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Introduction
At RAN1#88bis and RAN1#89, the following was agreed for PRACH preamble design:
Agreements:
· NR RACH capacity shall be at least as high as in LTE
· Such capacity is achieved by time/code/frequency multiplexing for a given total amount of time/frequency resources
· For the shorter sequence length than L=839, NR supports sequence length of L = 127 or 139 with subcarrier spacing of {15, 30, 60, 120}kHz
· Note: this is based on the assumption that 240 kHz subcarrier spacing is not available for data/control
· FFS: 7.5 kHz subcarrier spacing
Conclusions:
· Continue study on necessity of RACH capacity enhancement and possible solutions (if capacity enhancement is necessary) until next meeting with considering at least following aspects 
· Capacity limit due to short sequence length (e.g., which can be applied to beam sweeping)
· Capacity due to higher subcarrier spacing
· Supported cell radius as function of PRACH preamble reuse distance
· Capacity impact due to cell radius impact on Ncs
· Possibility to exploit spatial separation
· Arrival rate of UEs within a beam/cell
· UE distribution within cell

In this contribution, we first discuss requirements and motivations of RACH capacity enhancement for NR and consider a PRACH preamble design using cover extensions of Zadoff-Chu (ZC) sequences in order to fulfill this requirement. We then discuss RACH preamble 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 
PRACH capacity
In LTE RACH, each cell has its own unique set of preambles generated from a pre-defined set of 64 Zadoff-Chu (ZC) 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

The large number of preambles 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 

Additionally, it has been agreed in RAN1 #88bis 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 defined in [2] the 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. In [2], the PRACH spectral efficiency was evaluated as a function of the cell radius. It was concluded that NR formats with  provides a minimum of 10 preambles per second per Hz for a cell radius of up to 7 km.  
NR PRACH capacity limit
In [2], it was shown that the consideration of short sequences with larger SCS compared to formats with  leads to a drastic decrease in PRACH capacity by an order of 100, and about 10 times less PRACH spectral efficiency.  This will lead to complex ZC root sequences planning in NR as the reuse factor can drop from almost 1000 with   to about 10 cells at 1 km cell radius.  
Capacity limit due to short sequence length
In [2], we provided an exhaustive comparison of the PRACH spectral efficiency of all proposed PRACH formats in [3], taking into account their sequence designs. For all the proposals with ZC sequences and SCS of at least 7.5 kHz which are compatible with short sequence length, the PRACH spectral efficiency was at least  times less than for LTE format 0. Proposals considering OCC or Omega-1 and ACS Zadoff-Chu sequences [3][6] had also much lower PRACH spectral efficiency than LTE, and only formats considering ZC with cover sequences have a higher PRACH spectral efficiency than LTE.
Capacity limit due to higher subcarrier spacing
Similarly, it was shown in [1] that for higher SCS with short sequence lengths, only ZC with cover sequences is able to offer a PRACH spectral efficiency which is as least a large as in LTE. Since the supported maximum timing offset should be less than the CP, which is itself ultimately less than one OFDM symbol of length , the maximum supported cell radius is thus reduced with larger SCSs as shown in Table 1. 
[bookmark: _Ref484707475]Table 1: Maximum supported cell radius as a function of SCS in order for the maximum PRACH CP to be long enough to avoid timing ambiguity.  
	 [kHz]
	
	Max cell radius 

	1.25 
	800
	108

	5 
	200
	29

	7.5
	133.3
	19

	15 
	66.7
	9

	30
	33.3
	4.2

	60
	16.7
	1.7

	120 
	8.3
	1.1


Capacity impact due to cell radius impact on Ncs
The PRACH capacity measured in number of supported cells for =139 and 7.5/15/30/60/120/240 kHz SCS is shown in Figure 1 as a function of the cell radius. In Figure 1 it is assumed that each cell has different roots with 64 different preambles as in LTE and that . As it can be seen the numerology as in LTE with , SCS = 1.25 kHz enables from 1000 to 100 cells with 64 different sequences from 1 to 10 km cell radius, respectively. Large SCS and short sequences, both, decrease the number of supported cells and the maximum cell radius that can be supported with ZC sequences. The number of supported cells at 1 km is decreased by a factor of 40 to more than 400 with  and SCS from 7.5 kHz to 60 kHz. Using a similar numerology as for LTE PRACH 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. Some combination of SCS and sequence length can barely support a reuse factor. It should furthermore be noted that preamble reuse factors of 7 could be too aggressive for small cells and lead to interference. 
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[bookmark: _Ref477186718]Figure 1: 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.
Supported cell radius as function of PRACH preamble reuse distance
The maximum cell radius in Table 1 does not account for the PRACH preamble reuse factor. The supported maximum cell reuse factors and maximum cell radius with 7 cell reuse factor are summarized in Table 2. Taking into account a reuse factor as small as 7, the supported cell radius is then much less than in Table 1, for example from 9 km to about 2 km with 15kHz SCS.   

[bookmark: _Ref485141140]Table 2: Maximum reuse factor and maximum cell radius for a reuse factor of 7 with ZC sequences. 
	
 [kHz]
	

	
Max. reuse factor [Cells]

	
Max. cell radius [km] with a reuse factor of 7 

	
	
	4.7 µs delay 
	0.6 µs delay
	4.7 µs delay 
	0.6 µs delay

	1.25 
	
	838
	
	108
	

	5 
	
	432
	
	29
	

	7.5
	139
	36
	73
	3.9
	4.5

	15 
	139
	19
	58
	1.7
	2.2

	30
	139
	10
	36
	0.4
	1

	60
	139
	4
	21
	0  
	0.4

	120 
	139
	
	12
	
	0.2



Thus from Sec. 2.2.3 and 2.2.4 we can conclude the following observation:
Observation 1:  PRACH preambles with ZC sequences of length L=127/139: 
· Reduce the PRACH preamble reuse factor compared to LTE by 40 times for 15 kHz SCS with 4.7 µs delay spread and for 60 kHz SCS with 0.6 µs delay spread. 
· Reduce the maximum cell radius with reuse factor 7 compared to LTE by 64 times for 15 kHz SCS with 4.7 µs delay spread, and by 270 times for 60 kHz SCS with 0.6 µs delay spread.
Capacity impact due to beam management
Additional new requirements compared to LTE for NR PRACH is to enable reporting of the DL SS beams via selection of PRACH resources/preambles. In order for NR RACH to report  SS block and at the same time have the same spectral efficiency as for LTE PRACH, a single RACH occasion in turn should be  times more spectrally efficient. In RAN1#88bis, it was agreed that the considered maximum number of SS-blocks within SS burst set is   =[1, 2, 4], [4, 8] and [64] for frequency range up to 3 GHz, from 3GHz to 6 GHz, and from 6 GHz to 52.6 GHz, respectively.  There is thus a need to increase the PRACH spectral efficiency by up to 4 times below 6 GHz, and 64 times for above 6GHz carrier frequency. 
Possibility to exploit spatial separation
Multiple beams gNB is able to sweep more than one beam in one RACH occasion such as to enhance the PRACH receiving performance, e.g., narrow beam sweeping or Rx beam sweeping due to no beam correspondence. Each UE may be only received by one or a limited number of gNB beams as shown in Section 5. The NR PRACH preamble design should facilitate the exploiting of spatial separation.
Arrival rate of UEs within a beam/cell
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 [2] and reference therein, the lower bound on miss-detection probability with multi-user collision was computed as a function of the average UE arrival rate assuming the arrival rate follows a Poisson distribution. 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.  
[bookmark: _Ref485229250]UE distribution within cell
An NR cell could be a rather wide geographical area containing multiple TRPs [4], hence the number of UEs in an NR cell may be far larger (for example 10~100 times) than that of a typical LTE cell. For contention-based RA with preambles randomly selected from a sequence pool, to maintain similar collision rate as in LTE where pool size is 64, the pool size in NR may be roughly scaled by 10~100 as well. For contention-free RA, there are the following possibilities:
· Solicited transmission: preambles are assigned by gNB when necessary; 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 associating each UE with a dedicated and distinct preamble in INACTIVE state or CONNECTED state [8][9].
In the second case of unsolicited contention-free RA, UE identity is associated with preamble and known by gNB. UE-dedicated preamble can be configured by the network. It can facilitate reducing RA procedure delay with only two steps, i.e., message 1 and 2, similar to the solicited contention-free RA, since detection of preamble automatically reveals UE identity. There are more use cases of unsolicited contention-free RA than that of solicited contention-free RA, where the latter only includes RA scenarios triggered from gNB side (e.g., handover, or new DL data but not uplink synchronized), while the former in addition can include RA scenarios triggered from UE side (e.g., new UL data but not uplink synchronized) and new state transition (from INACTIVE to CONNECTED). In the case of unsolicited contention-free RA, the number of dedicated preamble scales with the number of UEs 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 [8]. 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 2: NR PRACH with ZC sequences only will not allow a higher connectivity than LTE and will be limited by multi-user collision. 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 
With short ZC sequence length L=127/139, the sequence capacity is 7 times less than L=839 at the maximum supported cell radius, which itself is much less due to the larger SCSs agreed for L=127/139, cf. Table 1.
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 [7] is a type of FDM. 2) Preamble repetitions including 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. 3) Larger sequence sets [3]. In [2], we showed that with short sequence length, the only formats that have a higher PRACH spectral efficiency than LTE where the one considering larger sequence ZC sets by using ZC with cover sequences. 
More time-frequency resources 
Reserving a large PRACH frequency resource is not a desirable solution for low frequency band where bandwidth is already limited. For example in order to support PUSCH with 60 kHz SCS, a PRACH bandwidth of about 4 MHz is necessary. Since the PRACH bandwidth should fit in the minimum NR UE bandwidth which is 5 MHz for sub-6GHz carrier frequency, FDM of multiple preambles in this case is not possible.  
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 [6]. 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 decrease the overall PRACH spectral efficiency.  Increasing the amount of PRACH time-frequency resources for beam management will decrease the PRACH spectral efficiency by   times, 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 3: The PRACH spectral efficiency in NR is much lower than in LTE due to: 
2. A length L=127/139 ZC sequence offers ~7 times less PRACH preambles per PRACH resource.
2. DL beam reporting can require up to 64 times more PRACH resources.
2. In case of no beam correspondence, each UL beam requires a PRACH resource.
Hence, utilizing only TDM or FDM in order to provide more PRACH capacity will lead to unacceptably low PRACH spectral efficiency and large UL overhead.

Preamble repetition with OCC
Preamble repetition with OCC has been considered as an alternative to increase the PRACH capacity. In  [2], we showed that OCC does not fundamentally increase the PRACH capacity but instead corresponds to an inefficient usage of the given PRACH time-frequency resources.  Indeed, one could always use longer symbols, longer sequences, and/or TDM/FDM. 
Option 2 with OCC implies detection with coherent combining of two repeated CP-OFDM symbols. If coherent combining is possible, this means that one could instead transmit one long symbol with half the SCS. Even for the same sequence length, Figure 2 shows that OCC does not fundamentally increase the preamble capacity, while at the same time have potentially worse false alarm performance compared to a single long preamble. Additionally and also shown in Figure 2, preamble repetitions as in Option 2 and 4 of two short symbols leads to a cell coverage reduced by half compared to a long single preamble for the same time-frequency resource because the CP has to be shortened by half which reduces accordingly the timing estimation capability of the preamble. 
[bookmark: _Ref480556309]Moreover, it was shown in [2] that OCC increases the probability of false alarm as 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. The increased false alarm due to OCC hypothesis is also higher than for covered sequences.
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[bookmark: _Ref484683543]Figure 2: Comparison of FDM and OCC for the same time-frequency resource.

Finally, OCC limits the detection of repeated symbols to coherent combining. In order for coherent combining to be beneficial, the channel needs to be almost constant over the preamble duration, which would imply that the large SCS used is not needed. In this case, non coherent combining is preferable which is not compatible with OCC. In [2], it was shown that with 120 km/h speed, OCC with coherent combining performs worse than when non-coherent combining can be used. The fact that coherent combining is not desirable and Option 2 with OCC will bring performance loss has also been shown in [10].
Observation 4: OCC does not increase the PRACH spectral efficiency, but has a cell radius coverage reduced by half and increases false alarm rate. 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. Instead, ZC with cover 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. The performance of non-coherent combining with cover sequences not only provides a much higher capacity than OCC but a better false alarm [2]. 

ZC sequence with cover 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. In [2], we proposed a cell-specific sequence construction with cover extensions where only a single ZC root is used per cell, see Appendix A. 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. This construction can be systematically applied to support  cells (each with one root index and  cyclic shifts) with up to  cover sequences, thus the number of different preambles per cell is determined by: 

The maximum number of sequences with all roots if  is a prime is then:

Cover sequences with single root result in more sequences than for pure ZC with multiple roots  
There are  roots, and thus pure ZC with multiple roots achieves the maximum number of sequences  . 
Cover sequences with multiple roots result in  times more sequences than for pure ZC with multiple roots    
Taking into account all roots that can be allocated to different cells, cover sequences allow  times more sequences compared to pure ZC, i.e., 128- and 140- times more sequences with  and , respectively, as illustrated in Figure 3.
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[bookmark: _Ref485655025][bookmark: _Ref485655020]Figure 3: PRACH capacity enhancement with cover sequences assuming SCS=30kHz. Total number of sequences with all covers, all roots, and such that there is no ambiguity among the sequences with a maximum  timing uncertainty according to cell radius and [s].

There is no ambiguity for cover sequences with timing uncertainty
With the considered construction (Appendix A), there is no sequence ambiguity with timing uncertainty for ZC with cover sequences, i.e. a cyclically-shifted version of a sequence does not give another sequence in the set, as long as this cyclic shift  is less than , i.e., inside the zero-autocorrelation zone of ZC sequences. 
Recall that the set of ZC sequences is defined as  with  where  are root sequences with and . ZC with covered sequences are constructed by element-wise multiplication of these ZC sequences as                                 , where  with m-sequence cover. 
With a timing offset , one gets 
                   
  							
                                                      .
.
As ,  is not a integer and one cannot write the shifted sequence as another sequence  in the set. Therefore, there is no ambiguity and the maximum cross-correlation among different sequences is as given below. 
Considering PRACH preamble reuse factor, the effective cross-correlation with cover sequences is better than for pure ZC 
In [8], it is shown that the circular auto-correlation and cross-correlation of ZC with m-sequence covers from a single root are very structured, providing low-correlation zone with a maximum cross-correlation of  , i.e. approximately the same as for pure ZC with multiple roots [8], e.g., a value around 0.08 with  or . The maximum cross-correlation of ZC with m-sequence cover and multiple roots is of the order of the Carlitz-Uchiyama bound  [8].  Similarly, the maximum cross-correlation of ZC with P3 cover sequences always satisfies the Carlitz-Uchiyama bound . With  or , this is approximately 0.17 maximum cross-correlation among sequences in different cells. However, for pure ZC, due to the much smaller number of sequences, PRACH preamble reuse may be equal to 1 where ZC sequences are simply reused in the neighboring cells. This yields a correlation value of 1 which is much worse than 0.17.
Observation 5: For sequence length /, ZC with cover sequences enables /1times more different sequences than pure ZC, without sequence ambiguity if the timing uncertainty is less than the cyclic-shift offset . The maximum cross-correlation is 0.17 for sequences in different cells which is much less than a cross-correlation of 1 if pure ZC sequences are reused among neighboring cells.
Finally, in this contribution we consider further developments to improve this design.
P3-covered sequences only: For the considered cell-specific construction, ZC sequences extended with P3-cover sequence do not perform as well as ZC sequences extended with m-sequence cover sequence. In [2], it was shown that performance degradation for ZC-sequences with P3 covers is due to the coexistence with pure ZC sequences with covered sequences. However, the performance is subsequently improved, if only P3-covered sequences (without pure ZC) are used. 
M-sequence covers for : To render the m-sequence cover design compatible with the sequence length , we consider a m-sequence of length  which is extended to the length  by cyclic extension. Several covers are then obtained similarly by cyclic shifts of this extended m-sequence. 
Detection performance 
In this section, we provide performance evaluations of the ZC sequences with cover sequences with the preamble formats given in the companion contribution [5] and the same simulation assumption as previously agreed and given in [2] if not otherwise specified. For all simulations, 64 preambles are used, and only coherent accumulations of repeated symbols are considered.
4 GHz carrier frequency/ 10 s maximum timing offset/ 3 km/h speed
The format S15-13  in [5] has 13 repeated symbols spanning a slot/subframe of PUSCH with 15 kHz SCS. An advantage of this format compared to NR format 0 is that it has the same subcarrier spacing as PUSCH and thus could allow decreasing the receiver complexity. Detection performances are shown on Figure 4. The maximum timing error is set accordingly to +/-50% of the CP of PUSCH with 15 kHz SCS. Time symbols are coherently accumulated in the detection. The format S15-13 has 1 dB SNR loss in miss-detection probability compared to NR format 0, but can provide much better false-alarm. 
For the considered format S15-13 and scenario, all sequences meet the required  miss-detection at the same SNR, but ZC sequences with m-sequence cover perform the best in term of false alarm.  Similar performance is obtained with P3 cover if only covered sequences are considered. Extension of the m-sequence covers to the length  provides also good detection performance. 
In Figure 5, we consider the format S15-5 which has 5 repeated symbols which is designed to fit in a slot/subframe of PUSCH with 30 kHz SCS. The maximum timing error is set then accordingly to +/-50% of the CP of PUSCH with 30 kHz SCS. In this case, NR format 0 does not have a sufficiently large bandwidth and thus lead to timing estimation errors. The performance comparisons between the sequences are the same as in Figure 4 above. 
Observation 6: For sequence length L=139, ZC sequence with cyclically-extended m-sequence cover provides good detection performances.
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[bookmark: _Ref485133903]Figure 4: Detection performances of ZC with cover sequences with format S15-13. UE speed at 3 km/h, 4 GHz carrier frequency, and maximum timing offset of 10 s.
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[bookmark: _Ref485138605]Figure 5: Detection performances of ZC with cover sequences with formats S15-5. UE speed at 3 km/h, 4 GHz carrier frequency, and maximum timing offset of 10 s. Timing estimation according to PUSCH with 30 kHz SCS.

30GHz carrier frequency/ 5s maximum timing offset/ 3kmh speed
In Figure 6, we consider the format S30-5 which has 5 repeated symbols which is designed to fit in a slot/subframe of PUSCH with 60 kHz SCS. The maximum timing error is set then accordingly to +/-50% of the CP of PUSCH with 60 kHz SCS. All sequences meet the required  miss-detection in a 1dB  SNR window where ZC sequences perform the best. In term of false alarm, ZC and ZC with m-sequence covers perform the best. Finally, it can be noted that the all curves are shifted to a higher SNR regime compared to the simulations in Figure 7 below. This shows that the format in Figure 6 which is twice longer than the format in Figure 7 is too long compared to the frequency offset, and thus the coherent accumulations are destructive. Indeed, a repetition of 5 symbols with 30kHz spacing is equivalent than a single symbol with 6kHz SCS, while in this simulations the maximum frequency offset can reach 4.6kHz. Non-coherent accumulations could be considered for improving performance. 
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[bookmark: _Ref485318535]Figure 6: Detection performances of ZC with cover sequences with formats S30-5. UE speed at 3 km/h, 30 GHz carrier frequency, and maximum timing offset of 5 s. Timing estimation according to PUSCH with 120 kHz SCS.
30GHz carrier frequency/ 2.5s maximum timing offset/ 3kmh speed
In Figure 7, we consider the format S60-5 which has 5 repeated symbols which is designed to fit in a slot/subframe of PUSCH with 120 kHz SCS. The maximum timing error is set then accordingly to +/-50% of the CP of PUSCH with 120 kHz SCS. Here all sequence, meet the required  miss-detection at the same SNR. For below miss-detection values in this case the P3 cover sequences start to show a SNR degradation. Otherwise, the performance comparisons between the sequences are similar than above.
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[bookmark: _Ref485308787]Figure 7: Detection performances of ZC with cover sequences with formats S60-5. UE speed at 3 km/h, 30 GHz carrier frequency, and maximum timing offset of 2.5 s. Timing estimation according to PUSCH with 120 kHz SCS.
PAPR  
The complementary cumulative distribution function (CCDF) of the PAPR for the PRACH signal with ZC sequences with cover sequences is shown on Figure 8. PAPR should be measured on oversampled time-transmitted signal. Also, the PAPR of the transmitted PRACH signal is independent of the number of repeated symbols. 
The sequences are constructed as described above with a  to cover a 10 s maximum timing offset. All roots are taken into account in the plot. One can see that additional sequences from cover sequences can increase the maximum PAPR from 6.6 dB with pure ZC to 7.9 dB with ZC with m-sequence cover, i.e. it provides an increase of 1.3 dB. The increased PAPR with cover sequences is nevertheless less than the PAPR of PUSCH transmission with QAM constellations for both DFT-s-OFDM and OFDM modulation with 12 PRB. It is notably much less (about 4 dB) than the PAPR of OFDM with QAM constellations.
Equivalent evaluations for the cubic metric (CM) are shown in Figure 9. The CM is computed as given in [12]. Pure ZC sequence and ZC with cover sequences reach the same maximum cubic metric than DFS-s-OFDM with QAM constellations. All the curves meet at CM=1.22 at about 54% of the sequence sets. Therefore since the sets here of ZC with cover sequences are about 10 times larger than the set of pure ZC, ZC with cover sequences can allow 10 times more sequences with CM below 1.22. 
 Observation 7: As ZC sequences with cover sequences are constant envelope sequences, their PAPR and CM with DFT-s-OFDM is low, i.e., it is less than PUSCH with QAM constellations and with DFT-s-OFDM, and thus much less than QAM constellations with OFDM.
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[bookmark: _Ref485376457]Figure 8: CCDF of PAPR for PRACH signal with ZC sequences with cover sequences as compared to PUSCH with QAM.
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[bookmark: _Ref485371421]Figure 9: CCDF of CM for PRACH signal with ZC sequences with cover sequences as compared to PUSCH with QAM.

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 .

PRACH detection complexity reduction
The enlarged PRACH capacity (by the means of, i.e., m-sequence cover extension) not only offsets the limit due to shorter sequence length and higher subcarrier spacing in above 6 GHz, but also offer a possibility of maintaining a substantially larger connectivity for the enlarged NR cell. As discussed in section 2.2.8, a mechanism to reduce the blind detection complexity is required for contention based or unsolicited contention-free RA. For this purpose, a preamble format with 2-stage detection was proposed in [13]. A proper “grouping” of UEs is needed, so that a hierarchical procedure of first detecting UE groups before detection of individual UE is carried out to reduce the blind detection number. “Group” preambles and “unique” preambles in the 2-stage PRACH format identify UE groups and individual UEs, respectively. The idea of 2-stage detection and UE grouping can be applied to INACTIVE and IDLE UEs as well, besides CONNECTED UEs as discussed in [13]. For the unsolicited contention-free RA with UE-dedicated preamble (CONNECTED/INACTIVE), through UE-specific RRC signaling to assign new preambles to UEs, network can configure or update UE grouping semi-statically to lower the detection complexity as much as possible, based on the long term average estimate of contending UE ratio [13]. For contention based cases either prior to or after completion of RRC connection (IDLE/INACTIVE/CONNECTED), network can inform UEs via broadcast channel (SIB2) the information of preamble pool of both stages for UE to choose; such information can also be updated semi-statically to update UE grouping.
To avoid detection ambiguity, preambles in the second stage needs to be unique in all groups. To meet the capacity requirement, cover extension of sequences can be used for the second stage. One solution is as follows: preamble in the first stage of each group is one Zadoff-Chu sequence, and preambles in the second stage are the same ZC sequence covered by different m-sequences. The same set of m-sequences can be reused in each UE group to construct a set of sequences from its group preamble. Note that the group size in this case is limited to the m-sequence length. The index of ZC sequence and m-sequence can be notified to UEs, either via RRC signaling or SIB2.
Based on the above assumption, in this part we provide system-level simulation on the detection performance of the 2-stage PRACH compared to baseline 1-stage PRACH. The formats in our companion paper [5] S15-13, S15-5, S15-6x2, S15-3x2 are evaluated and compared (see Appendix B for the formats).
The target false alarm of the baseline single-stage PRACH is 0.1%. For 2-stage PRACH, the target false alarm rate for the first stage group detection is 1%; the target false alarm rate for the compound detection of both stages is 0.1%. For the four cases with different number of contending UEs {1,3,6,10} in simulation, UE group number for 2-stage detection is adopted respectively as {24,40,56,71} to minimize detection complexity. Other general parameters are listed in the Appendix C.
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Figure 10. Detection complexity (left) and performance (right) of 2-stage PRACH vs. 1-stage PRACH
Comparison is made between S15-13 and S15-6x2 which both works with PUSCH with SCS=15 kHz, and between S15-5 and S15-3x2 which both works with PUSCH with SCS=30 kHz. Note that all formats occupy the same amount of resources, but S15-6x2 has a little shorter sum sequence duration than S15-13, and S15-3x2 has a little longer sum sequence duration than S15-5. Miss detection rate of 2-stage PRACH is slighter higher under the same target false alarm, since miss detection in either stage contributes to the compound miss detection. With the selected UE group number in 2-stage detection for the 4 different cases of number of contending UEs {1, 3, 6, 10}, the number of blind detections in ideal case (no miss detection and false alarm in the first stage detection) is between 8% to 25% of 1-stage PRACH. In practice, the false alarm rate of 1% of the group detection in 2-stage PRACH ensures that the increased detection complexity in the second stage due to false alarm in the first stage is at most 1% of single-stage PRACH. With lower target false alarm of the first stage group detection, the detection number in the second stage is lower, but miss detection due to miss detected UE groups might be more.
Observation 8: 2-stage PRACH offers substantial complexity reduction at the cost of minor detection performance degradation.
Proposal 3: 2-stage PRACH with proper UE grouping should be supported as an option to reduce detection complexity for the much higher PRACH spectral efficiency in NR.

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 [14]. According to the agreed definition of preamble, sequence, and RACH symbol, as Figure 11 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 11. 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 3 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 12. 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 12 for the two channel scenarios. For NLOS channel in Figure 12(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 12(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 [8]. 
Observation 9: With high probability, only one gNB beam can be able to detect a preamble.
Observation 10: 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 [11]; 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 11: 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 [13], option 4 is able to provide better performance in gNB beam sweeping than option 1. 
Proposal 4: 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 12. Channel gains at multiple gNB beams 


Conclusions
The following are the observations that we have identified:

Observation 1: PRACH preambles with ZC sequences of length L=127/139: 
· Reduce the PRACH preamble reuse factor compared to LTE by 40 times for 15 kHz SCS with 4.7 µs delay spread and for 60 kHz SCS with 0.6 µs delay spread. 
· Reduce the maximum cell radius with reuse factor 7 compared to LTE by 64 times for 15 kHz SCS with 4.7 µs delay spread, and by 270 times for 60 kHz SCS with 0.6 µs delay spread.

Observation 2: NR PRACH with ZC sequences only will not allow a higher connectivity than LTE and will be limited by multi-user collision. Necessary mechanism to control the blind detection complexity should be provided, given potentially much larger PRACH spectral efficiency in NR compared to LTE.



Observation 3: The PRACH spectral efficiency in NR is much lower than in LTE due to: 
2. A length L=127/139 ZC sequence offers ~7 times less PRACH preambles per PRACH resource.
2. DL beam reporting can require up to 64 times more PRACH resources.
2. In case of no beam correspondence, each UL beam requires a PRACH resource.
Hence, utilizing only TDM or FDM in order to provide more PRACH capacity will lead to unacceptably low PRACH spectral efficiency and large UL overhead.
Observation 4: OCC does not increase the PRACH spectral efficiency, but has a cell radius coverage reduced by half and increases false alarm rate. 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 5: For sequence length /, ZC with cover sequences enables /1times more different sequences than pure ZC, without sequence ambiguity if the timing uncertainty is less than the cyclic-shift offset . The maximum cross-correlation is 0.17 for sequences in different cells which is much less than a cross-correlation of 1 if pure ZC sequences are reused among neighboring cells.
Observation 6: For sequence length L=139, ZC sequence with cyclically-extended m-sequence cover provides good detection performances.
Observation 7:  As ZC sequences with cover sequences are constant envelope sequences, their PAPR and CM with DFT-s-OFDM is low, i.e., it is less than PUSCH with QAM constellations and with DFT-s-OFDM, and thus much less than QAM constellations with OFDM.
Observation 8: 2-stage PRACH offers substantial complexity reduction at the cost of minor detection performance degradation.
Observation 9: With high probability, only one gNB beam can be able to detect a preamble.
Observation 10: With quite low probability, the gNB beam may detect two preambles in two beams.
Observation 11: 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: 2-stage PRACH with proper UE grouping should be supported as an option to reduce detection complexity for the much higher PRACH spectral efficiency in NR.
Proposal 4: NR supports option 4 for gNB sweeping. 
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Appendix A 
Cell-specific sequence construction with cover extensions: To construct  sequences with cover extensions, we thus proceed as follows: 
1. Select a single ZC root 0 < , and a cyclic shift offset   
2. Construct  cyclic-shifted ZC sequences as 

where .The cyclic shift  is base on the offset  to enable non-ambiguous timing estimation


3. If , select   covers  and construct complementary sequences by an element-wise multiplication of a ZC sequence  with the cover sequences   

. 

4. The total set of sequences is . If needed, a few sequences are disregarded such that the set size is exactly 64.

Cover sequences: In [2], we considered two sequence covers: a) m-sequence for  and b) 3rd-degree polynomial (P3) cover for , 
· M-sequence cover: 

with  and where the sequence  is a BPSK () modulated m-sequence. An m-sequence of length   is obtained via a 7th order polynomial applicable given by .
· 3rd-degree polynomial cover: The cover phase signature  with  is defined as 


Appendix B 

Table A. PRACH formats used in evaluation of Section 4
	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S15-13
	15 
	13 
	1 
	13*2048
	2048
	2048

	S15-5
	15 
	5
	1 
	5*2048
	2048
	3072

	S15-6x2
	15 
	6
	2 
	6*2048
	2048
	2048

	S15-3x2
	15 
	3
	2 
	3*2048
	1024
	1024


Ts = 1/30720 ms;

Appendix C 

Table B. System-level simulation parameters of Section 4
	Attributes
	Value

	Carrier Frequency
	4GHz

	Bandwidth/FFT size
	20Mhz/2048

	Number of TPs in NR Cell / detection hypothesis
	57 / 570

	Inter-TP distance
	200m

	Max Power of UE
	23dBm

	Height of TP/UE
	25m/ 1.5m

	Large-Scale Fading, Shadowing, Antenna Pattern, etc
	Follow 36.873

	Channel Type/Model
	Jakes/UMI

	UE Speed
	3km/h

	MIMO
	1x1

	Open-loop PC nominal power / compensation factor
	-104dB / 1.0

	Ncs
	17

	Preamble detector
	Similar in [1], and multi-TP joint detection is used such that a preamble is detected as long as at least one TP in NR Cell detects it. In simulation, for simplicity the detection TP size is set to 9 for each preamble.
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