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1. [bookmark: OLE_LINK14][bookmark: _Ref490222521][bookmark: OLE_LINK13]Introduction
In RAN#95e, new work item has been approved to further improve the coverage performance of the uplink channels, including PRACH repetition, power domain enhancement and dynamic waveform switching [1]. In this contribution, we firstly provide the evaluation results of PRACH repetition, and analyse the feasibility of different PRACH repetition schemes. At last, we illustrate the specification impact of PRACH repetition procedure, including the trigger conditions, PRACH resource configuration, and its relations to Msg2/Msg3 transmissions.
	The detailed objectives of the work item are as follows [1]:
· 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.
· Study and if necessary specify following power domain enhancements
· Enhancements to realize increasing UE power high limit for CA and DC based on Rel-17 RAN4 work on “Increasing UE power high limit for CA and DC”, in compliance with relevant regulations
· Note 1: The study starts after RAN4 work on “Increasing UE power high limit for CA and DC” is done depending on conclusions from RAN4.
· Note 2: The objective will be revisited and further clarified in RAN plenary after RAN4 work on “Increasing UE power high limit for CA and DC” is done, and the discussion in WGs will not start before the objective is revised with a clearer scope.
· Note 3: Both RAN1 and RAN4 are expected to be involved; to decide the order of either (RAN4, RAN1) or (RAN1, RAN4) later.
· Enhancements to reduce MPR/PAR, including frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation (RAN4, RAN1)
·  Specify enhancements to support dynamic switching between DFT-S-OFDM and CP-OFDM (RAN1)


2. Discussions
2.1 Motivations of PRACH coverage enhancement
[bookmark: _GoBack]In TR 38.830 [2], the potential bottleneck channels have been determined based on the link budget evaluation in NR Rel-17, and the performance gap has been derived based on MIL criterion referring to the coverage range of PUCCH format 1 for FR2. As highlited in the table below, PRACH coverage performance is required to be enhanced in the 28GHz urban O2O and O2I scenarios with a performance gap of -1.92dB in O2I scenario and -7.57dB in O2O scenario.  In order to compensate the PRACH coverage gaps identified, PRACH repetition has been agreed to be specified in NR Rel-18.


Table 1. Performance gap of the potential bottleneck channels for FR2 identified in NR Rel-17
	Scenarios
	Target metrics
	Channels (and Frame format)
	MIL

	
	
	
	Number of samples
	Representative value
	Standard Deviation (w/o outlier)
	Relative difference vs. PUCCH Format 1

	Urban 28GHz TDD NLOS O2I
	Scenario dependent target
ISD=200m
	PUSCH eMBB DDDSU
	9
	125.31
	3.78
	-17.83

	
	
	PUSCH eMBB DDSU
	3
	123.94
	1.74
	-19.20

	
	
	PUCCH Format 3 11bits
	8
	142.27
	3.16
	-0.86

	
	
	PUCCH Format 3 22bits
	7
	139.18
	2.58
	-3.96

	
	
	PRACH Format B4
	6
	141.22
	5.70
	-1.92

	
	
	PUSCH of Msg3
	7
	139.72
	5.69
	-3.41

	Urban 28GHz TDD NLOS O2O
	Scenario dependent target
ISD=200m
	PUSCH eMBB DDDSU
	9
	123.60
	1.73
	-20.10

	
	
	PUSCH eMBB DDSU
	3
	123.99
	1.78
	-19.71

	
	
	PRACH Format B4
	5
	136.13
	0.88
	-7.57


According to above, we have following observation.
Observation 1: 
· The performance gaps of PRACH coverage are -1.92dB and -7.57dB for 28GHz urban O2I and O2O scenarios respectively, which are expected to be compensated via PRACH repetition in NR Rel-18 coverage enhancement work item.
2.2 Coverage performance of PRACH repetition
Coverage performance of PRACH repetition with single Tx beam
According to the conclusions in SI, we first evaluate the performance gain of PRACH repetition with different repetition numbers in the urban O2O and O2I NLOS scenarios. For urban O2O scenario, UE speed is assumed to be 30km/h, while for urban O2I scenario, UE speed is assumed to be 3km/h. Frame structure is set as ‘DDDSU’ for FR2 TDD system, and PRACH signals is repeated every 10 slots. The same Tx beam associated with single SSB is assumed when PRACH repetition is performed. Other simulation assumptions are summarized in the annex. 
As shown in Figure 1, the same coverage performances are observed in urban O2O and O2I scenarios when the single PRACH repetition is applied, i.e. when PRACH is not repeated. In the urban O2O scenario, the performance gain of PRACH repetition is about 4.3dB for 2 PRACH repetitions and 7.9dB for 4 PRACH repetitions. In the urban O2I scenario, the performance gain is about 3.1dB for 2 PRACH repetitions and 6.3dB for 4 PRACH repetitions. The channel variance in time is quicker in the urban O2O scenario due to the higher UE speed, and thus an additional time variance diversity gain is achieved during PRACH repetition.
Observation 2: 
· In the urban O2O scenario, the performance gain of PRACH repetition is about 4.3dB for 2 PRACH repetition and 7.9dB for 4 PRACH repetition. 
· In the urban O2I scenario, the performance gain is about 3.1dB for 2 PRACH repetition and 6.3dB for 4 PRACH repetition.
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Figure 1. Performance of PRACH repetition in urban O2O and O2I scenarios
To investigate the frequency hopping gain, the urban O2I scenario is considered in the evaluation. We assume that multiple RO resources associated with the same SSB are multiplexed in the frequency domain, and therefore two possible transmission schemes are considered: PRACH repetition without RO hopping, which means RO index is same during the repetition; PRACH repetition with RO hopping, and RO index pattern is set as {0,1} and {0,1,0,1}. 
As shown in Figure 2, the performance gain of PRACH repetition without RO hopping is 3.1dB for 2 PRACH repetitions, 6.3dB for 4 PRACH repetition, and 9.3dB for 8 PRACH repetition. The additional gain of PRACH repetition with RO hopping is about 0.67dB compared to that of PRACH repetition without RO hopping.
Observation 3: 
· The performance gain of PRACH repetition without RO hopping is 3.1dB for 2 PRACH repetition, 6.3dB for 4 PRACH repetition, and 9.3dB for 8 PRACH repetition in the urban O2I scenario.
Observation 4: 
· The additional gain of PRACH repetition with RO hopping is about 0.67dB compared to that of PRACH repetition without RO hopping.
[image: ]
Figure 2. Performance of PRACH repetition with different repetition numbers

To determine the maximum number of repetitions, the results provided in Figure 1 for the O2O scenario should be considered since a larger value of 7.57dB enhancement is needed meaning that a target SNR of -18.87dB is required when PRACH is repeated. The SNR values derived from Figure 1 for different number of repetitions are summarized in following table when we look at both 10% and 1% PRACH miss detection rate. 
Table 2. Required SNR to compensate gap for O2O scenario
	SNR@targetPmiss (dB)
	1 repetition
	2 repetitions
	4 repetitions
	8 repetitions

	10% Pmiss, noFH
	-14.7
	-18.2
	-21.25
	<-22

	1%  Pmiss, noFH
	-11.3
	-15.6
	-19.25
	<-20



It can be seen that up to 4 PRACH repetitions with same beam should be enough to compensate the maximum performance gap identified in Rel-17. If frequency hopping (as shown in Figure 2) is considered and 10% is assumed as the PRACH miss detection rate, probably 2 repetitions would be enough to have the SNR@10% Pmiss close to the target SNR.
According to above, we have following proposal.
Proposal 1: 
· Up to 4 PRACH repetitions with same beam should be considered to compensate the maximum performance gap identified in Rel-17 when frequency hopping is not assumed.
Coverage performance of PRACH repetition with multiple Tx beams
PRACH repetition with multiple Tx beams is a candidate scheme to be justified. Link level evaluation is performed assuming that UE transmits multiple PRACH signals associated with single best narrow beam or using different narrow beams for different repetitions on the transmitter side. On the receiver side, gNB detects PRACH signals over the corresponding RO with the same Rx beam for both schemes. The detailed evaluation assumptions can be found in Table A2 in Annex.
As shown in Figure 3, compared to single PRACH repetition, the performance gain of multiple beam repetition is 4.6dB, while the performance gain of single best beam repetition is 6.7dB. Therefore, using best beam for PRACH repetition would have around 2.1 dB gain compared to using different narrow beams.
Observation 5: 
· The performance gain of single beam repetition is 2.1dB better than that of multiple beam repetition for the case of 8 PRACH repetitions.
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Figure3. Performance of PRACH repetition with same and different Tx beam.
As is discussed in previous sections, there are about 1.92~7.57dB performance gap to be compensated for PRACH coverage. If PRACH repetition with the same beam is adopted, 4 PRACH repetitions are good enough to reach the requirement. According to the evaluation results, more PRACH repetitions are needed to achieve the coverage requirement for PRACH repetition with different beams which is not preferred. 
For the best beam detection, UE normally would measure all the SSBs for both cell selection and random access resource determination, so it should be assumed that UE can select the best beam for PRACH repetition transmission.
Furthermore, PRACH repetition may be cancelled due to invalid RO or overlapping with downlink transmission. For PRACH repetition with multiple beams, the coverage performance would be degraded if PRACH repetition with the optimal beam maps to an invalid RO. It is also hard for UE to determine different number of beams or which groups of beams are proper for PRACH repetitions. UE complexity will increase obviously. 
According to above, PRACH repletion with different beams should be deprioritized, and it is not necessary both from performance perspective and from complexity perspective.
Proposal 2: 
· PRACH repetition with different beams is not supported in Rel-18 coverage enhancement work item.
2.3 Random access procedure design with PRACH repetition
[bookmark: _Hlk115423761]There have been three kinds of random access procedures defined for 5G networks, including 4-step RACH in Rel-15, 2-step RACH in Rel-16, and 4-step RACH with Msg3 repetition in Rel-17. UE decides RACH type based on RSRP of the downlink pathloss reference at the initial step of random access procedure. The same criterion could be adopted for triggering 4-step RACH with PRACH repetition, i.e. if RSRP of the downlink pathloss reference is below a configure threshold, 4-step RACH with PRACH repetition is used, otherwise legacy 4-step RACH is used. Furthermore, it may happen that the 4-step random access fails for several attempts when UE moves to the poor coverage area after RACH type selection. It is reasonable to switch to 4-step RACH with PRACH repetition when legacy 4-step RACH is not suitable for the current channel conditions. 
Before PRACH transmission, UE should determine whether PRACH should be repeated or the repetition number of PRACH repetitions (if multiple numbers of repetitions are supported) according to SS-RSRP measurements, which is similar but a bit different from the indication of Msg3 repetition in Rel-17 as the actual Msg3 repetition number is signalled by network. Considering that the performance gap could be up to -7.57dB, a criterion for determining the repetition number should be designed. For example, multiple thresholds corresponding to different repetition numbers if supported could be configured in SIB. In addition, UE may increase PRACH repetition number or try to use PRACH repetition if the random access has no repetition or if a number of attempts of random access with low PRACH repetition number have failed for several times.
Proposal 3:
· The random access procedure with PRACH repetition could be triggered at least under the following conditions:
· RSRP of the downlink pathloss reference is below a configured threshold,
· Random access reattempts fail for a number of times.
A part of PRACH resources, i.e. RO and preamble resources, need to be configured for PRACH repetition to distinguish PRACH repetition from other PRACH types. There’re 3 potential PRACH resource configuration schemes as illustrated in Figure 4.
RO resources are associated with different SSBs within an association period in the increasing order of frequency domain firstly and then in the increasing order of time domain. The RO resources of PRACH repetitions could reuse SSB-RO association results for legacy RACH procedure, and a separate preamble resources in the shared ROs could be configured for PRACH repetition. However, this means the selected ROs for a set of PRACH repetitions would depend on the PRACH configuration period which is too large with respect to the RAR window length which can be up to 10ms or just 1 slot in minimum. Therefore, sharing ROs for all PRACH repetitions is not preferred.
Separate RO resources should be configured for the PRACH repetitions, to decrease the transmission latency of PRACH repetitions if a different PRACH configuration compared to legacy can be introduced, especially for the case with a large number of SSBs configured in FR2 band. 
Furthermore, a part of PRACH repetitions could be transmitted on the shared RO resources while the remaining part of PRACH repetitions could be transmitted on the separate RO resources to reduce the latency of PRACH repetition transmissions.
Proposal 4: 
· PRACH resource configuration for PRACH repetition should be carefully studied considering PRACH transmission delay which should be less than 10ms
Proposal 5: Following options can be a starting point for PRACH repetition resource configuration:
· Option 1: Separate RO resources configured different from current PRACH configuration period,
· Option 2: Partial shared ROs and partial  ROs are separately configured.


Figure 4. Potential PRACH resource partition schemes
For legacy random access procedure, RAR window is started at the first PDCCH occasion from the end of PRACH transmission, and the maximal length of RAR window is 10ms. When PRACH repetition is used, RAR window could be started after the first PRACH transmission to support the PRACH early termination scheme, or after all PRACH repetitions have been transmitted. For the former case, UE detect Msg2 scrambled with RA-RNTI corresponding to the first PRACH repetition but would require extension of RAR window and cause RAN2 spec. impacts.  For the latter case, RA-RNTI calculation should be determined to be based on one of the ROs for PRACH repetition which is not a big problem and can be specified to be based on the RO of first PRACH repetition or last PRACH repetition. 
According to above, we have following proposal.
Proposal 6: 
· RAR window for PRACH repetition is started after all PRACH repetitions and RAN1 to discuss which RO of PRACH repetitions is considered for RA-RNTI calculation.
As is known, both PRACH repetition and Msg3 repetition requires early indication via separate PRACH resources. When PRACH repetition is triggered, it is likely to require for Msg3 repetition at the same time. Therefore, some of the configured parameters for Msg3 repetition could be considered to determine whether PRACH should be repeated. For example, RSRP threshold used for triggering Msg3 repetition can be no less than the RSRP threshold for triggering PRACH repetition.
Proposal 7: 
· RAN1 or RAN2 to further discuss whether there should be any relationship between conditions for trigging PRACH repetition and triggering Msg3 repetition.

When UEs in the RRC connected mode move to a poor coverage area, PRACH repetition could be needed when CFRA procedure is selected for BFR, TA establishment etc. Therefore, PRACH repetition in CFRA should also be supported. In addition, for CFRA, it is more flexible for network to configure the PRACH resources for PRACH repetition as dedicated signalling can be applied, which can be further discussed in RAN1. Therefore we have following proposal.
Proposal 8: 
· CFRA procedure with PRACH repetition should be supported in Rel-18 coverage enhancement WI.
3. Conclusion
In this contribution, we discuss the performance gain of PRACH repetition, and potential enhancements needed to support PRACH repetition. Based on the discussions, we have following observations and proposals:
Observation 1: 
· The performance gaps of PRACH coverage are -1.92dB and -7.57dB for 28GHz urban O2I and O2O scenarios respectively, which are expected to be compensated via PRACH repetition in NR Rel-18 coverage enhancement work item.
Observation 2: 
· In the urban O2O scenario, the performance gain of PRACH repetition is about 4.3dB for 2 PRACH repetition and 7.9dB for 4 PRACH repetition. 
· In the urban O2I scenario, the performance gain is about 3.1dB for 2 PRACH repetition and 6.3dB for 4 PRACH repetition.
Observation 3: 
· The performance gain of PRACH repetition without RO hopping is 3.1dB for 2 PRACH repetition, 6.3dB for 4 PRACH repetition, and 9.3dB for 8 PRACH repetition in the urban O2I scenario.
Observation 4: 
· The additional gain of PRACH repetition with RO hopping is about 0.67dB compared to that of PRACH repetition without RO hopping.
Observation 5: 
· The performance gain of single beam repetition is 2.1dB better than that of multiple beam repetition for the case of 8 PRACH repetitions.
Proposal 1: 
· Up to 4 PRACH repetitions with same beam should be considered to compensate the maximum performance gap identified in Rel-17 when frequency hopping is not assumed.
Proposal 2: 
· PRACH repetition with different beams is not supported in Rel-18 coverage enhancement work item.
Proposal 3:
· The random access procedure with PRACH repetition could be triggered at least under the following conditions:
· RSRP of the downlink pathloss reference is below a configured threshold,
· Random access reattempts fail for a number of times.
Proposal 4: 
· PRACH resource configuration for PRACH repetition should be carefully studied considering PRACH transmission delay which should be less than 10ms
Proposal 5: Following options can be a starting point for PRACH repetition resource configuration:
· Option 1: Separate RO resources configured different from current PRACH configuration period,
· Option 2: Partial shared ROs and partial  ROs are separately configured.
Proposal 6: 
· RAR window for PRACH repetition is started after all PRACH repetitions and RAN1 to discuss which RO of PRACH repetitions is considered for RA-RNTI calculation.
Proposal 7: 
· RAN1 or RAN2 to further discuss whether there should be any relationship between conditions for trigging PRACH repetition and triggering Msg3 repetition.
Proposal 8: 
· CFRA procedure with PRACH repetition should be supported in Rel-18 coverage enhancement WI.
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Annex: Simulation assumptions 
Table A1. Simulation assumptions for PRACH repetition with single beam
	Parameters
	Values 

	Carrier Frequency 
	28GHz 

	System bandwidth 
	100MHz (50RBs) 

	Subcarrier spacing
	120kHz

	Frame structure for TDD
	DDDSU

	UE TX power 
	23dBm 

	Number of Tx antenna at UE 
	1 antenna 

	UE speed 
	3km/h for O2I, 30km/h for O2O

	Channel model
	TDL-A (DS 100ns)

	ISD
	200m

	Propagation delay
	0.47173us

	PRACH format
	B4

	Candidate RO set for PRACH repetition
	Assuming PRACH repetition is accomplished within one frame.
Slot# {9} for repetition=1, {9,19} for repetition=2, {9,19,29,39} for repetition=4, {9,19,29,39,49,59,69,79} for repetition=8

	PRACH RO hopping configuration
	RO index pattern {0,1} for repetition=2, {0,1,0,1} for repetition=4, if RO hopping is configured

	Receiver at gNB
	Soft combination within one PRACH signal, and power accumulation among PRACH repetition



Table A2. Simulation assumptions for PRACH repetition with different beams
	Parameter 
	Values 

	Carrier Frequency 
	28GHz 

	System bandwidth 
	100MHz (50RBs) 

	Subcarrier spacing
	120kHz

	UE TX power 
	23dBm 

	UE speed 
	30km/h for O2O

	Channel model
	CDL-A (DS 100ns)

	ISD
	200m

	Propagation delay
	0.47173us

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1)

	UE antenna configuration
	(M, N, P, Mg, Ng) = (2, 2, 1, 1, 1) for beam sweeping
Single antenna is used for PRACH with single beam

	UE beam set
	Azimuth angle set = [-3*pi/8, -pi/8, pi/8, 3*pi/8 ]
Zenith angle set = [pi/4, 3*pi/4]

	PRACH format
	B4

	Receiver at gNB
	Detecting over each candidate RO independently with the same Rx beam associated SSB
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