are expected to have much better false alarm. 
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[bookmark: _Ref481658527]Figure 11: Auto-correlation (left) of Omega-1 sequences and example of cross-correlation (right) between the first and third sequences ( and in the description of [7]).
The expected performance from the correlation properties is verified in Figure 12. We considered two sets of 64 Omega-1 sequences, a first set made of sequences with indices  and another set with indices . As it can be seen, the probability of miss-detection for Omega-1 is similar than for pure ZC sequences and thus here is slightly better than the worse performance of cover sequences observed in Figure 9. However, the false alarm rate of Omega-1 sequences is worse than both cover sequences and much worse than pure ZC and single root ZC with m-sequence cover sequences (cf. Figure 9). 
Coexistence with ZC sequences: Omega-1 construction does not include ZC sequences as a subset which are agreed to be supported in NR.  So, there coexistence with ZC sequences needs to be evaluated since it is not clear what the correlation properties of this superset of sequences are. In Figure 12, we consider the coexistence of 3 original ZC sequence and 63 Omega-1 sequences as similarly done for Figure 9. One can see the performance of both miss-detection and false alarm is then slightly degraded. 
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[bookmark: _Ref481659542]Figure 12: Detection performances of Omega-1 sequences with formats Huawei_6 and 7. Scenarios with UE speed at 3 km/h, 30GHz carrier frequency, and maximum timing offset of 2.5s. 
PAPR: The PAPR of Omega-1 sequences is evaluated in Figure 13 and compared the PAPRs from Figure 10. The PAPR of Omega-1 sequences is worse than ZC with cover sequences while at the same it has a smaller preamble capacity.
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[bookmark: _Ref481661068]Figure 13: PAPR of the waveforms in Figure 12 with all Omega-1 sequences

Orthogonal Cover Codes (OCC)
OCC has been considered as an alternative to increase the PRACH capacity. OCC of two symbols corresponds to either 
· Using twice time overhead: repetition of two long PRACH preambles. 
· Twice larger bandwidth: repetition of two half-duration PRACH preambles, corresponding to double  the subcarrier spacing and keep the same ZC sequence length.
· Half ZC sequence length: repetition of two half-duration PRACH preambles, corresponding to double subcarrier spacing without increasing the overall bandwidth. 
In all cases, using OCC does not fundamentally increase the PRACH spectral efficiency, i.e. the preamble capacity for the given time-frequency resource. Instead, one could always use longer symbols, TDM/FDM, and actually we will show that OCC corresponds to an inefficient usage of these time-frequency resources. 
Option 2 with OCC implies detection with coherent combining of two repeated CP-OFDM symbols. If coherent combining is possible, this means that one can instead transmit one long symbol with half the SCS and thus twice longer ZC sequence.
Figure 14 shows that OCC fundamentally leads to an inefficient usage of the time-frequency resources, since it provides fewer preambles than a single long preamble does, while at the same time does not enable improved detection performance.  
Observation 7: OCC does not increase the PRACH spectral efficiency, and instead corresponds to an inefficient usage of the time-frequency resources. 
[bookmark: _Ref480556309][image: ]
Figure 14: Illustration of the inefficient usage of a given time-frequency resource with OCC: no performance gain and decreased preamble capacity

Moreover, it has been advocated that OCC can improve the miss detection as it uses coherent combining. However, it should be understood that coherent combining of two short symbols can improve miss-detection only compared to a single short preamble, but cannot improve the miss detection compared to transmitting a long single preamble. For example, we consider the following two formats that would fit in a 4.32 MHz bandwidth and 62.5ms time frame duration and evaluate their detection performance in Figure 15. 
	
	SCS
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)

	127/139
	30
	4,32
	1
	1
	1/(4*30720)
	1920

	63/71
	60
	4,32
	1
	2
	1/(4*30720)
	960


As shown in Figure 15, OCC does not improve the miss-detection probability but increases the probability of false alarm compared to a long preamble, and compared to two short preambles without OCC. This is because the OCC hypotheses for the same sequences may often be declared detected simultaneously due to the frequency offset ambiguity of the channel. M-sequence covered ZC sequences show a similar miss-detection probability with a much better false alarm rate. P3-covered ZC sequences here show miss-detection probability with 1-2 dB SNR loss, but a false alarm rate with 5dB SNR gain.  
Observation 8: Coherent combining of two short PRACH symbol with OCC does not improve detection compared to one long symbol PRACH symbol. 
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[bookmark: _Ref481158943]Figure 15: Performance comparison between a long preamble and coherent combining of two short preambles. UE speed at 3 km/h, 30GHz carrier frequency, and maximum timing offset of 5s. For all cases they are 64 different preambles either using only ZC sequences, ZC sequences with OCC, and ZC sequences with cover extensions.  
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[bookmark: _Ref481506411]Figure 16: Performance comparison between non-coherent combining of repeated preambles and OCC which is constrained to coherent combining, in the case of large frequency offset. UE speed at 120 km/h, 4GHz carrier frequency, and maximum timing offset of 100s. For all cases they are 64 different preambles either using only ZC sequences, ZC sequences with OCC, and ZC sequences with cover extensions.  
As explained above the preamble capacity is smaller compared to that of the long preamble, and it is only doubled compared to a single preamble without OCC. However, OCC limits the detection of repeated symbols to coherent combining. In order for coherence combining to be beneficial, the channel needs to be almost constant over the preamble duration, which would imply that larger SCS is not needed. In this case, non coherent combining is preferable which is not compatible with OCC. To show this, Figure 16 provides a performance comparison with time repetitions of the formats Huawei_1 and Huawei_2 (i.e. N_OS=2 and N_RP=2) with 120km/h UE speed. OCC detection is done by coherent combining of repeated symbols; while for ZC and covered sequences non-coherent combining is used. Covered sequences can be used irreverently of the receiver combing strategy and in both cases, the PRACH capacity can be increased  times which is much more than with OCC. As it can be observed, the performance of non-coherent combining with cover sequences not only provides a much higher capacity than OCC but a better false alarm. If a larger SCS, i.e. shorter symbols, is needed for frequency offset robustness, then it means that coherent combining is not desirable and Option 2 with OCC will bring performance loss as also shown in [13]. 
Observation 9: In case of large frequency offset, Option 2 with OCC has substantially worse detection performance compared to schemes which can utilize non-coherent combining. 

In summary, OCC does not provide performance benefits and preamble capacity gain. Option 2 with OCC provides a suboptimal usage of the given time-frequency resource with a smaller preamble capacity than achievable with longer PRACH symbols and results in decreased performance. 
Preamble format in gNB beam sweeping
In this part, we provide simulation results about the relative channel gain of multiple gNB beams under agreed channel settings in [12]. According to the agreed definition of preamble, sequence, and RACH symbol, as Figure 17 shows, for option 1, CP is omitted between two consecutive repeated RACH OFDM symbols. For option 4, CP is inserted between two RACH sequences. Furthermore, the key parameter settings are given in following table. For the antenna settings, the gNB is able to generate 32 beams and the UE is able to generate 8 beams from DFT codebook. Two channel models are simulated, the CDL-C is for NLOS scenario and CDL-D is for LOS scenario.
[image: ]
[bookmark: _Ref480555443]Figure 17. Example of structure of option 1 and 4, assuming a total of four RACH OFDM symbols. The preamble formats are denoted with (s1, s1, s1, s1) and (s1, s2, s3, s4). 

Table 1 Channel model for link-level simulation 
	Attributes
	Values or assumptions
	Remarks

	Carrier Frequency
	30 GHz
	

	TRP antenna config.
	Rx: [4, 8, 2, 1, 1]
	HPBW = 65, 8 dB

	UE antenna config.
	Tx: [2, 4, 2, 1, 1]
	HPBW = 90, 5 dB

	Channel model
	CDL-C 30 ns; 
CDL-D 30 ns, K-factor = 7 dB
	ZSA = 5, ZSD = 1
ASA = 30, ASD = 5


The simulation results are shown in Figure 18. For each spatial channel realization, it is assumed that there is a genius that is able to find the strongest UE TX – gNB RX beam pair. Then the UE TX beam is fixed and the remaining 2nd, 3rd, 4th strongest gNB RX beams are found. The relative gain of the strongest beam pair over the three beam pairs are given in Figure 18 for the two channel scenarios. For NLOS channel in Figure 18(a), 90% cases have a gain of 5.6 dB over the 2nd strongest beam pair, and the gain is larger than 10 dB for the remaining beam pairs. For LOS channel in Figure 18(b), 90% cases have a gain of 7.6 dB over the 2nd strongest beam pair, and the gain is larger than 11 dB for the remaining beam pairs. It means, for the gNB with beam sweeping, there is a high probability that at most one preamble sequence can be detected. Even if there are two gNB beams that can detect preambles, our previous analysis showed remarkable gain in collision probability [5]. 
Observation 10: With high probability, only one gNB beam can be able to detect a preamble.
Observation 11: With quite low probability, the gNB beam may detect two preambles in two beams.
Based on the above observations, a gNB may detect multiple preambles in multiple gNB beams in a preamble format. The gNB may not know what preamble formats are transmitted if preamble format option 4 is used. For example, the gNB detected sequence s1 in the first gNB beam and detected s2 and s3 in the second gNB beam, while the gNB didn’t detect any sequence in the remaining two gNB beams. In this example, the gNB cannot correctly decide how many preamble formats are transmitted, since the detected preambles may be from a large amount of preamble formats: (s1, s2, N/A, N/A), (s1, s3, N/A, N/A), (s1, N/A, N/A, N/A), (N/A, s2, N/A, N/A), (N/A, s3, N/A, N/A). As a result, ambiguity exists when the gNB tries to infer the transmitted preamble format from multiple detected preambles in multiple gNB beams. However, the ambiguity can be solved using two-stage response [14]; or the ambiguity is solved if the gNB responds to all the detected preambles and schedules different resources for the detected preambles. For a UE that receives multiple RARs, the UE may transmit multiple Msg3 in the scheduled resources of received RAR. Note that the gNB will receive Msg3 over the time-frequency indicated by the RAR of the preamble that was received by the gNB beam. However since gNB did not receive the preamble transmitted by a wrong UE (The RAR is not for this UE) that responses the RAR based on the preambles and gNB Rx timing, the Msg3 from the wrong UE cannot be detected and cannot interfere another UE. 
Observation 12: Unambiguous preamble format detection for Option 4 can be accommodated by either two-stage RAR or RAR for all detected preambles in a preamble format.
In addition, as we have analysed in [15], option 4 is able to provide better performance in gNB beam sweeping than option 1. 
Proposal 3: NR supports option 4 for gNB sweeping. 
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	(a) NLOS channel (CDL-C)

	[image: ]

	(b) LOS channel (CDL-D)


[bookmark: _Ref480550505]Figure 18. Channel gains at multiple gNB beams 


Conclusions
The following are the observations that we have identified:
Observation 1:  Proposed PRACH preambles with short ZC sequences significantly reduce the number of supported cells than in LTE, and thus will lead to complicated sequence root planning. 
Observation 2: A sequence length of L=127/139 provides a better trade-off between PRACH spectral efficiency and large subcarrier spacing than with L=63/71. 
Observation 3: NR PRACH with ZC sequences only will not allow a higher connectivity than LTE and will be limited by multi-user collision.   
Observation 4: Necessary mechanism to control the blind detection complexity should be provided, given potentially much larger PRACH spectral efficiency in NR compared to LTE.
Observation 5: Decreasing the PRACH spectral efficiency by additional time/frequency multiplexing is not desirable in low-frequency bands where bandwidth is limited and overhead is high.  
Observation 6: High PRACH spectral efficiency is also needed in high-frequency band since subsequent additional time/frequency resources must be also reserved to support UL beam scanning and DL beam reporting. 
Observation 7: OCC does not increase the PRACH spectral efficiency, and instead corresponds to an inefficient usage of the time-frequency resources. 
Observation 8: Coherent combining of two short PRACH symbol with OCC does not improve detection compared to one long symbol PRACH symbol. 
Observation 9: In case of large frequency offset, Option 2 with OCC has substantially worse detection performance compared to schemes which can utilize non-coherent combining. 
Observation 10: With high probability, only one gNB beam can be able to detect a preamble.
Observation 11: With quite low probability, the gNB beam may detect two preambles in two beams.
Observation 12: Unambiguous preamble format detection for Option 4 can be accommodated by either two-stage RAR or RAR for all detected preambles in a preamble format.
Accordingly, we have the following proposals: 
Proposal 1: NR should support PRACH preambles with ZC sequences of length L=127. 
Proposal 2: NR should support at least 64 PRACH preamble sequences per cell constructed from a single-root ZC sequence with m-sequence cover sequences.
· The m-sequence cover sequences have length L=127, and are obtained by cyclic-shifts of a single m-sequence generated from the generator polynomial .
Proposal 3: NR supports option 4 for gNB sweeping. 
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Appendix A: NR PRACH formats spectral efficiency 
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[bookmark: _Ref480901624]Figure 19: PRACH spectral efficiency of different proposed PRACH design for 4GHz carrier frequencies. 
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[bookmark: _Ref480901686]Figure 20: PRACH spectral efficiency [/s/Hz] of different proposed PRACH designs for above 30GHz carrier frequencies.





Appendix B
The considered preamble formats for evaluations are given in the table below. 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, Huawei_1 and Huawei_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 Huawei_1 and Huawei_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 1ms with 2 and 5 repeated symbols, respectively. Compared to LTE format 0, the sequence length of Huawei_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. 
For above 6 GHz carrier frequency, Huawei_4 and Huawei_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 Huawei_4 and Huawei_5 is again the sequence length such that one is compatible with m-sequences. 
Finally, Huawei_6 and Huawei_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 Huawei_6 and Huawei_7 is the sequence lengths which are 63 and 71, respectively. 
The multiple/repeated preamble formats with Option 4 in shown in Figure 21. For both Huawei_8 and Huawei_9 formats, one time slot contains two (K = 2) multiple/repeated preamble formats. The FFT sizes for Huawei_8 and Huawei_9 are 4096 and 2048, respectively. 
N_OS is the number of OFDM symbol and N_RP is the number of repeated sequences.






Table 2: Preamble formats 
	
	
	SCS
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)
	GT(Ts)
	Max cell radius 

	Huawei_1
	127
	7,5
	1,08
	{2,5}
	1
	1/30720
	4096
	3072
	15 km

	Huawei_2
	139
	7,5
	1,08
	{2,5}
	1
	1/30720
	4096
	3072
	15 km

	Huawei_4
	127
	30
	4,32
	1
	1
	1/(4*30720)
	1920
	1664
	2 km

	Huawei_5
	139
	30
	4,32
	1
	1
	1/(4*30720)
	1920
	1664
	2 km

	Huawei_6
	63
	120
	8,64
	6
	1
	1/(8*30720)
	1664
	1408
	0.8 km

	Huawei_7
	71
	120
	8,64
	6
	1
	1/(8*30720)
	1664
	1408
	0.8 km

	Huawei_8
	127
	60
	8.64
	1
	3
	1/(8*30720)
	896
	768
	0.5 km

	Huawei_9
	63
	120
	8.64
	1
	6
	1/(8*30720)
	480
	384
	0.3 km








[image: ]
[bookmark: _Ref481429283]Figure 21: Multiple/repeated preamble format with option 4. 










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

	Carrier Frequency
	4 GHz
	30 GHz

	Modulation
	DFT-s-OFDM

	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 [11]. 
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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