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1	Introduction
During the NR Study Item, RAN1 has established requirements and scenarios for NR [1] and has identified technology components that are needed to standardize the NR system [2]. The objective of the work item phase is to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low latency communications (URLLC) considering frequency ranges up to 52.6 GHz and considering forward compatibility and introduction of new technology components for new use cases.
In this contribution, we discuss the random access channel capacity, in particular, we consider the following aspects of RACH
· RACH preamble sequence capacity of long and short preamble formats.
· RACH use cases and impact on RACH sequence capacity.
· Methods for increasing RACH preamble sequence capacity.
2	PRACH preamble sequence capacity
In RAN#88-bis [3], the following agreement was reached:
Agreements:
· 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

This was subsequently augmented in RAN1#89 [4], with the following agreements
Agreements:
· 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


In addition, the RACH preamble formats for the long sequence shown in Table 1 are agreed or are working assumptions.
[bookmark: _Ref484777864]Table 1: RACH preamble formats for long sequence.
	Format
	L
	SCS(kHz)
	BW (MHz)
	N_OS
	N_RP
	T_SEQ (Ts)
	T_CP (Ts)
	T_GP (Ts)
	Use case

	0
	839
	1.25
	1.08
	1
	1
	24576
	3168
	2976
	LTE refarming

	1
	839
	1.25
	1.08
	2
	1
	2*24576
	21024
	21904
	Large cell, up to 100 Km

	3 WA
	839
	5
	4.32
	4
	1
	4*6144
	3168
	2976
	High speed case

	4
	839
	1.25
	1.08
	4
	1
	4*24576
	4688
	4528
	Coverage enhancement 



In this section, we consider the normalized RACH sequence capacity for the long sequence RACH preambles and for the short sequence preambles.
To help guide the discussion, we consider the two scenarios shown in Table 2.
[bookmark: _Ref484778121]Table 2: Scenarios considered for the evaluation of the RACH preamble sequence capacity.
	
	Scenario 1
	Scenario 2

	Carrier Frequency
	6 GHz
	30 GHz

	Cell Radius
	2 Km
	500 m

	Maximum RTT
	13.3 usec
	3.3 usec

	Max Speed
	120 Km/hr
	30 Km/hr

	Doppler Frequency
	1350 Hz
	1700 Hz



For scenario 1, we consider the following RACH sequences:
1. Long sequence (L=839) with SCS=1.25 KHz.
2. Long sequence (L=839) with SCS=5 KHz.
3. Short sequence (L=139) with SCS=15 KHz.

For all 3 sequences, the CP is long enough to cover the round-trip delay of a 2 Km cell (scenario 1). The Doppler frequency is 1350 Hz (scenario 1). Hence, for long sequence with SCS=1.25 KHz, Type B RACH restricted sets are assumed. For long sequence with SCS=5 KHz, Type A restricted sets are assumed. For short sequence with SCS=15 KHz, no restricted sets are assumed. Table 3 shows the comparison of the three sequences. Considering the need to use restricted sets with long sequences using small SCS, the short sequence, with a larger SCS, can provide a better normalized RACH preamble sequence capacity.
The normalized RACH preamble sequence capacity is defined as the number of available RACH sequences divided by the duration of RACH (including the RACH OFDM Sequence + CP) and divided by the RACH signal bandwidth.
[bookmark: _Ref484778897]Table 3: Comparison of the sequence capacity of the three sequences used in scenario 1.
	
	Long Sequence
SCS 1.25 KHz
	Long Sequence
SCS 5 KHz
	Short Sequence
SCS 15 KHz

	Signature/root sequence
	48
	12
	4

	Total Signature Available
	40224
	10056
	552

	Restricted Set Type A Signatures
	9340
	2434
	N/A

	Restricted Set Type B Signatures
	1748
	N/A
	N/A

	Sequence BW
	1.08 MHz
	4.32 MHz
	2.16 MHz

	Sequence Duration + CP
	900 usec
	225 usec
	83 usec

	Normalized Sequence Capacity Sequence/usec/MHz
	1.8
	2.5
	3.1



Considering the high Doppler case, and the use of Type B restricted sets for RACH preambles with SCS=1.25 KHz and the use of Type A restricted sets for RACH preamble with SCS=5KHz, and no restricted sets for RACH preamble with SCS=15 KHz, the following is the normalized RACH preamble sequence capacity for each sequence:
· Long sequence with SCS=1.25 KHz  1.8 Sequences/usec/MHz
· Long sequence with SCS=5 KHz  2.5 Sequences/usec/MHz
· Short sequence with SCS=15 KHz  3.1 Sequences/usec/MHz
Considering the low Doppler case, without restricted sets for any RACH sequence, the following is the normalized RACH preamble sequence capacity for each sequence:
· Long sequence with SCS=1.25 KHz  41.4 Sequences/usec/MHz
· Long sequence with SCS=5 KHz  10.3 Sequences/usec/MHz
· Short sequence with SCS=15 KHz  3.1 Sequences/usec/MHz
For scenario 2, we consider the following RACH sequences:
1. Short sequence (L=139) with SCS=60 KHz.
2. Short sequence (L=139) with SCS=120 KHz.

For both sequences, the CP is long enough to cover the round-trip delay of a 0.5 Km cell (scenario 2). Table 4 shows the comparison of the two sequences. In both cases, there is no need to support restricted sets as the subcarrier frequency is much larger than the Doppler frequency. A sequence using a smaller sub-carrier spacing has a higher normalize RACH preamble sequence capacity.

[bookmark: _Ref484780588]Table 4: Comparison of the sequence capacity of the two sequences used in scenario 2.
	
	Short Sequence SCS 60 KHz
	Short Sequence SCS 120 KHz

	Signature/root sequence
	4
	2

	Total Signature Available
	552
	276

	Restricted Set Type A Signatures
	N/A
	N/A

	Restricted Set Type B Signatures
	N/A
	N/A

	Sequence BW
	8.64 MHz
	17.28 MHz

	Sequence Duration + CP
	21 usec
	12.5 usec

	Sequence Density
Sequence/usec/MHz
	3.1
	1.28



Observation 1: Sequences with lower SCS (as long as there is no need to use restricted sets), have a higher normalized sequence density for the same cell radius.
Observation 2: Considering the need to use restricted sets with long sequences using small SCS, the short sequence, with a larger SCS, can provide a better sequence capacity.
In a multi-beam system, beam sweeping is used to identify the best beams used at the gNB for transmission and reception. The gNB could have beam correspondence, in which case the Tx beam at the gNB uniquely identifies the Rx beam, or the gNB might not have beam correspondence (or has partial beam correspondence), in which case the gNB needs to do additional Rx beam sweeping to identify the best Rx beam. Consider a multi-beam system with L Tx gNB beams. A sync block is associated with each beam within a sync burst set. Each sync block is associated with a RACH occasion. Let’s assume that the sync periodicity and accordingly the RACH occasion periodicity for a RACH occasion associated with a beam is T (=20ms as an example), i.e. with time T all beams can be swept. In case of beam correspondence at the gNB, each RACH occasion consists of a preamble format with at least one RACH OFDM symbol. In case of non-beam correspondence at the gNB, each RACH occasion consists of a preamble format with multiple RACH OFDM symbols, with the number of symbols at least equal to the number of Rx beams to sweep.
The RACH resource overhead in a multiple beam system, depends on the number of beams, the RACH preamble sub-carrier spacing, the sync periodicity and the gNB beam correspondence capability.
· The higher the number of beams, the higher the RACH resource overhead.
· The higher the RACH preamble sub-carrier spacing, the lower the RACH resource overhead.
· The higher the sync periodicity (sync periodic time), the lower the RACH resource overhead.
· Beam non-correspondence at the gNB leads to a higher RACH resource overhead.

Figure 1 shows the RACH resource overhead for beam sweeping. In this example, the RACH periodicity is assumed to be 20 ms. In case of beam correspondence, the RACH preamble format consists of a single RACH OFDM symbols. Hence, 9 RACH preamble formats can be packed in one RACH slot [6]. In case of partial beam correspondence, multiple Rx beams should be swept. In this example, we assume that 4 beams are swept, hence the RACH preamble format should contain at least 4 RACH OFDM symbols. In this case, we can pack 3 RACH preamble formats in one RACH slot [6]. In Figure 1, L=64C, correspondence to the case with Tx/Rx beam correspondence, and with 64 Tx and Rx beams. L=64NC, correspondence to the case with partial Tx/Rx beam correspondence, with 64 Tx beams, each Tx beam, corresponding to a RACH occasion, has 4 Rx beams to be swept. Hence, the total number of Rx beams swept over all RACH occasions is 64x4.
[image: ]
[bookmark: _Ref484963670][bookmark: _Ref485139606]Figure 1: RACH Resources overhead for beam sweeping. L is the number of beams, C is the case with beam correspondence, NC is the case with partial beam correspondences (4 Rx beams are swept in each RACH occasion).
Observation 3: As the RACH preamble sub-carrier spacing increases, the RACH resource overhead in a multi-beam system decreases.
The selection of the RACH preamble sub-carrier spacing is a compromise between the RACH sequence capacity and the RACH resource overhead in a multi-beam system.
3	RACH use cases and impact on RACH sequence capacity
In this section, we consider the RACH preamble sequence capacity needs for 3 use cases for RACH:
1. On demand SI
2. Beam recovery and management
3. Paging
3.1	On Demand SI
RAN2 has agreed to use on-demand SI [RAN2#98 chairman notes]. A UE can request an on-demand SI by sending RACH. Two methods are supported:
· Message 1-based SI request: UE sends RACH message 1 using a dedicated preamble that indicates the on-demand SI being requested, and the network responds with the on-demand SI. In this case, if two UEs send the same preamble, i.e. the two UEs are requesting the same on-demand SI, the network can broadcast the on-demand SI to both UEs, and no further RACH attempts are required.
· Message 3-based SI request: UE sends RACH message 3 containing the on-demand SI being requested and the network responds with the on-demand SI. In this case, the RACH message 1 preamble is selected randomly from a pool of RACH preamble resources. If two UEs select the same preamble a collision occurs, and at least one of the UEs involved in the collision will need to repeat the random access procedure in the future for the on-demand SI.

For the message 1-based SI request, the number of RACH preamble sequences required depends on the number of on-demand SI or on-demand SI combinations that need to be transmitted, where each on-demand SI is associated with a dedicated preamble. However, the number of attempted on-demand SI requests per second doesn’t impact the dimensioning of the on-demand SI resources.
Observation 4: Number of RACH preamble sequences required for message 1-based SI request is independent of the on-demand SI request rate, but depends on the number of on-demand SI combinations.
For the message 3-based SI request, the higher the on-demand SI-request rate the higher the probability of RACH message 1 collisions. Hence, more RACH preamble sequences should be allocated to reduce the probability of collision.
Figure 2 shows the number of RACH preamble sequences that need to be allocated to maintain a probability of collision rate of 1% for message 3-based on demand SI. Figure 3 shows the number of RACH preamble sequences that need to be allocated to maintain a probability of collision rate of 0.1% for message 3-based on demand SI. In both cases, it assumed that a RACH preamble is sent every 20 ms on the same beam. The higher the on-demand SI packet arrival rate, the more sequences that need to be allocated to RACH message 1 to maintain a certain collision rate. The lower the desired collision rate, the more RACH sequence need to be allocated to RACH message 1. However, it should be noted that the number of RACH sequences with the message 3-based SI request is independent of the number of on-demand SI combinations.
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[bookmark: _Ref484967126]Figure 2: Number of allocated RACH sequences needed to maintain a 1% collision rate for message 3-based on-demand SI. L is the number of beams in a multi-beam system.
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[bookmark: _Ref484967171]Figure 3: Number of allocated RACH sequences needed to maintain a 0.1% collision rate for message 3-based on-demand SI. L is the number of beams in a multi-beam system.
Observation 5: Number of RACH preamble sequences required for message 3-based SI request increases as the on-demand SI request rate increases, but is independent of the number of on-demand SI combinations.
The selection of message 1-based on-demand SI, or message 3-based on demand SI should consider the on-demand SI characteristics (e.g. packet arrival rate, number of on-demand SI combinations, etc.) and the impact on the RACH sequence capacity.
Proposal 1: RACH sequence capacity should consider the on-demand SI RACH requests.
3.2	Beam recovery and management
Related to relationship between RACH and beam recovery and beam management RAN1#89 made the following agreements ‎[4]:
	Agreements:
· Support the following channel(s) for beam failure recovery request transmission:
· Non-contention based channel based on PRACH, which uses a resource orthogonal to resources of other PRACH transmissions, at least for the FDM case
· FFS other ways of achieving orthogonality, e.g., CDM/TDM with other PRACH resources
· FFS whether or not have different sequence and/or format than those of PRACH for other purposes 
· Note: this does not prevent PRACH design optimization attempt for beam failure recovery request transmission from other agenda item 
· FFS: Retransmission behavior on this PRACH  resource is similar to regular RACH procedure
· Support using PUCCH for beam failure recovery request transmission
· FFS whether PUCCH is with beam sweeping or not
· Note: this may or may not impact PUCCH design
· FFS Contention-based PRACH resources as supplement to contention-free beam failure recovery resources
· From traditional RACH resource pool
· 4-step RACH procedure is used
· Note: contention-based PRACH resources is used e.g., if a new candidate beam does not have resources for contention-free PRACH-like transmission 
· FFS whether a UE is semi-statically configured to use one of them or both, if both, whether or not support dynamic selection of one of the channel(s) by a UE if the UE is configured with both

Agreements:
· Consider following new use cases for RACH design, 
· beam recovery requests 
· on demand SI requests
· Study the following aspects:
· requirements to satisfy above new use cases
· impact on capacity
· whether additional preamble format(s) is needed
· impact on RACH procedure



Beam failure recovery is part of the beam management framework and can take place in Connected mode only. Beam recovery procedure comprising steps from detecting beam failure until re-alignment of serving beam(s) should be as fast as possible. Thus, primarily beam recovery should be based on non-contention based PRACH preambles. It means that UE is preconfigured certain non-contention based PRACH preambles which are associated to certain gNB TX beams. Depending on beamwidths of gNB TX beams and number of TRPs in the cell there may be need for different number of gNB beams to which beam recovery request PRACH preambles are associated. In case of one TRP per cell and relatively wide beams in use at gNB there may be need for one or two recovery beam. On the other hand, in case of multiple TRPs and narrow beamwidths in use there may be need for multiple potential recovery beams and correspondingly multiple PRACH preamble resources associated to recovery beams may be needed per UE. In the case of high number of active UEs, there is high number of non-contention based PRACH resources needed. 
On the other hand, in connected mode UE is synchronized to gNB. Thus, non-contention based PRACH resources can support higher capacity than FDM multiplexed contention based PRACH resources used for random access procedure by IDLE UE as shown in Table 5. FDM multiplexing requires that the same CP size is used for both though in order to allow single FFT to be used and remain orthogonality. No any guard bands are needed between. 
[bookmark: _Ref485151338]Table 5: Comparison of the sequence capacity of contention based and non-contention based (assuming synchronization) used in scenario 2.
	
	Contention based Short Sequence
SCS 60 KHz
	Non-contention based Short Sequence
SCS 60 KHz

	Signature/root sequence
	4
	16

	Total Signatures Available
	552
	2208

	Restricted Set Type A Signatures
	N/A
	N/A

	Restricted Set Type B Signatures
	N/A
	N/A

	Sequence BW
	8.64 MHz
	8.64 MHz

	Sequence Duration + CP
	21 usec
	21 usec

	Sequence Density
Sequence/usec/MHz
	3.1
	12.4



Observation 6: Non-contention based PRACH resources for beam recovery FDM multiplexed with contention based PRACH resources can support higher capacity because cyclic shift dimensioning does not need to take into account RTT ambiguity as in case of contention based which can be used by IDLE mode UEs.
Proposal 2: Use the same PRACH preamble format for FDM multiplexed PRACH resources for initial access and PRACH resources for beam recovery requests.
In TDM multiplexing case there are two options:
1. TDM within RACH slot
2. PRACH resources for beam recovery requests in other slot than RACH slot

In 2) there should be PRACH preamble formats that have the same CP size as UL data or control in order to FDM with UL data or control in a way that no separate FFT and no additional guard bands are needed. On the other hand, in 2) preferred case is to re-use SR like resource of PUCCH in general. 
Proposal 3: In multiplexing resources for beam recovery requests in TDM manner with RACH slots, support SR like resource of PUCCH for beam recovery requests.
3.3	Handover
In connected mode handover non-contention based PRACH preamble transmission targeted to target cell is to get UL synchronization for the UE. From capacity point of view, the normalized PRACH resource consumption is the same as for contention based PRACH preambles used by IDLE UEs. In general, required PRACH preamble capacity depends on network load. Thus, NR should support flexible allocation of PRACH resources both in time and frequency domain.
Proposal 4: As capacity need to due handovers depend on network load and deployment, the NR should support flexible PRACH resource allocation both in time and frequency domain.
3.4	Paging
In a multi-beam system, when the network attempts to page a UE whose location within the cell is unknown, sending the paging message on every beam increases the paging overhead. Using a paging group indicator ‎[7], with an uplink driven response from the UE (response driven paging), to assist the network in identifying the beam or a group of beams the user is in, reduces the DL overhead of the paging messages. In this case, the paging message is only sent on the beams the user is potentially in.
The RACH message can be used as the uplink driven response.  There are two methods for allocating RACH preamble sequences to the RACH message used in response to the paging indicators [7]:
· Method 1:Dedicated PRACH preamble sequences: The UE selects a dedicated RACH preamble that is based on the paging group that the user belongs to. All users in the same group, select the same RACH preamble, these users could be in different beams. The network can’t distinguish the users in the same group, hence the paging message (this could be part of message 2) is sent on beams the RACH preamble is received on. It is possible to also have one dedicated preamble used by all the UEs being paged [7].
· Method 2:Randomly selected preamble from a pool of PRACH random sequences: The UE randomly selects a preamble. The UE sends its ID to the network as part of RACH message 3, or possibly as data part of RACH message 1 (if supported). This allows the network to identify the beam-location of the UE and consequently send the paging message on that beam.
While using the second method (randomly selected preamble) reduces the DL overhead, by sending the paging message on the beam the UE is located in. It increases the RACH load and leads to collision of PRACH preambles. In the following, we analyze the impact of each of the above 2 methods on the RACH sequence capacity.
For method 1, the number of RACH preamble sequences required depends on the number of bits in the paging indicator. Each paging indicator bit (paging group) has one dedicated preamble. All users associated with the same paging indicator bit send the same preamble. However, the total number of users potentially paged during one RACH cycle doesn’t impact the dimensioning of the RACH sequence capacity. A RACH cycle is the period of time for doing a full RACH sweep over all beams. It is also possible to have one dedicated preamble for all paging groups.
Observation 7: Number of RACH preamble sequences required for method 1 depends on the number of bits in the paging indicator (or just one dedicate preamble is used), but is independent of the number of users that can be potentially paged in one RACH cycle. 
For method 2, the number of RACH preamble sequences depends on the potential number of users that can be paged during one RACH cycle. Let  be the number of users in a cell. Let T, in radio frames, be the duration of the DRX cycle. During one DRX cycle, all users can be potentially paged. If we assume that a RACH cycle is 2 radio frames, the number of users that can be potential paged in two radio frames  is given by:

The number of paging indicator bits doesn’t directly impact the RACH sequence dimensioning for the message 3-based paging indictor response.
Observation 8: Number of RACH preamble sequences required for method 2 depends on the number of users that can be potentially paged in one RACH cycle.
Figure 4 shows the number of RACH preamble sequences that need to be allocated to maintain a probability of collision rate of 1% with the message 3-based paging indicator response. Figure 5 shows the number of RACH preamble sequences that need to be allocated to maintain a probability of collision rate of 1% with the message 3-based paging indicator response. If the paging indicator has 16 or 32 bits with a collision rate of 1%, it seems that it is more RACH sequence efficient to use the message 1-based paging indicator response.
[image: ]
[bookmark: _Ref484977884]Figure 4: Number of allocated RACH sequences needed to maintain a 1% collision rate for the message 3-based paging indicator response. L is the number of beams in a multi-beam system.
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[bookmark: _Ref484977955]Figure 5: Number of allocated RACH sequences needed to maintain a 10% collision rate for the message 3-based paging indicator response. L is the number of beams in a multi-beam system.
Observation 9: A common pool of PRACH preamble sequences for paging driven response (collision-based), require more preamble sequences than dedicated PRACH preamble sequences based on the paging group ID.
Under certain conditions, it might be more RACH sequence efficient to assign a dedicated signature to each user being paged in a RACH cycle. As an example, consider a cell with = 1024 users, and a DRX cycle of 320 ms, and a RACH cycle of 20 ms. If the users’ paging opportunities are evenly distributed among the RACH cycles, in each RACH cycle  = 64 users, can be paged. By allocating 64 signatures for the users of each RACH cycle we ensure collision free RACH preamble transmission. Depending on the number of beams in the system (e.g. L=16), having 64 signatures with = 1024 users is less than the number of contention-based signatures required to get a probability of collision of 1% (as evident from Figure 4).
Proposal 5: NR to consider dedicated PRACH preamble sequences for paging driven response.
Proposal 6: RACH sequence capacity should consider paging indicator response.

4	Sequence Length
Per RAN1#89 length of short sequence is to be selected from 127 and 139. Motivation to have 127 instead of 139 is to enable m-sequence based cover code to increase PRACH capacity. However, as resulting PAPR could be significantly higher than with pure ZC based signatures we prefer to use ZC sequence and length 139.
Proposal 7: Support 139 sequence length for short RACH preamble sequence.
5	Increasing RACH sequence capacity
As described in section 2, under low Doppler conditions, the PRACH preamble short sequence normalized capacity is less than that of the PRACH preamble long sequence. Furthermore, the normalized capacity decreases as the SCS increases. As described in section 3, there are several use cases for RACH in multi-beam system operating above 6 GHz, which requires the use of large SCS for efficient beam sweeping. All this necessitates increasing the RACH sequence capacity. In this section, we compare methods for increasing the RACH sequence capacity.
In RAN1#88, the following agreement was reached ‎[3]:
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
· 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

As we discussed in section 2, the normalized of capacity of PRACH preamble short sequence at low Doppler is smaller than that of PRACH preamble long sequence. Some methods have been proposed to increase the preamble sequence such as:
· Using preamble format 2 with OCC, or using preamble format 1 with sinusoidal modulation. Both of these methods increase the PRACH preamble sequence capacity linearly. But there is also a linear increase in the preamble format length. Hence, there is no net increase in the normalized PRACH preamble sequence capacity.
· Using preamble format 4 increases the PRACH preamble sequence capacity exponential, with a linear increase in the PRACH preamble time. Hence, there is a net increase in the normalized PRACH preamble sequence capacity.

Let’s consider as an example, the following three preamble formats:
· RACH preamble format 1 with SCS = 60 KHz.
· RACH preamble format 2 with SCS = 120 KHz
· RACH preamble format 4 with SCS = 120 KHz

All three preamble formats have the same duration. Table 6 compares the normalized PRACH preamble sequence capacity of the three preamble formats.

[bookmark: _Ref485320205]Table 6: Comparison of normalized PRACH preamble sequence capacity of different PRACH preamble formats.
	
	Preamble Format 1 SCS = 60 KHz
	Preamble Format 2 SCS = 120 KHz
	Preamble Format 4 SCS = 120 KHz

	Signature/root sequence
	4
	2
	2

	Total Signatures Available
	552
	276 x 2 (OCC) = 552
	276 x 276

	Sequence BW
	8.64 MHz
	17.28 MHz
	17.28

	Sequence Duration + CP
	21 usec
	12.5 x 2 = 25 usec
	12.5 x 2 = 25 usec

	Sequence Density
Sequence/usec/MHz
	3.1
	1.28
	176.33



According to Table 6, PRACH preamble format 4 has the highest normalized PRACH preamble sequence capacity, when compared to other preamble formats of the about the same length. Furthermore, PRACH preamble format 4 has a higher normalized PRACH preamble sequence capacity than that of the long sequence. PRACH preamble format 2 with OCC has less normalized sequence capacity than that of PRACH preamble format 1 of the same length.
Observation 10: PRACH preamble format 4 has the highest normalized PRACH preamble sequence capacity.
Proposal 8: Consider preamble format 4 as a method to increase the PRACH preamble sequence capacity.
As observed preamble format option 4 provides higher capacity but may make it more difficult for the gNB receiver to keep false alarm rate below given target value due to known ambiguity issues in separating preambles of different UEs. 
Preamble format option 4 can be used for use cases that require an increase in number of non-contention preambles such as on demand SI, beam recovery, handover and paging driven response.
Proposal 9: RACH configuration supports both option 1 and option 4. 

6	Conclusions
In this contribution, we discussed, the RACH preamble sequence capacity of long and short preamble formats, the following observation were made:
Observation 1: Sequences with lower SCS (as long as there is no need to use restricted sets), have a higher normalized sequence density for the same cell radius.
Observation 2: Considering the need to use restricted sets with long sequences using small SCS, the short sequence, with a larger SCS, can provide a better sequence capacity.
Observation 3: As the RACH preamble sub-carrier spacing increases, the RACH resource overhead in a multi-beam system decreases.

We also discussed the RACH use cases and their impact on RACH sequence capacity. The following observations and proposals where made:
Observation 4: Number of RACH preamble sequences required for message 1-based SI request is independent of the on-demand SI request rate, but depends on the number of on-demand SI combinations.
Observation 5: Number of RACH preamble sequences required for message 3-based SI request increases as the on-demand SI request rate increases, but is independent of the number of on-demand SI combinations.
Proposal 1: RACH sequence capacity should consider the on-demand SI RACH requests.
Observation 6: Non-contention based PRACH resources for beam recovery FDM multiplexed with contention based PRACH resources can support higher capacity because cyclic shift dimensioning does not need to take into account RTT ambiguity as in case of contention based which can be used by IDLE mode UEs.
Proposal 2: Use the same PRACH preamble format for FDM multiplexed PRACH resources for initial access and PRACH resources for beam recovery requests.
Proposal 3: In multiplexing resources for beam recovery requests in TDM manner with RACH slots, support SR like resource of PUCCH for beam recovery requests.
Proposal 4: As capacity need to due handovers depend on network load and deployment, the NR should support flexible PRACH resource allocation both in time and frequency domain.
Observation 7: Number of RACH preamble sequences required for method 1 depends on the number of bits in the paging indicator (or just one dedicate preamble is used), but is independent of the number of users that can be potentially paged in one RACH cycle. 
Observation 8: Number of RACH preamble sequences required for method 2 depends on the number of users that can be potentially paged in one RACH cycle.
Observation 9: A common pool of PRACH preamble sequences for paging driven response (collision-based), require more preamble sequences than dedicated PRACH preamble sequences based on the paging group ID.
Proposal 5: NR to consider dedicated PRACH preamble sequences for paging driven response.
Proposal 6: RACH sequence capacity should consider paging indicator response.
Related to PRACH preamble short sequence length, the following proposal was made:
Proposal 7: Support 139 sequence length for short PRACH preamble sequence.
Related to increasing the PRACH preamble sequence capacity, the following observation and proposal were made:
Observation 10: PRACH preamble format 4 has the highest normalized PRACH preamble sequence capacity.
Proposal 8: Consider preamble format 4 as a method to increase the PRACH preamble sequence capacity.
Proposal 9: RACH configuration supports both option 1 and option 4. 
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