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Introduction
In RAN1# 89 [1], some details regarding the NR RA preamble design were agreed as follows.
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
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
In this contribution we further investigate NR RACH preamble design for capacity enhancement. In our companion contribution [2], we study the NR 4-step RACH procedures.
In section 2, we discuss the necessity of RACH capacity enhancement due to the introduce of new use cases for RACH design in NR, e.g., beam association at gNB and UE, out-of-sync recovery, beam recovery and on-demand access of other system information, etc. In section 3, we discuss RACH preamble sequence design for supporting NR RACH capacity enhancement, and compare the two solutions: option 4 and option 2 for capacity enhancement.
New use cases for RACH design in NR
In this section, the following four new use cases for RACH design and their impact on RACH capacity enhancement are considered.
USE CASE 1: Beam association at gNB and UE
USE CASE 2: Beam recovery requests 
USE CASE 3: Out-of-sync recovery requests
USE CASE 4: On demand SI requests
USE CASE 1: Beam association at gNB and UE
Beam management should also be supported in NR for both downlink synchronization signal and uplink PRACH, especially for frequency bands above 6GHz. In RAN1#88, it was agreed to support:
· At least for the case without gNB Tx/Rx beam correspondence, gNB can configure an association between DL signal/channel, and a subset of RACH resources and/or a subset of preamble indices, for determining Msg2 DL Tx beam.
· Based on the DL measurement and the corresponding association, UE selects the subset of RACH resources and/or the subset of RACH preamble indices
Impact on RACH capacity
Supporting the association between DL signal/channel (e.g., SS block) and RACH resources will require using multiple RACH time-frequency resources. It will be much worse especially when Tx/Rx reciprocity is not available, where a large number of RACH resources and/ or sequences is needed to support both multi-beam RACH operation and DL Tx beam reporting, resulting of larger overhead. Therefore, association with RACH preamble sequences could also be considered to indicate the DL SS in order to avoid too large overhead of RACH resources. However, the pool of available RACH sequences would need also to be increased.
In RAN1#89, the maximum number of SS-blocks within SS burst set, which corresponds to the number of beams, it was agreed that:
· The maximum number of SS-blocks within SS burst set, L, for different frequency ranges are
· For frequency range up to 3 GHz, L is 4
· For frequency range from 3 GHz to 6 GHz, L is 8
· For frequency range from 6 GHz to 52.6 GHz, L is 64
· Note that RAN1 assumes minimum number of SS blocks transmitted within each SS burst set is one to define performance requirements
Besides the DL beam association at the gNB, the correspondence of UL Tx beam and UL Rx beam at the UE can only set up based on PRACH transmission. Thus, without UE Tx/Rx reciprocity, PRACH capacity needs to be increased significantly in comparison with LTE.

· Observation 1: For supporting association between DL signal/channel (e.g., SS blocks) and RACH preamble indices for initial access, and  UL Tx beam sweeping at the UE for initial access, the capacity of RACH preamble is required to be proportional to the number of supported PRACH users times the maximum number of SS-blocks within SS burst set, L.

USE CASE 2: Beam recovery requests 
In RAN1#89, RAN1 reached the following agreements on DL beam failure detection and recovery in the previous meeting.
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 

Impact on RACH capacity
As agreed in RAN#88bis, NR RACH capacity shall be at least as high as in LTE, which is achieved by time/code/frequency multiplexing for a given total amount of time/frequency resources. In this section, the impact on RACH capacity is analyzed.
There are two kinds of beam failure request signals, PRACH and PUCCH. As discussed in our companion contribution [3], the PUCCH-based approach, in our understanding, is a *best-effort* optimization where beam failure request is transmitted on the earliest available uplink channel. Although it is conceptually possible to reduce feedback delay, its realistic performance benefits are unclear due to the need of beam sweeping and TA re-acquisition in the uplink. Hence beam failure request is preferably sent by PRACH using UL beam sweeping (if DL/UL correspondence does not hold), or an UL beam equivalent to the DL Rx beam of the new candidate beam (if DL/UL correspondence holds).
The capacity of RACH preamble depends how to realize the orthogonality among RACH preambles. Although FDM and TDM can be used to realize the orthogonality, they are resource inefficient, since the enhancement of RACH capability with FDM/TDM depends on the available frequency and time resources. . Thus, CDM can be a good choice, since it may enhance the RACH capability without increasing the frequency and time resources. For beam failure recovery, the required capacity of RACH preamble depends on the number of users which carry on beam failure recovery request transmission. The number of OFDM symbols in time domain depends on the number of beams.
· Observation 2: For non-contention based beam failure recovery based on PRACH channel, the capacity of RACH preamble depends on the number of users which carry on beam failure recovery request transmission multiplied with the number of DL beams. 

Impact on RACH procedure
For beam recovery, a 4-step RA procedure could be used. However, the latency of 4-step RA procedure is unacceptable when the number of beams is large. To reduce latency, a 2-step procedure may be considered.

Impact on preamble format(s)
In the procedure of beam recovery, users are in sync mode. Therefore, there is no need to do the timing estimation, which is required in initial access. The CP length can be shorter than normal CP length of RACH preamble format.
· Observation 3: New RACH preamble format can be considered in the procedure of beam recovery, where the CP length can be shorter than normal CP length of RACH preamble format. 

USE CASE 3: Out-of-sync recovery requests 
The impact of out-of-sync recovery requests on the capacity of RACH preamble is similar to beam recovery requests, while the difference lies in that users are in sync mode in the procedure of beam recovery, while in out-of-sync mode in the procedure of out-of-sync recovery. Thus, the same conclusion can be drawn as the beam recovery requests, except the impact on preamble formats. Timing estimation is required in the procedure of out-of-sync recovery, which is the same as the case in initial access.
· Observation 4: The impact of out-of-sync recovery requests on the capacity of RACH preamble is similar to beam recovery requests, which depends on the number of users which carry on out-of-sync recovery request transmission multiplied with the number of beams. The same RACH preamble format can be considered in the procedure of beam recovery, where the CP length can be shorter than normal CP length of RACH preamble format. 

USE CASE 4: On demand SI requests
Regarding on-demand SI delivery, RAN2 made the following agreements at the RAN2 #97bis meeting:

Agreements for on demand request of broadcast SI transmission.
1:	For idle and inactive mode, there will be network control whether MSG1 or MSG3 can be used to transmit SI request.
2: 	If the PRACH preamble and/or PRACH resource specific to each SIB or set of SIBs which the UE needs to acquire is included in minimum SI then SI request is indicated using MSG 1.
3:  If the PRACH preamble and/or PRACH resource specific to each SIB or set of SIBs which the UE needs to acquire is not included in minimum SI then SI request is included in MSG3.
FFS Error handing in case SI is not received
FFS whether the request delivered in MSG 3 can be used for unicast delivery or for delivery of SI by dedicated signalling after a transition into connected or other options

Impact on RACH capacity
The impact of on-demand SI delivery on the capacity of RACH preamble is similar to beam recovery requests, which depends on the number of users multiplied with the number of beams.

Impact on RACH procedure
There are three possible solutions for a contention-based on-demand SI request scheme, namely:
· Solution 1: A 2-step procedure consisting only of a preamble transmission in Msg1.
· Solution 2: A 2-step procedure consisting of a preamble + data transmission in Msg1.
· Solution 3: A 4-step procedure similar to the 4-step RACH procedure.
In the 4-step procedure, a UE transmits a SI-request preamble in Msg1 and monitors for a SI response contained in Msg2 from the gNB. The SI response contains an UL grant and a timing advance command to adjust the UL timing for Msg3 transmission. Msg3 contains a request for one or more SIBs. The gNB transmits the requested SI in Msg4, which can also be used for contention resolution in case more than one UE transmits the same preamble in the SI request occasion. The 4-step procedure incurs the same latency as a RA procedure, which may not be acceptable given that the UE may perform several cell reselections before eventually transitioning to connected mode. 
In contrast, for a 2-step on-demand procedure, a UE requiring a particular group of SIBs that is not broadcasted transmits a preamble associated with this subset of SIBs. On detecting this preamble, the gNB transmits the said SIB group in a Msg2. This has lower latency compared to the 4-step procedure. Secondly, there can be significant power savings because the UE does not have to transmit Msg3 including possible retransmissions.
· Observation 5: For a contention-based on-demand SI request scheme, solution 1 and solution 2 are preferred due to lower latency and significant power savings over solution 3. 

For USE CASE 1 to USE CASE 4 discussed in Section 2, we can get the conclusion as follows:
· Proposal 1: It is necessary to consider NR RACH capacity enhancement for the four use cases in section 2.
RACH preamble sequence design in NR
Discussion of solution on NR RACH capacity enhancement 
As agreed in RAN1 # 89, RAN1 should discuss on the necessity of following solutions for further capacity enhancement, in addition to flexible capacity control based on multiple RACH resources.
· Solution 1: Option 1 with Sinusoidal modulation
· Solution 2: Option 2 with OCC
· Solution 3: Option 4 with different sequence
· Solution 4: Zadoff-Chu sequence with m-sequence cover sequences
Figure 1 illustrates option 1, option 2 and option 4.


Figure 1 Three options for RACH preamble format
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH symbols, CP/GT between RACH symbols is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 2: The same RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles
· Option 4: Different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH preambles
In terms of increasing RACH capacity based on multiple RACH resources, the overhead of RACH resources is very large and highly inefficient.
For solution 1 and solution 2, the number of supported RACH preamble increases linearly. For solution 3, the number of supported preamble increases almost exponentially.
Performance analysis of NR RACH option 4
Auto-correlation and cross-correlation
Property 1: The ZC sequences of any length have ‘ideal’ normalized cyclic autocorrelation (i.e. the correlation with the circularly shifted version of itself is a delta function) [4]. 








Property 2: The absolute value of the cyclic cross-correlation function between any two ZC sequences is constant and equal to , if  (where  and  are the sequence root indices) is relatively prime with respect to  [4]. As  is a prime number for both LTE and NR RACH preambles, the condition is guaranteed if  and .

Therefore, the auto-correlation and cross-correlation performance are better with a larger for a single ZC sequence. Obviously, the detection performance of LTE RACH preamble with one-stage sequence is better than that of each individual stage of NR RACH preamble option 4 with multi-stage sequence under the same false detection rate, because the ZC sequence length for each individual stage is shorter. However, this does not automatically lead to the detection performance of NR RACH preamble option 4 with multi-stage sequence will be worse than the detection performance of LTE RACH preamble with one-stage sequence. For example, with our two step detection algorithm, which first detects the preamble indexes of the short sequences and then uses the whole long sequences for the confirmation of the detected preambles, will obtain the similar performance as that of RACH preamble design with one-stage sequence in absence of frequency offset. In addition, NR RACH preamble option 4 with multi-stage sequence will have superior detection performance than RACH preamble with one-stage sequence with high frequency offset as discussed later. 

Comparison of total number of preambles
For fair comparison, only a PRACH sub-band and a PRACH time slot are assumed in the following analysis.
For LTE RACH preamble format, the total sequence number is 

,                                                                     (1)

where  denotes the round down operation.
For solution 1 and solution 2 given in section 3.1, the number of supported preamble increases linearly.
For NR RACH preamble option 4 as shown in figure 1, the total sequence number is

.                                                                  (2)




Take , and  and 71 for LTE RACH preamble format 4 and NR RACH preamble separately for example, the total sequence number can be calculated as , and .

The total number of multi-stage sequence is much larger than that of one-stage sequence (), which will result in a much lower collision probability. 
In order to increase the RACH capacity with  one-stage sequence, another solution is to configure multiple PRACH sub-bands in the same PRACH time slot, and / or multiple PRACH time slots within the same PRACH sub-bands. However, the solution will be at the expense of PRACH resources.
Collision probability
A collision is assumed to occur only if multiple UEs make a random access in the same random-access slot and frequency band with the same preamble sequence for one-stage sequence and the same whole sequences for multi-stage sequence. If there are a larger number of potential UEs, the UE arrival is a Poisson distribution and the arrival rate is , the random access collision probability has been analyzed in [5] and given by

                                                                                       (3)



where  is the total number of random-access opportunities per second per cell and  is the random-access intensity, i.e., there are   random-access attempts per second and cell. 

For fair comparison, only a PRACH sub-band and a PRACH time slot are assumed in the following analysis. Table I shows the collision probability of two types of RACH preamble sequence with different arrival rate . The number of cells in the network is 19. 4
Table I. Collision probability of two types of RACH preamble sequence
	


\ \
	LTE RACH preamble format 4 
	NR RACH preamble option 4

	
	

	


	
=1.0
	0.013
	0.00016

	
=5.0
	0.061
	0.00078

	
=10.0
	0.12
	0.0015

	
=15.0
	0.17
	0.0023

	
=20.0
	0.22
	0.0031

	
=50.0
	0.47
	0.0077


As shown in Table I, the collision probability of multi-stage sequence is much lower than that of one-stage sequence.

The impact of frequency offset on the time offset
As well known, the correlation of two ZC sequences with the same root index is a function of both the frequency offset and the time offset between them, rather than the time offset alone (or so called the detection ambiguity between frequency offset and time offset). During PRACH detection, if there is a large frequency offset between the received preamble and local one, the peak of correlation may not provide the accurate PRACH timing offset estimate. Since NR is going to support much higher carrier frequency than LTE with much shorter CP length, accurate timing estimation will become even more critical in NR PRACH detection performance than in LTE.
Consider that the impact of the frequency offset on the time offset estimation is ZC root index dependent, or more specifically, the maximum correlation of two ZC sequences with the same root index  occurs when ) [7], where   is the frequency offset normalized to the PRACH subcarrier and  is the shift offset between the two ZC sequences [7], using the correlation results from more than one ZC sequence with different root indexes provide an effective way to mitigate the issue.

Let us assume we have two-stage short preamble scheme where preamble-1 has root index u1 and preamble-2 has root index u2 and the frequency offset is not changed for both preambles. The assumption is reasonable before the very short time duration of the frequency offset. Now, we have two independent detections for the preamble-1 and preamble-2. Then, the time offset estimates for both preamble detections will be different if both detection are successful, due to fact that the two preambles have different root indexes. It is clear that the two timing detections will provide more information to improve the timing accuracy than when the same root index is used in both preambles, and how to combine the two time estimates to come with an optimal timing estimation may need further study. As an extreme case, if the ZC-sequence for the preamble-2 is a conjugate of the ZC-sequence for the preamble-1, the impact of frequency offset on the timing error to the detection of both preambles will have the same magnitude but in the exact opposite directions. In this case, the impact of the frequency offset on the timing error can be eliminated at the cost of increasing the collision probability. As a more general case, one may estimate the impact of the frequency offset on each of the timing offset estimation, and then use the relationship of ) to further estimates and improve the timing offset estimation accuracy. The effectiveness of using two-stage short preambles to improve the timing offset estimation performance are illustrated later in Figure 24 and Figure 25.
Observation 6: NR PRACH-option 4 with multi-stage sequence can provide more robust timing offset estimation under the impact of frequency offset than RACH preamble with one-stage sequence.
Solution of potential detection ambiguity 
If Preamble-1 and Preamble-2 are ZC-sequences for two-stage short preamble scheme, the detection ambiguity may take place when two UEs transmit the preamble sequences with the same PRACH resources. For example, if UE1 transmits the preamble sequences with the preamble index pair {a, b}; and UE2 with the preamble index pair {c, d}, the BS may detect preamble indexes {a, c} for the first preamble as well as preamble indexes {b, d} for the second preamble. It results in 4 possible preamble sequences from the combinations of the detected preamble indexes, namely, {a, b}, {a, d}, {c, b}, and {c, d}. 
In the following, we present two methods for the solution of the detection ambiguity.
Method1: Based on (relative) timing estimation
Figure 2 shows the CASE when UE1 sends {a, b} and UE2 sends {c, d}. At stage-one, the gNB receiver detects preamble index a at T2 and preamble index c at T5. At stage-two, the gNB receiver detects preamble index b at T2 and preamble index d at T5. Since the short-preambles transmitted from the same UE should be detected at BS with the same TA, the gNB will be able to determine the preambles {a, b} from one UE; and {c, d} from another UE.  So the gNB will broadcast the preamble sequence {a, b} and {c, d} to all UE in Msg 2.  Thus, based on the relative timing estimation, the detection ambiguity problem can be solved. Furthermore, we can define a ‘Judgement Win’ to define the timing location of a preamble sequence. 


Figure 2: Illustration of method1 based on (relative) timing estimation
Method2: A two-stage PRACH design without ambiguity
The following is a modified two-stage design that will avoid aforementioned detection ambiguity.
The first preamble sequence Preamble-1,  is still the Zadoff-Chu sequence with root index u.
The second preamble sequence is defined as
                                                               (4)
where is the Zadoff-Chu sequence with root index v, and  is the cyclic shift of an m-sequence according to
                                                     (5)


where is the cyclic shift determined by the first preamble sequence . For example,  can be the preamble index u of , , is defined by

                                                   (6)


with initial conditions.

During PRACH detection, once the BS detects successfully a first preamble , the BS determines the corresponding scramble sequence for the second preamble, and perform the de-scramble operation before detecting the second preamble. In this way, the detected second preamble  will be associated asscoated with the first preamble , but not other first preambles.
The design will avoid the BS detection ambiguity discussed before. Using previous example, if there are two UEs transmitting the same preamble sequences with the same PRACH resources, UE1 with preamble index pair {a, b}; and UE2 with the preamble index pair {c, d}. When BS detects successfully the first preamble indexes a and c, the BS will conduct the scramble operation and preamble detection for the second preamble by the use of the indexes a and c separately. When index a is used for the de-scramble operation, the BS will detect the second preamble with index b. Similarly, when index c is used for the de-scramble operation, the BS will detect second preamble with index d.

Performance Evaluation
The simulation assumptions are given in Table V of Appendix A. The miss detection and timing estimation accuracy performance are evaluated with the following five cases. For the sake of readability, only the simulation results of CASE 5 are presented  in this section, while other four CASEs are given in Appendix C.
CASE 1: Without initial timing offset for NR option 4-type 3 and LTE format 4;
CASE 2: Initial timing offset uniform in [0, 10us] for NR option 4-type 3 and LTE format 4.
CASE 3: Initial timing offset uniform in [0, 50us] for NR option 4-type 1; uniform in [0, 100us] for LTE format 0.
CASE 4: Initial timing offset uniform in [0, 50us] for NR option 4-type 1 and NR-option1-type1; uniform in [0, 100us] for LTE format 0.
CASE 5: Initial timing offset uniform in [0, 50us] for NR option4-type1 and NR option2-type1.

For NR PRACH option 4, the proposed preamble sequence below 6 GHz and above 6 GHz are given in Table II and Table III, respectively.
Table II. Proposed preamble sequence of NR RACH option 4 below 6 GHz
	
	Sequence Type
	Sequence Length
	Subcarrier spacing [KHz]
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)
	GT(Ts)

	Type1
	Zadoff-Chu
	421
	2.5
	1.08
	2
	1
	1/30720
	1584
	

	Type 3
	Zadoff-Chu
	71
	15
	1.08
	2
	1
	1/30720
	448
	288



Table III. Proposed preamble sequence of NR RACH option 4 above 6 GHz
	
	Sequence Type
	Sequence Length
	Subcarrier spacing [KHz]
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)
	GT(Ts)

	Type 4
	Zadoff-Chu
	71
	120
	8.64
	2
	1
	1/(4*30720)
	448
	

	Type 5
	Zadoff-Chu
	71
	240
	17.28
	2
	1
	1/(8*30720)
	448
	



Sequence Type3 of NR PRACH option 4 is derived from LTE format 4. Table IV gives an example format of the two-stage preamble in time domain, based on similar structure in Figure 3.
Table IV. Detail of NR- RACH option4 preamble sequence Type3
	TCP1
	TSEQ1
	TCP2
	TSEQ2
	TGT

	14.6us (448×Ts)
	66.7us (2048×Ts)
	14.6us (448×Ts)
	66.7us (2048×Ts)
	7.4us (288×Ts)





Figure 3: NR RACH preamble option 4 with two-stage preamble sequence

Miss-detection probability performance
In this section, the performance of NR RACH option2 and NR RACH option4 with the frequency offset =600 Hz (0.15ppm@4GHz) are compared. The simulation assumptions are given in Table V of Appendix A. For Figure 4 and Figure 5, the timing error is uniform in [0, 50us] for NR option4-type1 and NR option2-type1. Ncs =167 is used for both of NR option 2-type 1 and NR option 4-type 1. For Figure 6, the timing error is uniform in [0, 10us] for NR option4-type3 and NR option2-type3. Ncs =12 is used for both of NR option 2-type 3 and NR option 4-type 3.
Figure 4 and Figure 5 show the miss detection performance of NR RACH option 2 and NR RACH option 4 with type1-Ncs=167 under AWGN and TDL-C channel, respectively. The SNR of NR option 4 is 0.6 dB better than that of NR option 2 at the miss detection probability of 1%. 
Figure 6 shows the miss detection performance of NR RACH option 2 and NR RACH option 4 with type3-Ncs=12 under AWGN channel. The SNR of NR option 4 is only a little worse (about 0.5dB) than that of NR option 2 at the miss detection probability of 1%.  The reason that NR option 2 may have a little better performance with NR option 4 lies in that the preamble of NR option 2 is the combination of two same short ZC sequences (with OCC cover), while the preamble of NR option 4 is of the combination of two different short ZC sequences. Thus, it is expected that the correlation combining in NR RACH option 2 may have a little advantage.

CASE 5.1: Type1-Ncs=167-AWGN
[image: ]
Figure 4: Miss detection performance with type1-Ncs=167-AWGN

CASE 5.2: Type1-Ncs=167-TDL-C 3km/h
[image: ]
Figure 5: Miss detection performance with type1-Ncs=167-TDL-C 3km/h

CASE 5.3: Type3-Ncs=12-AWGN
[image: ]
Figure 6: Miss detection performance with type3-Ncs=12-AWGN

Timing estimation accuracy
The timing estimation results of CASE 5 are given from Figure 7 to Figure 8, where SNR = 0 dB.
As shown in Figure 7 and Figure 8, timing estimation results of NR option 4 and NR option 2 are almost the same.

CASE 5.1: Type1-Ncs=167-AWGN
[image: ]
Figure 7: Timing estimation performance with type1-Ncs=167, AWGN

CASE 5.2: Type1-Ncs=167-TDL-C 3km/h
[image: ]
Figure 8: Timing estimation performance with type1-Ncs=167, TDL-C 3km/h

Results analysis
As shown from Figure 4 and Figure 5, under the assumption of type1-Ncs=167 under AWGN and TDL-C channel, the miss detection performance of NR RACH option 2 is better than that of NR RACH option 4, with a SNR gain of 0.6dB at the miss detection probability of 1%. As illustrated in Figure 6, under the assumption of type3-Ncs=12 under AWGN channel, the miss detection performance of NR RACH option 2 is better than that of NR RACH option 4, with SNR gain of 0.5dB at the miss detection probability of 1%. The reason lies in that the detection method of NR option 2 in [8] is based on correlation combining of two OCC sequences. For the former case, the normalized phase offset is Foffset* Tseq = 600*400e-6 = 0.24, where Tseq =1/2.5K = 400us. Since the two sequences are not highly correlated, the correlation combining in NR RACH option 2 causes performance degradation. For the latter case, the normalized phase offset is Foffset* Tseq = 600*66.7e-6 = 0.04, where Tseq =1/15K = 66.7us. Therefore, there is no performance degradation for NR RACH option 2. On the other hand, NR RACH option 4 increases the number of supported preamble almost exponentially with the detection performance very close to NR option 2 as shown in the simulation results.
From subsection 8.1.1 to 8.1.4 in Appendix C, we further compare the performance of LTE format 0 / 4 and NR RACH option 1 / 4 in terms of five metrics: PAPR / CM, miss detection, false alarm rate, and timing estimation accuracy.
The PAPR / CM values of NR RACH option 1/4 are the same as LTE format 0/4, except that the case of NR-Option1-Type1 (Ncs=12) is a little larger.
For miss detection at false alarm rate 0.1%, we can observe that with low frequency offset (E.g., 0 Hz and 600Hz), the miss detection performance of NR RACH option 4 is worse than LTE format 4 and format 0 as the auto-correlation of short ZC sequence for NR RACH option 4 is small than that of long ZC sequence for LTE format 4 and format 0. With high frequency offset (E.g., 3.75 KHz and 5 KHz), the miss detection performance of NR RACH option 4 is better than LTE format 4 as NR RACH option 4 has larger SCS and is more insensitive to frequency offset. When the maximum frequency offset (Foffset) is 3.75 KHz. For LTE PRACH format 4 where Tseq=4096 Ts=133.3us, the normalized phase offset is Foffset* Tseq = 0.5. For NR RACH option 4 where Tseq =2048 Ts=66.67us, the normalized phase offset is Foffset* Tseq = 0.25. When the maximum frequency offset (Foffset) is 5 KHz. For LTE PRACH format 4 where Tseq=4096 Ts=133.3us, the normalized phase offset is Foffset* Tseq = 0.67. For NR RACH option 4 where Tseq =2048 Ts=66.67us, the normalized phase offset is Foffset* Tseq = 0.33.
For timing estimation accuracy, NR RACH option 1 and option 4 have almost the same accuracy as LTE format 0 and format 4, respectively.
Observation 7: NR RACH option 4 with two-stage sequence can achieve a better performance than LTE RACH preamble with one-stage sequence with large frequency offset.
Proposal 2: NR RACH option 4 should be considered for RA Msg1 for good detection performance and capacity to increase the number of preambles exponentially.

Conclusion
This paper discusses the new use cases for RACH design in NR and NR RACH preamble sequence design. We have the following observations:
Observation 1: For supporting association between DL signal/channel (e.g., SS blocks) and RACH preamble indices for initial access, and UL Tx beam sweeping at the UE for initial access, the capacity of RACH preamble is required to be proportional to the number of supported PRACH users times the maximum number of SS-blocks within SS burst set, L.
Observation 2: For non-contention based beam failure recovery based on PRACH channel, the capacity of RACH preamble depends on the number of users which carry on beam failure recovery request transmission multiplied with the number of DL beams.
Observation 3: New RACH preamble format can be considered in the procedure of beam recovery, where the CP length can be shorter than normal CP length of RACH preamble format.
Observation 4: The impact of out-of-sync recovery requests on the capacity of RACH preamble is similar to beam recovery requests, which depends on the number of users which carry on out-of-sync ?failure recovery request transmission multiplied with the number of beams. The same RACH preamble format can be considered in the procedure of beam recovery, where the CP length can be shorter than normal CP length of RACH preamble format.
Observation 5: For a contention-based on-demand SI request scheme, solution 1 and solution 2 are preferred due to lower latency and significant power savings over solution 3.
Observation 6: NR RACH option 4 with multi-stage sequence can provide more robust timing offset estimation under the impact of frequency offset than RACH preamble with one-stage sequence.
Observation 7: NR RACH option 4 with two-stage sequence can achieve a better performance than LTE RACH preamble with one-stage sequence with large frequency offset.
Based on the above analysis, we propose:
· Proposal 1: It is necessary to consider NR RACH capacity enhancement for the four use cases in section 2.
· Proposal 2: . NR should support RACH option 4, which increases exponentially the NR RACH capacity in terms of the number of PRACH preambles and also shows the superior detection performance under large frequency and timing offsets than other RACH preamble designs. 
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Appendix A: Simulation assumptions
The simulation assumptions are shown in Table V.
Table V. Simulation assumptions
	
	Below 6GHz

	Carrier Frequency
	4 GHz

	Channel Model
	TDL-C, AWGN
EVA,  ETU

	Delay Scaling
	100 ns for TDL-C

	Antenna Configuration at BS
	(M,N,P) = (1,1,2) with omni-directional antenna element

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

	Frequency Offset
	CASE 1: 0 Hz, 3.75 KHz, 5 KHz;
CASE 2, CASE 3, CASE 4, CASE 5: 0.05 ppm at TRP , 0.1 ppm at UE;

	UE speed
	3 km/h, 120 km/h

	Initial timing Offset
	CASE 1: Without for NR RACH option-4-type 3 and LTE format 4;
CASE 2: Uniform in [0, 10us] for NR RACH option 4-type 3 and LTE format 4;
CASE 3: Uniform in [0, 50us] for NR RACH option 4-type 1 and uniform in [0, 100us] for LTE format 0; 
CASE 4: Uniform in [0, 50us] for NR RACH option 4-type 1 and NR RACH option 1-type 1; uniform in [0, 100us] for LTE format 0;
CASE 5: Uniform in [0, 50us] for NR RACH option4-type1 and NR RACH option2-type1.

	Preamble Detector
	For LTE and NR RACH option 4, refer to appendix B.
For NR option 1, refer to [3].
For NR option 2, refer to [8].

	FFT size
	2048

	Sampling Frequency
	30.72 MHz

	LTE PRACH format  
	For LTE PRACH format 4, Ncs =10 and Ncs =12 are used in CASE1 and CASE2 of initial timing offset, respectively.
For LTE PRACH format 0, Ncs =167 is used in CASE 3 and CASE 4 of initial timing offset.
A UE is selected, which uses preamble sequence index 1 from a given preamble sequence set with the dimensions of 64.

	NR RACH Option
	Type1 and Type3 of NR RACH option4 in Table I are used.
For NR RACH option 4-type3, Ncs =10 and Ncs =12 are used in CASE1 and CASE2 of initial timing offset, respectively.
For NR RACH option 4-type1, Ncs =167 is used in CASE 3 and CASE 4 of initial timing offset.
For NR RACH option 1-type1, Ncs =54 is used in CASE 4 of initial timing offset.
A UE has two short preamble sequences. The short preamble sequences are selected from the same preamble sequences set with the dimensions of 64. The first preamble uses sequence index 1 and second preamble uses sequence index 2.



· Fixed false alarm rate: 0.1% when input at receiver is noise only (Definition of false alarm rate as in 36.104, section 8.4.1)
· Single cell scenario
· Single mobile scenario

Preamble detection metrics  
The following three error cases which the threshold is set such that the false alarm probability does not exceed 0.1%, when the input is noise only, can result in a false alarm or a missed detection:
· Detecting different preamble than the one that was sent
· Not detecting a preamble at all
· Correct preamble detection but with the wrong timing estimation
False alarm Probability is given by the ratio of total number detected but not transmitted preambles and the total number of possible detection occurrences.
The missed detection probability is the ratio between the total number of transmitted but not detected preambles with the correct timing estimate, and the total number of transmitted preambles within an observation interval. The observation interval should be sufficiently large.
The timing estimation error is given by:
,                                                   (11)
[bookmark: _GoBack]The estimated timing is the outcome of the timing estimator. The initial timing offsets are uniform random values, which are given in Table V.
For 4 GHz, assume that the data SCS is 30 KHz and CP is 2.3us, then timing estimation error should be less than 1.2 us. For 30 GHz, assume that the data SCS is 120 KHz and CP is 0.6us, then timing estimation error should be less than 0.3 us

Appendix B: Detection method for PRACH preamble

LTE PRACH
The detection method for LTE PRACH format 0 / format4 is shown in Figure 9. First, we calculate the correlation power and noise power of the received preambles with 64 candidate preamble sequences at the receiver. Then, we calculate the detection variable (ratio of correlation power and noise power), and compare detection variable with a given threshold.


Figure 9: Illustration of detection method for LTE PRACH format 0 / format 4

NR RACH Option 4
There are two short-preamble sequences for NR RACH option 4. In the simulation, the two short-preambles are first detected separately as described in section 3.2.5 to solve the ambiguity issue. More optimal detection results are then obtained based on the combination of the detection results of the short-preambles, especially to improve PRACH timing offset detection performance under large frequency offset. One of the possible detection implementations for NR RACH option 4 is shown in Figure 10.

Figure 10: Illustration of detection method for NR PRACH option 4

Appendix C: Simulation results
Note: For all simulation results from section 8.1.1 to 8.1.4, the legend ‘LTE format 4’ means that LTE PRACH format 4 with detection method in appendix B; ‘NR option4-seq1’ and ‘NR option4-seq2’ mean that preamble sequence 1 and sequence 2 of NR option 4 are detected independently with the same detection method as LTE format 4; ‘NR option4-seq-comb’ indicates that preamble sequence 1 and preamble sequence 2 of NR option4 are detected together to get the optimum detection results. ‘NR-option 1-type 1-one seg’ means NR-PRACH option 1-type 1 with one segment correlation algorithm. ‘NR-option 1-type 1-two seg’ means NR-PRACH option 1-type 1 with two segment correlation algorithm in [3].
PAPR / CM
The PAPR/CM values in dB [6] are given in Table VI.
Table VI. PAPR / CM values of some LTE formats and NR RACH-options
	
	PAPR [dB]
	CM [dB]

	LTE format 0 (Ncs=167)
	3.03
	-0.25

	LTE format 4 (Ncs=12)
	3.36
	0.23

	NR RACH option4-Type1 (Ncs=167)
	3.49
	0.34

	NR- RACH option4-Type3 (Ncs=12)
	3.35
	0.11

	NR- RACH option1-Type1 (Ncs=54)
	2.88
	-0.03

	NR- RACH option1-Type1 (Ncs=12)
	4.29
	1.21



Miss-detection probability performance
The miss detection performances in five CASEs are evaluated in this section.
CASE 1: Without initial timing offset for NR option 4-type 3 and LTE format 4;
CASE 2: Initial timing offset uniform in [0, 10us] for NR option 4-type 3 and LTE format 4.
CASE 3: Initial timing offset uniform in [0, 50us] for NR option 4-type 1; uniform in [0, 100us] for LTE format 0.
CASE 4: Initial timing offset uniform in [0, 50us] for NR option 4-type 1 and NR-option1-type1; uniform in [0, 100us] for LTE format 0.
For comparison, the LTE format 0/ 4 and NR-option 1 preamble sequence are given in Table VII.
Table VII. Preamble sequence of LTE format 0 / 4 and NR RACH option 1 
	
	Sequence Type
	Sequence Length
	Subcarrier spacing [KHz]
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (ms)
	CP(Ts)
	GT(Ts)

	Baseline 1, LTE format  0
	Zadoff-Chu
	839
	1.25
	1.08
	1
	1
	1/30720
	3168
	X

	Baseline 2, LTE format  4
	Zadoff-Chu
	139
	7.5
	1.08
	1
	1
	1/30720
	448
	X

	NR-option 1–Type 1 in [3]
	Zadoff-Chu
	71
	15
	1.08
	14
	1
	1/30720
	0
	2048



CASE1: Without initial timing offset 【LTE format 4 vs NR RACH option4-type3】
The simulation results of miss detection without timing error for NR RACH option 4-type3 and LTE format 4 are given from Figure 11 to Figure 16, where Ncs=12 is used. As shown in Figure 11 and Figure 12 with frequency offset of 0 Hz, the performance of ‘NR RACH option4-seq-comb’ is better than ‘NR RACH option4-seq1’ and ‘NR RACH option4-seq2’, and that of ‘LTE format 4’ is the best. Compared with ‘NR RACH option4-seq1’ and ‘NR RACH option4-seq2’ @ miss detection probability of 1%, ‘NR RACH option4-seq-comb’ achieves gain of 1.6 dB and 1.9 dB for EVA and ETU, respectively, ‘LTE format 4’ achieves gain of 3.5 dB and 3.6 dB for EVA and ETU, respectively.  As shown in Figure 13 and Figure 14 with frequency offset of 3.75 KHz, the miss detection performance of ‘NR RACH option4-seq1’, ‘NR RACH option4-seq2’ and ‘LTE format 4’ are nearly the same, while ‘NR RACH option4-seq-comb’ is better, with gain of 1.3 dB and 2 dB @ miss detection probability of 1% for EVA and ETU, respectively. Figure 15 and Figure 16 compare the miss detection performance with frequency offset of 5 KHz. The performance of ‘NR RACH option4-seq1’ and ‘NR RACH option4-seq2’ are the same, and better than ‘LTE format 4’. The performance of ‘NR RACH option4-seq-comb’ is best, with gain of 4.0 dB and 4.1 dB @ miss detection probability of 10% for EVA and ETU, respectively.

CASE1.1: frequency offset =0 Hz
[image: ]    [image: ]
Figure 11: CASE1.1 (a): EVA-0 Hz                                         Figure 12: CASE1.1 (b): ETU-0 Hz 

CASE1.2: frequency offset =3.75 KHz
[image: ]   [image: ]
Figure 13: CASE1.2 (a): EVA-3.75KHz                   Figure 14: CASE1.2 (b): ETU-3.75KHz 

CASE1.3: frequency offset = 5 KHz
[image: ]    [image: ]
Figure 15: CASE1.3 (a): EVA-5KHz                         Figure 16: CASE1.3 (b): ETU-5KHz

CASE2: With initial timing offset 【LTE format 4 vs NR RACH option4-type3】
The simulation results of miss detection for NR-option 4-type3 and LTE format 4 are given from Figure 17 to Figure 18. As shown in Table VII, the timing error is uniform in [0, 10us] for NR RACH option-4-type3 and LTE format 4, and Ncs=12 is used.
CASE2.1: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km
[image: ]
Figure 17: Miss detection performance under frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km
CASE2.2: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 120km
[image: ]
Figure 18: Miss detection under frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 120km

CASE3: With initial timing offset 【LTE format 0 vs NR RACH option4-type1】
The simulation results of miss detection for NR RACH option 4-type1 and LTE format 0 are given from Figure 19 to Figure 21. As shown in Table VII, the timing error is uniform in [0, 50us] for NR option-4-type 1 and uniform in [0, 100us] for LTE format 0, and Ncs=167 is used.
CASE3.1: frequency offset =600 Hz (0.15ppm@4GHz), AWGN
[image: ]
Figure 19: Miss detection performance under frequency offset =600 Hz (0.15ppm@4GHz), AWGN

CASE3.2: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km
[image: ]
Figure 20: Miss detection performance under frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km

CASE3.3: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 120km
[image: ]
Figure 21: Miss detection performance under frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 120km

CASE4: With initial timing offset 【LTE format 0 vs NR RACH option4-type1 vs NR RACH option1-type1】
The simulation results of miss detection for NR RACH option 4-type1, NR RACH option-type1 and LTE format 0 are given from Figure 22 to Figure 23. As shown in Table VII of appendix A, the timing error is uniform in [0, 50us] for NR RACH option-4-type 1 and uniform in [0, 100us] for LTE format 0.
In CASE 4 of initial timing offset, Ncs =167 is used for both of NR RACH option 4-type 1and LTE PRACH format 0, Ncs =54 is used for NR RACH option 1-type 1.
CASE 4.1: frequency offset =600 Hz (0.15ppm@4GHz), AWGN
[image: ]
Figure 22: Miss detection performance under frequency offset =600 Hz (0.15ppm@4GHz), AWGN
CASE 4.2: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km
[image: ]
Figure 23: Miss detection performance under frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km

False alarm rate performance
The false alarm rates are given in Figure 24 and Figure 25.
1) Ncs= 12 for LTE format 4 and NR RACH option 4-type 3
[image: ]
Figure 24: False alarm performance of NR RACH option 4-type 3 and LTE format 4

2) Ncs = 167 for LTE format 0 and NR RACH option 4-type 1, Ncs= 54 for NR RACH option 1-type 1
[image: ]
Figure 25: False alarm performance of NR RACH option 4-type 1, option 1-type 1 and LTE format 0

Timing estimation accuracy
The timing estimation results from CASE 2 to CASE 5 are given from Figure 26 to Figure 32, where SNR = 0 dB.
CASE2: With initial timing offset 【LTE format 4 vs NR RACH option4-type3】
CASE2.1: frequency offset =600 Hz (0.15ppm@4GHz), AWGN
[image: ]
Figure 26: Timing estimation error under frequency offset =600 Hz (0.15ppm@4GHz), AWGN

CASE2.2: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km
 [image: ]
Figure 27: Timing estimation error under frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km

CASE2.3: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 120km
[image: ]
Figure 28: Timing estimation error under frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 120km

CASE4: With initial timing offset 【LTE format 0 vs NR RACH option4-type1 vs NR RACH option1-type1】
CASE 4.1: frequency offset =600 Hz (0.15ppm@4GHz), AWGN
[image: ]
Figure 29: Timing estimation error under frequency offset =600 Hz (0.15ppm@4GHz), AWGN

CASE 4.2: frequency offset =600 Hz (0.15ppm@4GHz), TDL-C 3km
[image: ]
Figure 30: Timing estimation error under frequency offset =600 Hz (0.15ppm@4GHz), AWGN 3km
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