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1. Introduction
As is agreed in further NR coverage enhancement work item[1], coverage enhancements include multiple PRACH transmissions, including: 
	· Specify following PRACH coverage enhancements (RAN1, RAN2)
· Multiple PRACH transmissions with same beams for 4-step RACH procedure
· Study, and if justified, specify PRACH transmissions with different beams for 4-step RACH procedure
· Note 1: The enhancements of PRACH are targeting for FR2, and can also apply to FR1 when applicable.
· Note 2: The enhancements of PRACH are targeting short PRACH formats, and can also apply to other formats when applicable.


In this contribution, we discuss the determination of single or multiple PRACH transmissions and multiplexing options, which are common to PRACH transmissions with the same beam and with different beams. Then we discuss PRACH transmissions with different beams and its interplay with Msg3 transmission, and simulation results are provided.
2. Discussion
Repetition is the main technique to achieve coverage enhancement in LTE and NR. PRACH repetition was introduced in Rel-13 LTE WIs of "Further LTE Physical Layer Enhancements for MTC" and “NarrowBand IOT (NB-IOT)”to extend coverage. A UE decides the repetition level for the initial PRACH transmission. The repetition levels that the cell supports are included in the system information, and the UE selects one of these based on the estimated channel quality. With more than one repetition levels supported, separate PRACH resources are allocated for different repetition factors. These can be used as starting points for Rel-18 multiple PRACH transmissions.
Proposal 1 [bookmark: _Hlk115358278]Methods of determination and indication of repetition level of Rel-13 LTE eMTC/NB-IOT are used as starting points for Rel-18 multiple PRACH transmissions. 
2.1 [bookmark: OLE_LINK9]Determination of the number of PRACH transmissions
A fundamental problem of multiple PRACH transmissions is which between UE and gNB determines it is a single PRACH transmission or Rel-18 multiple PRACH transmissions and furthermore the number of PRACH transmissions.
Before random access, a UE has selected an SSB and measures the channel quality, which is possibly unknown by gNB, especially for an RRC_Idle UE. Thus, a UE has better knowledge than gNB to make the choice between single and multiple PRACH transmissions by comparing the measured channel quality with a threshold. On the other hand, the network is aware of the amount of PRACH resources and cell load. Therefore, the network should be able to have some mechanism to limit the number of multiple PRACH transmissions and the conditions where UEs can use them. The UE-determined multiple PRACH transmissions should be used at least for CBRA, so that at least RRC_Idle UEs can benefit from multiple PRACH transmissions.
Proposal 2 [bookmark: _Hlk115358283]Support multiple PRACH transmissions for CBRA, where the number of multiple PRACH transmissions can be determined by UE, when channel quality is below a threshold. 
However, if gNB is aware of an RRC_Connected UE’s channel quality, for instance by a UE measurement report for a SSB, the gNB can signal a suitable PRACH configuration associated with the reported SSB for CFRA. In the case of handover or beam failure recovery, a UE suffers from poor channel quality. CFRA allows the UE to access network with a unique PRACH preamble, without preamble collision. But CFRA itself doesn’t improve detection rate in SNR limited scenarios. Applying multiple PRACH transmissions to CFRA can improve PRACH detection rate in SNR limited scenarios, which is essential to the cases of handover and beam failure recovery.
Observation 1 Applying multiple PRACH transmissions to CFRA can improve PRACH detection rate, which is essential to the cases of handover and beam failure recovery.
Proposal 3 [bookmark: _Hlk115358307]Support multiple PRACH transmissions for CFRA.
2.2 PRACH multiplexing options
There are several options to multiplex the multiple PRACH transmissions, including in time domain, frequency domain and code domain. We discuss in this section these multiplexing options.
2.2.1 Multiplexing in time domain
Allocating more time domain radio resources for a TB is a common method for NR PUSCH coverage enhancement, including PUSCH repetition and TBoMS. Similarly, multiple PRACH transmissions in consecutive PRACH occasions (RO) can be considered. 
Proposal 4 [bookmark: _Hlk115358312]Support multiple PRACH transmissions in consecutive PRACH occasions in time domain. 
PRACH occasions of two PRACH configuration indices are illustrated in Figure 1. For PRACH configuration index 127 in FR2 TDD with 120KHz subcarrier spacing, there are eight ROs in a radio frame. To associate K PRACH transmissions for a RACH attempt, for example, for K=2, gNB can configure the two consecutive ROs in a radio frame associated to a RACH attempt. If K=4 is supported, four consecutive ROs can be associated to a RACH attempt. 


Figure 1: PRACH configuration index 127 in FR2 TDD
Since NR Rel-15, validation rules have been specified, so that a UE transmits PRACH only in valid PRACH slots. In Rel-18, these validation rules can be applied after UE determination of ROs for multiple PRACH transmissions. If some PRACH slots turn out to be invalid, though the number of actual PRACH transmissions reduces, the concept of Rel-17 PUSCH repetition based on available slot is not suitable for PRACH transmissions. Since a set of ROs are associated to a RACH attempt with a specific K, the number of PRACH transmissions, the postponed PRACH transmission in a later RO may cause confusion to gNB, which would mistake it with a different K value. 
Proposal 5 [bookmark: _Hlk115358320]Validation rules are applied after ROs for multiple PRACH occasions are determined for a specific number of PRACH transmissions.
2.2.2 Multiplexing in frequency or code domain
In addition to multiple PRACH transmissions multiplexed in the time domain, the simultaneous PRACH transmissions is a possible option, especially for a UE with multiple Tx chains. For example, a UE can simultaneously transmit multiple PRACHs from FDMed ROs or different preambles in the same RO. If a UEs doesn’t support antenna virtualization or Tx Diversity, the PRACH transmission from one Tx chain only utilizes the transmission power of one PA, while the simultaneous transmissions from multiple Tx chains can increase UE Tx power compared with transmission from a single Tx chain.
Observation 2 Simultaneous PRACH transmissions from multiple Tx chains can increase UE transmission power compared with the PRACH transmission from a single Tx chain.
The possible specification impact of simultaneous PRACH transmissions is the association of multiple preamble indices in a RO and association of multiple FDMed ROs to a RACH attempt for a UE. Otherwise, gNB would assume they are transmitted from different UEs and respond RARs toward them respectively. However, the only UE may not transmit multiple Msg3 in response to the multiple RARs for it, leading to gNB triggering Msg3 retransmissions in vain. 
Proposal 6 [bookmark: _Hlk115358380]Study simultaneous PRACH transmissions in Rel-18, including the association of different preambles in a RO and different FDMed ROs to one RACH attempt from a UE.
2.3 Multiple PRACH transmissions with different beams
In this section, we discuss PRACH transmissions with different beams for 4-step RACH procedure, the study part of Rel-18 further NR coverage enhancement WI. A note in [1] says the enhancements of PRACH are targeting for FR2, so we focus on FR2 in this section. 
In NR up to Rel-17, a UE transmits a PRACH preamble in a PRACH occasion associated with a selected SSB, and gNB receives PRACH with the associated SSB beam. In FR2, it is up to UE implementation to determine its uplink beam for PRACH transmission depending on its capability of beam correspondence. If a UE is incapable of beamCorrespondenceWithoutUL-BeamSweeping, it has to rely on multiple UL transmissions with beam sweeping and gNB indication of a proper UL beam for the following UL transmission. But this is impossible for the legacy single PRACH transmission. It is very likely that an autonomously selected UL Tx beam doesn’t match the channel or gNB UL Rx beam. To be on the safe side, such UEs may transmit PRACH with a wide uplink beam, with the beam width larger than the selected SSB. Nevertheless, the transmission power on main lobe outside of the SSB is wasted. The enhancement of multiple PRACH transmissions with different beams creates a possibility of beam sweeping, so that such UEs can transmit PRACHs by sweeping different narrow beams with possible better directivity.
Observation 3 The enhancement of multiple PRACH transmissions with different beams benefits UEs incapable of beamCorrespondenceWithoutUL-BeamSweeping, so that they can transmit PRACHs by sweeping different narrow beams with possible better directivity.
On the other hand, UEs capable of beamCorrespondenceWithoutUL-BeamSweeping can determine an uplink beam according to a proprietary beam refinement procedure before initiating a random access procedure. However, such UEs may still benefit from PRACH transmissions with beam sweeping, considering the time varying channel and inaccurate beam correspondence.
Observation 4 Multiple PRACH transmissions with different beams also benefit UEs capable of beamCorrespondenceWithoutUL-BeamSweeping, considering the time varying channel and the beam correspondence tolerance.
The abovementioned options are listed in Table 1 for Option 1 multiple PRACH transmissions with the same beam and Option 2 with different beams. Option 1-1 is for UEs capable of beamCorrespondenceWithoutUL-BeamSweeping. They are able to select an ideal beam out of candidate narrow beams, and PRACH transmissions are performed with the same refined beam. With Option 1-2, UEs transmit PRACHs with the same wide beam. Option 2, beam sweeping can be considered to simulate transmissions with different beams, which applies to both kinds of UEs.
Proposal 7 Consider multiple PRACH transmissions with the same beam and with different beams for UEs capable and incapable of beamCorrespondenceWithoutUL-BeamSweeping. For PRACH transmissions with the same beam, the two kinds of UEs transmit PRACHs with the same refined beam and the same wide beam respectively. 
Table 1: Options of multiple PRACH transmissions for different UE capabilities
	UE capabilities
	Option 1, multiple PRACH transmissions with the same beam
	Option 2, multiple PRACH transmissions with different beams

	UE capable of beamCorrespondenceWithoutUL-BeamSweeping
	Option 1-1 (the same best beam)
	Option 2 (beam sweeping)

	UEs incapable of beamCorrespondenceWithoutUL-BeamSweeping
	Option 1-2 (the same wide beam)
	


2.3.1 Simulation assumptions
In this section, we discuss simulation assumptions in terms of UE antennas, transmit power and channel modeling. More simulation assumptions can be found in Appendix.
The beamforming gain for PRACH transmissions can be more clearly shown with more UE antenna elements. With few UE antenna elements, the difference between multiple transmissions with the same wide beam and beam sweeping can’t be represented. Following the simulation assumption of FR2 in [2], we consider UEs with 8 antenna elements (with 4 dual polarized antenna pairs), and the antenna panel is (M, N, P) = (2,2,2). 
Proposal 8 [bookmark: _Hlk115359060]Simulate UEs with up to eight antenna elements (with 4 dual polarized antenna pairs). 
To cover all the possible channel directions by beam sweeping, an orthogonal DFT beam set is generated for a specific number of PRACH transmissions. The number of swept beams in the beam set is equal to the number of PRACH transmissions. Different numbers of UE antenna elements are used to generate different numbers of beams for beam sweeping option. The rationale is that with a higher number of PRACH transmissions, a UE sweeps narrower beams. The UE antennas used in our simulation are as follows.
Option 2, PRACH transmissions with beam sweeping
· with 2 beams: 2x1x2 (2 dual polarized antenna pairs)
· with 4 beams: 2x2x2 (4 dual polarized antenna pairs)
· with 8 beams: 2x2x2 (4 dual polarized antenna pairs), with a vertical oversampling rate of 2
Option 1, PRACH transmissions with the same beam
· Option 1-1, the same best beam: one of 8 candidate beams, which matches the channel best.
· Option 1-2, the same wide beam: 1x1x2 (1 dual polarized antenna pair)
[bookmark: _Hlk115428519]As abovementioned, more antenna elements are used to generate narrow beam in the scenarios of Option 1-1 and Option 2, compared with the small number of antenna elements used for a wide beam with Option 1-2. To keep a fair comparison between PRACH transmissions with wide beam and narrow beam, the same TRP is assumed in our simulation. 
In FR2, with multiple SSBs, PRACH is transmitted in the RO associated with the selected SSB. The number of SSBs may impact the number of UL Rx beams at gNB side. For example, with four SSBs in a serving cell, each with a separate RO, gNB sweeps its Rx beams across the four SSBs. Therefore, the performance of PRACH transmissions with the same beam and different beams relies on UE Tx beam, gNB Rx beam and the channel’s directivity. However, the number of SSBs or the gNB Rx beams doesn’t impact that much on the comparison of different UE beamforming schemes. To keep it simple, only one SSB is assumed in our simulation, namely, the gNB receives PRACHs with a wide beam. The difference between PRACH transmissions with the same beam and different beams is simply caused by whether the UL Tx beam matches the channel. CDL-A channel in 38.901 [3] is used in our simulation to model the directivity of channel.
Observation 5 The performance of PRACH transmission relies on UE Tx beam, gNB Rx beam and the channel’s directivity. But in the comparison between UE transmission schemes, the number of SSBs or the gNB Rx beams doesn’t matter that much.
Proposal 9 [bookmark: _Hlk115359889]CDL-A in 38.901 [3] is used for simulation.
2.3.2 Simulation results
Since Option 2 PRACH transmissions with different beams is the study part, we compare it with Option 1-1 PRACH transmissions with the same best beam in Figure 2 and with Option 1-2 PRACH transmissions with the same wide beam in Figure 3. In Figure 2, for the same number of PRACH transmissions, about 5dB loss is observed for beam sweeping option, compared with transmissions with the same best beam. A single PRACH transmission with the best beam performs better than beam sweeping with four beams. For a UE capable of ideal beam selection with beamCorrespondenceWithoutUL-BeamSweeping, transmissions with its refined beam work much better than the random beam sweeping. 
Observation 6 For the same number of PRACH transmissions, the transmissions with different beams (beam sweeping) has a loss of about 5dB compared with transmissions with the same best beam. A single PRACH transmission with the best beam performs better than UE sweeping four beams.
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Figure 2: PRACH repetition with Option 1-1 and Option 2
As observed in Figure 3, PRACH transmissions with beam sweeping has about 1dB gain over transmissions with the same wide beam.
Observation 7 PRACH transmissions with different beams (beam sweeping) outperforms the transmissions with the same wide beam by about 1dB for the same number of transmissions.
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Figure 3: PRACH transmission with Option 1-2 and Option 2
In Figure 2 and Figure 3, about 2dB gain is observed when the number of PRACH transmissions doubles, and the gain decreases when the number of PRACH transmissions increases. It is observed for PRACH transmissions with the same best beam, the same wide beam, or with different beams.
Observation 8 About 2dB gain is observed when the number of PRACH transmissions doubles, and the gain slightly decreases when the number of PRACH transmissions increases. It is observed for PRACH transmissions with the same best beam, the same wide beam, or with different beams.
2.4 [bookmark: _Hlk115260835][bookmark: _Hlk95308462]Interplay with Msg3 repetition
Msg3 has been identified as a coverage bottleneck and was improved in Rel-17. We simulated Msg3 repetition with the same wide beam in FR2, and the simulation assumptions can be found in Appendix. It is observed in Figure 4 that even with a maximum of eight repetitions and inter-slot frequency hopping, Msg3 transmissions with the same wide beam requires a SNR of -11.8 dB for 10% BLER, which is 1.7 dB higher than a single PRACH transmission with a wide beam and 8 dB higher than a single PRACH transmission with the best beam with 1% missed detection for the PRACH. The gap between a single legacy Msg1 transmission and Msg3 repetition could be 4.5 dB more for 10% mis-detection rate. With Rel-18 PRACH enhancement, the performance gap between Msg1 and Msg3 would grow, and the overall success rate of RACH procedure is restricted by Msg3 performance. Therefore, Msg3 needs further enhancement to be on par with Rel-18 PRACH.
Observation 9 In FR2, the required SNR for Msg3 with 8 repetitions and inter-slot frequency hopping at 10% BLER is 1.7 dB higher than that of a single PRACH transmission with a wide beam and 8 dB higher than a single PRACH transmission with the best beam for 1% missed detection. The gap could be 4.5 dB more for 10% mis-detection rate.
Observation 10 With Rel-18 PRACH enhancement, the performance gap between Msg1 and Msg3 would grow. Msg3 needs further enhancement to be on par with Rel-18 PRACH.
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Figure 4: Msg3 repetition in FR2
The determination of UL Tx beam for Msg3 transmission is up to UE implementation. In Rel-18, the PRACH transmissions with different beams are received by gNB with different SNR. If a best UL beam can be indicated to UE for Msg3 transmission, it can benefit from the beamforming gain. More gains can be expected if Msg3 is repeated with the same best beam. The beam indication for Msg3 transmission can improve Msg3 performance for UEs incapable of beam correspondence. It helps UEs capable of beam correspondence as well, given the factors like time varying channel.
Proposal 10 [bookmark: _Hlk115428534][bookmark: _Hlk115361663]Study how Msg3 performance can be improved by PRACH transmissions with different beams
3 Summary
In this contribution, we have discussed some issues related to multiple PRACH transmissions including:
· Determination of multiple PRACH transmissions
· Multiplexing options
· PRACH transmissions with different beams
· Interplay with Msg3 transmission
Based on the discussion, we make the following proposals:
Proposals:
1. Methods of determination and indication of repetition level of Rel-13 LTE eMTC/NB-IOT are used as starting points for Rel-18 multiple PRACH transmissions. 
1. Support multiple PRACH transmissions for CBRA, where the number of multiple PRACH transmissions can be determined by UE, when channel quality is below a threshold. 
1. Support multiple PRACH transmissions for CFRA.
1. Support multiple PRACH transmissions in consecutive PRACH occasions in time domain. 
1. Validation rules are applied after ROs for multiple PRACH occasions are determined for a specific number of PRACH transmissions.
1. Study simultaneous PRACH transmissions in Rel-18, including the association of different preambles in a RO and different FDMed ROs to one RACH attempt from a UE.
1. Consider multiple PRACH transmissions with the same beam and with different beams for UEs capable and incapable of beamCorrespondenceWithoutUL-BeamSweeping. For PRACH transmissions with the same beam, the two kinds of UEs transmit PRACHs with the same refined beam and the same wide beam respectively
1. Simulate UEs with up to eight antenna elements (with 4 dual polarized antenna pairs). 
1. CDL-A in 38.901 [3] is used for simulation.
1. Study how Msg3 performance can be improved by PRACH transmissions with different beams
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5 Appendix: Simulation parameters
Table 1: Simulation parameters
	 
	FR2

	Carrier
	28GHz

	TDD pattern
	DDDSU

	SCS
	120kHz

	Channel model
	CDL-A

	Delay spread
	100 ns

	UE antennas
	[2 2 2]

	ISD
	200 m

	BS antennas
	[1 2 2] 

	MCS index for Msg 3
	MCS=0

	Waveform
	DFT-S-OFDM

	FH offset
	50 PRBs

	PRACH Format
	B4

	Performance metric
	Missed detection rate at 0.1% false alarm probability

	UE speed
	3 km/h
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