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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At the previous meeting (RAN1 Ad Hoc) the following was agreed for PRACH design
· For down selection purpose, until the next meeting do evaluation of the following RACH SCS alternatives at least considering
· Robustness towards Doppler frequency, Beam sweeping latency, Link budget, Cell size, RACH capacity, frequency offset
· RACH SCS alternatives
· SCS = [1.25 2.5 5 7.5 10 15 20 30 60 120 240] kHz
· Note: in case RACH SCS = [15 30 60 120 240] there are two design options:
· use the same SCS as the subsequent UL data and control
· different SCS than the subsequent UL data and control
· The following RACH preamble sequence types are considered
· Zadoff-Chu
· M-sequence  
· Zadoff-Chu with cover extension using M-sequence

For single/multi-beam operation,
· For multiple/repeated RACH preamble transmissions, consider only option 1, option 2 and option 4
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH OFDM symbols, CP/GT between RACH symbols is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH symbols
· Option 2/4: The same/different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Study:
· Multiplexing with different orthogonal cover codes
· Independent RACH sequences in a RACH preamble
· For supporting various coverage and forward compatibility, flexibility in the length of CP/GT and the number of repeated RACH preambles and RACH symbols is supported
· Note: specific use of these three options may depend on RACH subcarrier spacing and TRP beam correspondence

· NR defines that:
· a random access preamble format consists of one or multiple random access preamble(s),
· a random access preamble consists of one preamble sequence plus CP, and
· one preamble sequence consists of one or multiple RACH OFDM symbol(s)
· UE transmits PRACH according to the configured random access preamble format

In this contribution, based on the agreement from the previous meeting (RAN1#87), we first discuss general requirements on RACH resource configuration and channel design, and consider a RACH preamble design using m-sequences and Zadoff-Chu (ZC) sequences. 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, while option 1/2/4 should be further studied for scenarios without beam switching Furthermore, for connected mode UEs with dedicated preamble, two/multi-stage detection should be supported to reduce detection complexity. 

[bookmark: _Ref129681832]General Requirements
In LTE, each cell sends RACH configuration index in SIB2, which includes information that determines available RACH time-frequency resources and formats (ZC-roots, cyclic prefix and sequence duration). It is expected that for NR, the RACH sequences and resources are configured by the NR Cell and broadcast from NR Cell to all UEs within its coverage area. 
As NR Cell may include many TRPs, the number of UEs in its coverage area can be much larger than the number of UEs in a typical LTE Cell. This means that, for idle mode UEs with randomly selected preambles, there should be a larger pool of available sequences and time-frequency resources to avoid, or at least, to minimize the possibility of RACH transmission collision between two UEs in a NR Cell.
Observation 1:  Compared to LTE Cell, more time-frequency resources and NR RACH sequences should be available per NR Cell for idle mode UEs to reduce the possibility of collision. 
Since NR Cell may cover a large region, two UEs in two different parts of an NR Cell may randomly select the same NR RACH sequence in the same time-frequency resources without resulting in a collision. This is possible, for instance, if UEs’ RACH sequences are received by two disjoint TRP sets in NR Cell. In such a case, TRP can deduct that RACH sequences are sent from two different UEs.
To avoid inter-cell RACH collision, disjoint sets of preamble sequence sets are assigned to the UEs of neighboring LTE cells. RACH resource configuration of neighboring cells can also be configured such that the collision of PRACH time-frequency resources among neighboring cells is minimized. In NR, similar features can also be supported to avoid RACH collision between neighboring NR Cells.
The RACH may be transmitted and received with single and/or multiple beams, and the following requirements should be considered.
· Support flexible TX and/or RX beam switching for multi-beam RACH. In this scenario, TRP or UE may switch the RX or TX beams within the duration of the preamble transmission. The beam switching timing at TRP and UE sides should be configurable for different purpose, e.g.,
· When TRP and UE have beam correspondence. UE may acquire the beam pair through downlink beam acquisition procedure. Then, in the RACH procedure, UE can transmit its preamble sequence only in the acquired beam pair, and no beam switching is needed.
· When UE has no/limited beam correspondence. UE cannot assume that the acquired downlink beam pair is also the best for uplink. Therefore, UE may transmit its preamble sequences in all possible TX-RX beam pairs, or in several selected TX-RX beam pairs based on its downlink measurement. 
· For uplink beam management purpose. UE may utilize RACH preamble to refine its uplink beams. In this case, UE also need transmit its preamble sequences in multiple TX-RX beam pairs.
· For scheduling request purpose. In this case, UE may transmit a sequence with a particular beam pair in a non-contention based manner.
· For single-beam RACH, support multiple preambles under 2-stage/multi-stage preamble detection to reduce blind detection complexity of connected mode UEs.
Observation 2: The following requirements should be satisfied for multiple/repeated RACH preambles, at least in multi-beam scenario: flexible UE/TRP beam switching, and support of 2-stage/multi-stage preamble detection.


Sequence Design
In RAN1 NR AH meeting, it was agreed that the RACH channel need to support
· multi-beam operation during RACH preamble transmission in the case of no Tx/Rx reciprocity. 

· implicit reporting of DL Tx beam to TRP. For this, association between DL synchronization signal and a subset of RACH resources is considered in the case of Tx/Rx reciprocity. When Tx/Rx reciprocity is not available, RACH preamble/resource could be further considered. 
It was also agreed that RACH resources refers to time-frequency resources. Hence the association between DL SS and RACH resources requires dividing the available time-frequency RACH resources into multiple small subsets, each for one RACH preamble. Supporting DL/UL multi-beam operation by time-frequency mapping only will either result (i) in a much larger total overhead and bandwidth allocation than in LTE, or (ii) in a smaller allocated time-frequency resource per single RACH preamble. The situation is further worsen especially when Tx/Rx reciprocity is not available, where a large number of RACH resources/sequences is needed to support both multi-beam RACH operation and DL Tx beam reporting, making the overhead even larger or the available RACH resource per RACH preamble even smaller. A smaller frequency resource for one RACH preamble implies a short sequence length and thus less available sequences (with also higher correlation). In the meanwhile, a small time resource allocation per preamble will limit the cell coverage radius. It is thus needed to further consider using RACH preamble sequences to indicate the DL SS. For this purpose, the pool of available RACH sequences needs to be increased. 

Proposal 1: Consider increasing the number of RACH preamble sequences to support DL Tx beam reporting.

Increasing the pool of RACH sequences for NR





In LTE, RACH sequences constructed from cyclic-shifted ZC sequences of length  form a quasi-orthogonal (QO) set. Sequences in two orthogonal sets of the LTE RACH construction have pairwise cross-correlations bounded by  which is referred as quasi-orthogonal. The number of such LTE RACH orthogonal sets is at most, which almost achieves its theoretical upper bound  [2]. To further increase the RACH preamble capacity to support initial access in NR, one thus has to allow an increase in the pairwise cross-correlations, which at the same time should be kept as small as possible to minimize interference and collision. In [3], it is shown via the so-called Carlitz-Uchiyama bound that an enlarged structured construction would inevitably introduces inner product of the order of . 
Quasi-orthogonal superset of ZC sequences with m-sequence cover extension


Using cyclic versions of an m-sequence as different cover extensions of the original LTE QO sequences  can provide an enlarged set of sequences  at the price of a relatively small increase of the maximum pairwise cross-correlations. This is written mathematically as 


                                        =                                          			
where
· 
 is the set of original cyclic-shifted ZC sequences, in which each sequence is written as 
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is a root of unity with j =. 
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 is the sequence length with .
· 



the index represents different ZC roots which should be chosen such that u and  are respective primes.  If is a prime, then 
· 

the index represents cyclic shifts of a root ZC sequence with cyclic shift offset.                                                                
· 



and is a cover extension of the original set obtained by multiplying all sequences in  with a common m-sequence cyclic-shifted by . A binary m-sequence can be defined as 



                                                   


where is a primitive element of the Galois field. 

Cross-correlation properties	






In [3], it is shown that cover extensions of cyclic-shifted version of a single root ZC sequence produces a set of sequences with their pairwise cross-correlations equal to , i.e., very close to be orthogonal or quasi-orthogonal. For sequences made from different ZC root sequences, the inner product is of the order of , i.e. very close to the Carlitz-Uchiyama bound for large. In total, the construction allows an enlarged set with up to -times as many sequences with maximum pairwise cross-correlation of the order of 



The normalized correlations of the obtained cover extension is illustrated in Figure 1, where the original set is based on the two first ZC root sequences with = 63 with 9 cyclic-shifts of each by= 7, hence a total of 18 sequences. The cover extension is obtained by further multiplying them by 25 cyclic-shifted version of an m-sequence of the same length = 63, hence here a total of 1825 = 450 sequences. 




In Figure 1, the deep blue color corresponds to perfect orthogonality, and the yellow color to totally correlated sequences. For the same ZC root sequence, the cover extension produces sequences with normalized cross-correlation , i.e., nearly orthogonal. The cover extensions of cyclic-shifted versions of the same ZC sequence have  cross-correlations. The maximum cross-correlation between sequences with different ZC roots is , slightly above than the Carlitz-Uchiyama bound for 3 degree polynomial that gives here . 
Observation 3: Cyclic versions of an m-sequence as different cover extension of cyclic shifted ZC sequence provide a large structured set of sequences with nearly optimal pair-wise cross-correlation.
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[bookmark: _Ref469558516]Figure 1: Normalized correlation among the proposed extended set of sequences.

Miss-detection probability






The miss-detection probability with the proposed extended construction is evaluated here by link level simulation. The main simulation parameters are provided in appendix. Simulations are performed with = 63,= 7 and one root ; and the original set is thus made of  sequences.  This set is extended by 1 to 3 covers via different cyclic shift of the same m-sequence, i.e. to a total of , 27 and 36. For comparison, a set of  m-sequences is also considered in which sequences are multiplied by a cell-specific base offset as proposed in [4]. Detection is set according to a threshold satisfying a probability of false alarm <0.1% when input is noise only. 
Figure 2 compares the miss-detection probability between the original ZC, the m-sequence sets, and two, three and four times larger enlarged sets obtained by m-sequence cover extensions of the original ZC sequences. All sequence sets perform similarly, and thus enlarging the pool of sequences does not deteriorate the miss-detection probably since all sequences have low-cross correlation properties. In the simulations of Figure 2 only single RACH transmission is considered and thus no collusion appears. 








The benefit of an increase set size can be observed when simultaneous multiple access is considered as in Figure 3.Therein, users randomly and asynchronously transmit a RACH preamble according to a Poisson distribution . An average of one user access is used in the simulations.  As it can be seen the miss detection probability in high SNR reaches an error floor due to collusions. This error floor is a function of the user access probability and the number of available sequences. The higher number of sequences available, the less collusion will occur and thus the smaller miss detection. This asymptotic limit can be computed analytical as follows: If  users out of  select the same sequence, they are bounded to collide and at least users will be miss-detected, so that at high SNR, the probability of miss-detection is



                                                       .                                                                 
Then the final high-SNR miss-detection probability is obtained after averaging as

.

As can be seen on Figure 3, the miss-detection probability achieves its predicted value in high-SNR, which can be significantly decreased with the use of cover extension. 

Proposal 2: Support cover extension of ZC sequences by multiplying them with different cyclic-shifted versions of an m-sequence. 



[image: ]
[bookmark: _Ref473725960][bookmark: _Ref473724252]Figure 2: Miss-detection probability of single user RACH transmission with original ZC set, an m-sequence set of the same size, and enlarged set of covered ZC with different sizes. 
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[bookmark: _Ref469558538]Figure 3: Miss-detection probability with multiple asynchronous user randomly transmitting RACH preamble according to Poisson process with one user on average.   Comparison between an original set of cyclic shifted ZC sequences and different cover extensions by a cyclic shifted m-sequence. High-SNR miss detection according to the set size is displayed by a horizontal dashed line.
 
Comparisons with other proposed sequence constructions 
Cyclic-shifted ZC sequences: The original design used in LTE has good correlation properties and reasonable PAPR. However the size of the available pool of sequences is limited, which will result in a higher collision probability if more users need to be supported in NR, and/or if sequence selection is used for SS reporting.
Circular delay-Doppler shifted m-sequences: A m-sequence design is proposed in [4] where cyclic shifted m-sequences are multiplied by a cell-specific base offset. M-sequences are shown to have better false alarm probabilities than ZC sequences in doubly-dispersive channel. Coexistence with cyclic-shifted ZC is also considered. The m-sequence design in [4] is by construction similar to the extension above and results to similar properties if one does not consider its coexistence with ZC sequences. However, the cover extension above differs with [4] in that 
· The construction in [4] has a phase signature parameter  selected to be larger than the maximum expected Doppler spread, which is used to provide benefit against frequency dispersion. It is not clear how this phase signature parameter can be selected while at the same time known by both the UE and the TRP.
· 


The sequences with cell-specific base offset in [4] have higher cross-correlations with the original ZC sequences. Comparatively, in our sequence design above, the cell-specific base offset is replaced by the original cyclic-shifted ZC-sequences. This improves the coexistence with the original ZC sequences. Figure 3 below illustrates the cross-correlation of the two schemes. For our scheme, 9 cyclic versions of a root sequence ZC sequence (= 63 ,) with and without cover extension by an m-sequence is considered, which generates 18 sequences in total. For the scheme in [4], the same 9 cyclic versions of a root sequence ZC sequence (without cover extension) and 9 cyclic shifts of a m-sequence (with the same shift offset  as the original ZC sequences and a cell-specific base offset as in [4]) are considered together, which generate the same number of 18 sequences. As it can be seen, unlike the cover extension above, the cross-correlation between the additional m-sequences from [4] and the original ZC sequence is dependent of the cell-specific root index u (and also the parameter f). Secondly, for a given root index, the cross-correlation is observed to be higher (0.34 for u=1 and 0.28 for u=11 than for the cover extension above (0.13). 
[image: ]
Figure 4: Normalized correlation among extended set of sequences. The first 9 sequences are cyclic shifted ZC sequences; the 9 additional sequences are m-sequences according to the cover extension above or to the construction in [4].
· Finally, the construction in [4] has less degree of freedom as cyclic-shift of the cell-specific base offset is not considered. The cover extension above enables to construct more sequences as it allows having different cyclic-shifts of the base m-sequence and the root ZC sequences.
Orthogonal Cover Codes (OCC): This proposal enables to create additional long sequences by repeating X-times the same short sequence and multiplying it with different orthogonal spreading codes of length X.  However, orthogonality among the OCCs will be lost if the channel is different between the repeated sequences as e.g. in the case of beam switching discussed in Section 4.1.2 below. The cover extension above is not about spreading in time the same sequence but creating an extended pool of sequences irrelevantly of any repetition pattern. 
Preambles Format Design
In LTE, five preamble formats are defined with different length of CP and sequences in order to satisfy various coverage requirements. In NR, it is expected that multiple configurations of the length of CP and sequence should also be supported, considering diverse coverage and frequency bands will be supported in NR. A preamble format in NR should include at least the CP length and sequence length, which is same as LTE. In addition, considering repeated/multiple preambles may be used to facilitate flexible beam switching, other parameters, e.g., the number of repeated/multiple sequences and the TRP/UE beam switching timing, may also need to be informed to UE along with the preamble format configuration.
Observation 4: Multiple preamble formats with different length of CP and sequence are needed in NR to support different coverage requirement. Additional configurations, such as the number of multiple/repeated preambles and the beam switching timing, may also need to be informed to UE.
In RAN1 NR AH meeting, option 1, 2 and 4 were agreed to be considered for multiple/repeated preambles. Option 1 with the lower overhead, is better to be used for scenarios without (Tx or Rx) beam switching, and is similar to LTE PRACH formats. For scenarios with beam switching, the three options are compared in the following section 4.1.
Comparison among option 1, 2 and 4 under scenarios with beam switching
For simplicity, we assume a random access preamble format that consists of two RACH OFDM symbols. According to the agreed definition of preamble, sequence, and RACH symbol, as Figure 3 shows, for option 1, CP is omitted between two consecutive repeated RACH OFDM symbols. For option 2 and 4, CP is inserted between two RACH sequences, the difference between these two options is whether the sequences are the same or not.
[image: ]
Figure 5: example of structure of option 1, 2 and 4, assuming a total of two RACH OFDM symbols
TRP beam sweeping
If TRP beam sweeping is configured, the RX beam will be switched between two consecutive sequences. As Figure 6 shows, for option 1, although previous RACH symbol can still act as the CP for the next RACH symbol, the hardware beam switching transition time will corrupt the received signal. Therefore the detection performance of preambles will be degraded. This issue may be worse in higher frequency band, e.g., above 40GHz, where wider subcarrier spacing will be used, and the relative hardware switching time may be longer.
[image: ]
[bookmark: _Ref473117876]Figure 6: the impact of beam switching transition time for option 1
On the other hand, for option 2 and 4, the hardware beam switching time could be well absorbed in the duration of CP. Therefore no performance loss will be caused.
[image: ]
[bookmark: _Ref473118496]Figure 7: the impact of beam switching transition time for option 2 (option 4 is similar)
Observation 5: The beam switching transition time degrades the performance of option 1 in multiple TRP beams case.
Preamble multiplexing and collision probability
In NR, multiple subbands may be used for PRACH. A user can access the TRP with several subbands according to a frequency hopping pattern, and frequency diversity can be utilized and more preambles can be provided. With frequency hopping, a RACH preamble corresponds to a frequency hopping pattern. However, as Figure 8 shows, option 1 is unable to support frequency hopping due to the absence of CP while option 2 and option 4 work well. 
Observation 6: Option 2 and option 4 support frequency hopping for better performance in multiple PRACH subbands case.
Besides frequency hopping, sequence hopping is another widely used approach for collision/interference reduction, which could be utilized by option 4. Furthermore, frequency hopping and sequence hopping can be combined together to further reduce to collision probability. However, the detection complexity at the TRP may be increased. Appropriately designed hopping patterns can be used to balance the collision and the receiver complexity, e.g., use a subset of possible patterns (not all the possible patterns) in a cell and different subsets in different cells. 
Observation 7: Frequency and/or sequence hopping should be considered to reduce the collision probability.
[image: ]
[bookmark: _Ref473876623]Figure 8: pseudo-random hopping in two sub-bands with two RACH OFDM symbols
To compare the collision probability of the three options intuitively, we reuse the structures in Figure 6, Figure 7, and Figure 8, and 4 sequences are available, i.e., S1, S2, S3 and S4. In option 1, one sequence out of these four is repeated and concatenated as a single sequence of the preamble. Here we consider multi-beam case only. In such a case, OCC is infeasible for option 2. The supported preambles are shown in Table 1, where options 1 and 2 have four candidate sets of preambles, and option 4 has 16 candidate sets of preambles. In this example, option 4 uses all possible preambles for RACH. Note that a subset of them can also be used to compromise the collision and complexity as described above. However, the preamble sets are not fully orthogonal between each other for option 4, partial collision may happen even different preamble sets are used by multiple UEs.
[bookmark: _Ref473124547]Table 1. Supported sets of preambles of three options
	Preamble set index
	Option 1, or option 2 without OCC
	Option 4

	1
	(S1 S1)
	(S1 S1)

	2
	(S2 S2)
	(S2 S2)

	3
	(S3 S3)
	(S3 S3)

	4
	(S4 S4)
	(S4 S4)

	5
	
	(S1 S2)

	6
	
	(S2 S3)

	7
	
	(S3 S4)

	8
	
	(S4 S1)

	9
	
	(S1 S3)

	10
	
	(S2 S4)

	11
	
	(S3 S1)

	12
	
	(S4 S2)

	13
	
	(S1 S4)

	14
	
	(S2 S1)

	15
	
	(S3 S2)

	16
	
	(S4 S3)



[bookmark: _GoBack]Consider the collision probability of a preamble format design with F subbands, a sequence pool size of M and a total of N sequences, and the N sequences can be hopped over the F subbands. For option 2, collision happens when multiple UEs select the same preamble set and same subband. For option 4, since the N sequences can be detected over the F subbands separately, the users are resolvable if the used sequences or subbands are different in at least one RACH symbol. In other words, the collision happens only when multiple UEs conflict in all the N sequences and F subbands. In the following, we model the upper bound of collision probability of option 4 as N-th power of the collision probability of option 2. Option 1 and 2 have the same collision rate. Specifically, the collision probability of K users is 


In Table 2, the collision probabilities for UEs that perform random access with preamble sets listed in Table 1 are summarized. It can be seen that if number of UEs is small, option 4 get much smaller collision probabilities than the other two options. When the number of UE increases, option 4 still outperforms option 1 and option 2.
[bookmark: _Ref473125082]Table 2. Collision probability
	# of subbands
(F)
	# of UEs
(K)
	Collision probability

	
	
	Option 1, or option 2 without OCC
	Option 4 (upper bound)

	1
	2
	0.25
	0.0625

	
	3
	0.625
	0.39

	
	4
	0.906
	0.82

	
	5
	1
	1

	2
	2
	0.125
	0.0156

	
	4
	0.5898
	0.3479

	
	6
	0.9231
	0.8521

	
	8
	0.9976
	0.9952

	
	9
	1
	1



Observation 8: Option 4 gets smaller collision probability than options 1 and 2, especially in the case that UE number is small.
From the above discussion on PRACH format of idle mode UEs, under beam switching scenarios option 4 is preferred to option 1 and 2. For scenarios without beam switching, all the three options can work, and their performance highly depend on other factors of the PRACH design which are not clear yet, e.g., the subcarrier spacing, CP length, sequence length, repeated times of sequences, etc. So further evaluation and comparison are needed for the cases that beam sweeping is not needed, by taking all the impact factors into account. 
Proposal 3: NR supports option 4 in beam sweeping scenario, and further evaluate option 1, 2 and 4 in the scenarios without beam sweeping.
Preamble format with 2-stage/multi-stage detection for connected mode UEs
For idle mode UE with contention-based RACH, preamble formats can be similar to LTE (with format 0-4 to support different coverage scenario). Preamble, CP, and GT can be different in length for different formats to accommodate different coverage requirements.
To support UE-cell-center-like experience, a dedicated identifier is assigned to UE in connected mode across the NR Cell [5]. This dedicated UE ID can be carried in message 1 of RACH as UE-dedicated preamble. Note that this dedicated preamble has a one-to-one mapping relationship from UE ID, and is different from LTE dedicated preamble which is assigned to UE. The UE-dedicated preamble can be derived from UE ID and is also possible to be configured by UE-specific signaling in DL, and can be used in connected mode for: handover, data arrival without UL sync, RRC connection re-establishment, TA acquisition for positioning purpose, or during the transition from connected inactive mode to connected active mode.
However, due to the large number of connected mode UEs in an NR cell, which is formed with multiple TRPs [5], blind detection of all dedicated preambles incurs a higher complexity.
Observation 9: Complexity of blind detection of connected mode UEs with dedicated preambles is high.
Given the above consideration, 2-stage preamble detection is proposed for UE-dedicated preamble to reduce the detection complexity. An example format is shown below.
[image: temp]
[bookmark: _Ref469559150]Figure 9. 2-stage preamble detection with two short time-multiplexed preambles
The two short preambles, namely “preamble 1” and “preamble 2” in Figure 9, are denoted as shared-preamble and unique-preamble respectively for ease of illustration. Part of connected mode UEs in an NR cell may have the same shared-preamble, and these UEs are said to form a group. UE is not aware of its group and which other UEs are sharing the shared-preamble with it. The unique preambles (Preamble 2) are distinct among UEs, no matter within a UE group or among UE groups.. In the first stage, the detection of shared-preambles determines which UE groups contain UEs that actively send preambles. In the second stage, for the detected UE groups, detection of unique-preambles further determines UEs that actively send preamble. The multiplexing of two preambles can be TDM as shown in Figure 9 with two CPs, and can also be FDM at the cost of increased PAPR.
The detection of UE groups removes UE groups that do not contain any active UE sending preamble from detection at the second stage, hence may reduce the overall number of blind detections. In order to avoid detection ambiguity, unique-preambles should not be reused among UE groups, i.e., unique-preambles are not only unique in each group but also unique in the entire NR Cell. So the supported UE pool size with 2-stage detection is determined from the unique-preamble. 
Table 3 gives an example format of the 2-stage preamble in time domain based on similar structure in Figure 9, assuming data subcarrier spacing of 15 kHz and 1ms uplink-only subframe length. This example format is derived from LTE format 0 with the same duration and delay spread.
[bookmark: _Ref469559221]Table 3. Example Format of 2-Stage Preamble
	TCP1
	TSEQ1
	TCP2
	TSEQ2
	TGT
	max DS
	max coverage

	68.75us (2112×Ts)
	400us (12288×Ts)
	68.75us (2112×Ts)
	400us (12288×Ts)
	62.5us (1920×Ts)
	6.25us
	9.375km







The shared-preamble and unique-preamble are equal in time in Table 3, since the coverage of RACH is determined by the minimum length of the two preambles; however, these two preambles can also have different time-format for more flexible sequence pool size management. The 400us preamble length leads to a subcarrier spacing of 2.5 kHz for each preamble. Assuming Zadoff-Chu sequence and 6 RB in frequency domain for RACH resource, the length of the sequence in each preamble can be chosen as NZC = 421 < 6×12×6. Based on the maximum supported coverage 9.375km and max supported delay spread 6.25us, cyclic shift lower bound can be determined as , where  is the additional guard samples for the pulse shaping filter as in LTE. For each root the available cyclic shifts are , and the total sequence pool size in each preamble is 5*420=2100. When coverage radius is smaller than the above maximum supported coverage of 9.375km, larger sequence pool size can be supported by configuring smaller . For the case where unique-preambles are not reused among UE groups, in this example, the supported maximum UE group number and maximum UE number in connected mode are both 2100. With the use of cover extension on top of ZC sequence as in Proposal 1, the UE pool size can be further increased.








In the following the blind detection complexity is analyzed. Suppose there are  connected mode UEs with dedicated preambles which are separated into  UE groups with equal size, and there are  UEs transmitting preamble in the same RACH resource. Given these  active UEs uniformly distributed in  UE groups, the number of UE groups  that contain at least one active UE sending preamble has the following approximate distribution of , where  is the Stirling number of the second kind. The above is a close approximation since it does not consider the per-group UE number limit of T/M. The sum number of detections of the 2-stage detection is hence

.




In the worst case where all UEs actively send preambles on one RACH resource, the blind detection number is (if ). In the best case where only UEs in one group send preambles on one RACH resource, the blind detection number is . With more UE groups, the first stage requires more detections but the second stage requires fewer detections. The optimal  can be obtained by numerical evaluation of the above equation.
[image: ]
[bookmark: _Ref469559247]Figure 10. Blind detection number as a ratio to the total connected mode UE number (T=2400)
Figure 10 shows the ratio of blind detection number as a ratio to the total connected UE number (T=2400 is chosen in this evaluation). The optimal UE group number is marked as red circle, and the corresponding number of detections can be reduced to 4% to 30% compared to exhaustive blind detection of all connected mode UEs. NW can optimize the UE group number by configuring new shared-preambles to some UEs through UE-specific signaling to increase/decrease UE group number, so that the optimal UE group number is set according to the long-term estimation of the ratio of accessing UEs to connected UEs in an NR cell. In addition, since the fewer the UE transmit simultaneously on one resource the smaller the number of detections is in 2-stage detection, the number of time-frequency resources should be configured such that the number of simultaneous PRACH transmission in each resource is minimized. NW can also configure different size of UE group according to UE access activity, e.g., smaller size for UEs with frequent access activity and larger size for UEs with infrequent access activity.
Proposal 4: NR should support 2-stage/multi-stage preamble detection for UEs in connected mode with UE-dedicated preamble, at lease in single-beam case. For this purpose, option 4 of multiple RACH preambles is used.
For scenarios with multi-beam switching, it needs to be further studied on how to combine preamble format of 2-stage/multi-stage detection with multiple/repeated RACH transmission for connected mode UEs with beam switching.

Conclusions
In this contribution, we have considered the various aspects related to RACH for NR including the sequence design and preamble formats. The following are the observations that we have identified:
Observation 1:  Compared to LTE Cell, more time-frequency resources and NR RACH sequences should be available per NR Cell for idle mode UEs to reduce the possibility of collision. 
Observation 2: The following requirements should be satisfied for multiple/repeated RACH preambles, at least in multi-beam scenario: flexible UE/TRP beam switching, and support of 2-stage/multi-stage preamble detection.
Observation 3: Cyclic versions of an m-sequence as different cover extension of cyclic shifted ZC sequence provide a large structured set of sequences with nearly optimal pair-wise cross-correlation.
Observation 4: Multiple preamble formats with different length of CP and sequence are needed in NR to support different coverage requirement. Additional configurations, such as the number of multiple/repeated preambles and the beam switching timing, may also need to be informed to UE.
Observation 5: The beam switching transition time degrades the performance of option 1 in multiple TRP beams case.
Observation 6: Option 2 and option 4 support frequency hopping for better performance in multiple PRACH subbands case.
Observation 7: Frequency and/or sequence hopping should be considered to reduce the collision probability.
Observation 8: Option 4 gets smaller collision probability than options 1 and 2, especially in the case that UE number is small.
Observation 9: Complexity of blind detection of connected mode UEs with dedicated preambles is high.

Based on the above observations, we propose:
Proposal 1: Consider increasing the number of RACH preamble sequences to support DL Tx beam reporting.
Proposal 2: Support cover extension of ZC sequences by multiplying them with different cyclic-shifted versions of an m-sequence.
Proposal 3: NR supports option 4 in beam sweeping scenario, and further evaluate option 1, 2 and 4 in the scenarios without beam sweeping.
Proposal 4: NR should support 2-stage/multi-stage preamble detection for UEs in connected mode with UE-dedicated preamble, at lease in single-beam case. For this purpose, option 4 of multiple RACH preambles is used.
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Appendix 

Table 4 Link-level-simulation assumptions in Figure 2 and Figure 3
	Carrier frequency 
	4 GHz

	Channel model 
	TDL-C, AWGN

	Delay scaling 
	100 ns

	Frequency offset
	+/- 0.05 ppm at TRP ,  +/-0.1 ppm at UE

	UE speed
	3 km/h

	Delay/timing offset 
	Uniformly distributed in [0, 20us] (3km cell size)

	PRACH SCS
	1.25kHz

	FFT size
	2048

	Sampling frequency
	30.72MHz

	T_SEQ 
	24576 Ts 

	T_CP
	3158 Ts

	False Alarm with noise only
	<0.1%

	UEs access probability
	According to Poisson process
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