3GPP TSG RAN WG1 #112			R1-2301602
Athens, Greece, February 27th – March 3rd, 2023

Agenda item:	9.14.1
Title:	On PRACH coverage enhancements
Source:	MediaTek Inc.
Document for:	Discussion and Decision
Introduction
Rel-18 WID on further NR coverage enhancements [1] describes the following objective for PRACH enhancements:
	· 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 RAN1#111, the following agreements were made for PRACH coverage enhancements:
	Agreement
For multiple PRACH transmissions with same Tx beam, support to differentiate at least between multiple PRACH transmissions and single PRACH transmissions.

Agreement
For multiple PRACH transmissions with same Tx beam, to differentiate the multiple PRACH transmissions with single PRACH transmission, consider one or multiple of the following options.
· Option 1: Multiple PRACH are transmitted with separate preamble on shared ROs.
· Option 2: Multiple PRACH are transmitted on separate ROs.
· Option 3: Partial of multiple PRACHs are transmitted with separate preamble on shared ROs, while the other multiple PRACHs are transmitted on separate ROs.
· Other options are not precluded.
· Note: Shared or separate RO/preamble means that the RO/preamble is shared or separated with single PRACH transmission. 

Agreement
· Study at least the following case for multiple PRACH transmissions with different Tx beams.
· UE uses different TX beams to transmit the multiple PRACH over ROs associated with the same SSB/CSI-RS
· FFS: UE uses different TX beams to transmit the multiple PRACH over ROs associated with different SSBs /CSI-RSs, where the different SSBs/CSI-RSs are not associated with the same RO.
· Note: not related to decision on CFRA 
Note: UE uses different TX beams to transmit the multiple PRACH over ROs associated with different SSBs/CSI-RSs, where the different SSBs/CSI-RSs are associated with the same RO is not considered.

Working Assumption
Simulation results for multiple PRACH transmissions with different beam(s) and same beam(s) (baseline) to be discussed in the next meeting.
· Simulation assumptions in TR 38.830 are used as the starting point for the simulation. 
· Focus on FR2.
· UE antenna configuration 2-2-2(baseline), 1-4-1(optional)
· Performance metric: 0.1% false alarm, 1% miss-detection
· Companies report the number of beams, the beam widths, beam correspondence assumption, and the boresights.
· Channel model for link-level simulation: CDL-A defined in table 7.7.1-1 in TR 38.901.
· Both that UE fulfills beamCorrespondence requirements Without UL-BeamSweeping and UE fulfils beamCorrespondence requirements With UL-BeamSweeping can be considered in the simulation are used as starting point for simulation.
Agreement
For multiple PRACH transmissions with same Tx beam, down-select one option from the following options.
· Option 1: gNB can only configure one value for the number of multiple PRACH transmissions.
· Option 2: gNB can configure one or multiple values for the number of multiple PRACH transmissions.
· FFS: details
Agreement
· For multiple PRACH transmissions with same Tx beam, at least SSB-RSRP threshold(s) are used to determine the number of PRACH transmissions at least for the first RACH attempt.
· Note: whether to support multiple numbers of PRACH transmissions is separately discussed.



In the contribution we discuss enhancements to support multiple PRACH transmission for 4-step RACH procedure including the cases for same beam transmisison and different beams transmission.

Discussion
As stated in the WID [1], short PRACH formats are targeted while enhancements can also apply to other formats when applicable. In our view, identifying a set of PRACH formats including some specific short and long formats can be useful in designing the support for multiple transmissions. For example, the decision on the maximum number of PRACH transmissions is an area where the PRACH format may be a factor from a time duration aspect. Some previous work from Rel-17 study phase can be used as reference to identify bottleneck PRACH formats (e.g., format B4).
We propose the following. 
Proposal 1: A set of bottleneck PRACH formats should be identified as primary targeted formats that require coverage enhancements (e.g., format 0, format 2, format B4). 

Maximum repetition number for PRACH transmissions
An important aspect of supporting multiple PRACH transmission is to determine the maximum transmission number in a single set of PRACH repetitions (i.e., in a single PRACH attempt with multiple transmissions). This number should clearly be decided based on how much coverage gap needs to be recovered. Evaluation results from the Rel-17 study TR can be used as reference, as listed in summary in Table I and Table II below. 
Table I. Results for PRACH from Rel-17 study on NR coverage FR1 (Source: TR38.830, Table 5.1.2-1)
[image: ]

Table II. Results for PRACH from Rel-17 study on NR coverage FR2 (Source: TR38.830, Table 5.2.2-1)
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As seen from Table I and Table II, a coverage gap of at least 7-8 dB is likely to be observed. Based on such potential coverage gap figures for PRACH, it is preferable to support up to 8 PRACH transmissions in a single PRACH repetition set. Transmitting a total of 8 PRACH transmissions can effectively offer doubling the received power three times, hence up to 9 dB can be recovered. 
Observation 1: At least, a 7-8 dB of coverage gap is likely to be observed for PRACH based on Rel-17 study phase evaluations for NR PRACH coverage.
Based on these coverage gap figures from Rel-17 study phase, we propose the following. 
Proposal 2: Support up to 8 PRACH transmissions per one PRACH attempt, i.e., support PRACH transmission numbers of {2,4,8}.

RACH resources and SSB mapping for multiple PRACH transmissions
An important part of the RACH configuration is the time and frequency location of the RACH resources and the mapping between these RACH occasions and SSB indexes. In addition, in CBRA case, different UEs transmitting PRACH on the same RACH resources based on the same strongest SSB index can still avoid PRACH collisions by using different PRACH preambles. On top of the existing PRACH configuration design, UEs with multiple PRACH transmissions can essentially transmit multiple PRACH repetitions using a new configuration setting. Supporting multiple repetitions from one user can be realized by using different resources in frequency domain (i.e., in an FDM pattern-like distribution of RACH resources), or in sequence domain (i.e., by using multiple preambles), or in time domain (i.e., in a TDM pattern-like distribution of RACH resources). These alternatives are illustrated as examples below in Figure 1. 
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Figure 1 Possible alternative methods of RACH resource assignments for multiple PRACH transmissions

A short benefit vs. drawback analysis is provided below:
· Frequency-domain repetitions: This approach comes with a disadvantage to cause lower PSD in uplink when UE is at max power (i.e., power-limited scenario).
· Sequence-domain repetitions: Receiver combining (i.e., SNR accumulation) at gNB may not be easy to realize when the same user transmits PRACH using different preambles within a single PRACH repetition set.
· Time-domain repetitions: Repetition in time-domain can help UE to accumulate its transmit power. Such approach may also be used together with frequency hopping to achieve diversity/shift in frequency.
Based on the views above, we propose to support multiple PRACH transmissions in different time instances only using RACH resources from different time locations. 
Proposal 3: Support multiple PRACH transmissions in different time instances only. Do not support multiple PRACH transmissions in same time instance.

When RACH resources are assigned in time-domain in a TDM-like manner, two alternative options can be considered for the position of the RACH occasions used by UE performing multiple PRACH transmissions. 
· Option-1): One main approach could be utilizing the existing set of RACH occasions/slots for multiple PRACH transmissions. In this alternative, legacy pre-Rel-18 UEs and new Rel-18 UEs with repetitions share the same exact set of PRACH resources. All UEs with single PRACH transmission (i.e., no repetition case) can rely on the existing configuration for SSB index mapping to corresponding RACH occasions, while UEs with multiple PRACH transmissions in one repetition set can also follow the same configuration for the mapping relationship between SSB index and corresponding RACH occasions. One drawback would be potential delay burden for the user during the completion of one full PRACH repetition set, if the SSB and RACH occasion relationship is configured in a manner where same SSB index value corresponds to multiple RACH occasions. As shown in Figure 2 as an example, a user with SSB#0 as the strongest measured SSB would need to wait until the next PRACH association period to complete four repetitions that are distributed in time domain. In other words, the mapping association configured in the cell between SSB and RACH occasions may inadvertently impose a longer delay for users with multiple PRACH transmissions. 
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Figure 2 Using same existing RACH occasions for repetitions may incur delays

· Option-2): Another approach is introducing new RACH occasions/slots for UE with multiple PRACH transmissions. The legacy pre-Rel-18 UE and new Rel-18 UE with single PRACH transmission (i.e., no repetition case) can use the same RACH occasions as defined in earlier releases, while new Rel-18 UE with multiple PRACH transmissions uses the existing RACH occasions from earlier releases only for the initial PRACH transmission in a PRACH repetition set. The second, third, and more PRACH transmissions are performed using a new set of RACH occasions/slots. See Figure 3 for an illustration (i.e., with up to 3 repetitions in this example). From gNB perspective, the network would know in advance which transmission number in a PRACH repetition set would be expected for arrival on any given RACH slot index. If a UE performs two PRACH transmissions in its repetition set, only the first legacy RACH occasion (i.e., as illustrated by a black square in Figure 3) and the subsequent RACH occasion that follows the initial transmission occasion (i.e., as illustrated by one of the first green squares that follows immediately after the initial RACH occasion). 
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Figure 3 Introducing new RACH occasions for repetitions to improve user delay

The second approach (Option-2) comes with the benefit of completing the transmission of one full PRACH repetition set within one PRACH configuration period (i.e., a minimum of 10 ms or more depending on the cell configuration). For this advantage, we propose to consider Option-2 as the set of RACH occasions for multiple PRACH transmissions. 
We propose the following:
Proposal 4: Support Option-2 (i.e., introduce a new set of RACH occasions for every configuration period to allow PRACH transmissions for the second, third and more PRACH repetitions without impacting legacy PRACH configuration settings).

One possible area of disadvantage with Option-2 is the reservation of additional uplink resources for RACH procedure. When resources are reserved for PRACH, network cannot assign them for other PUSCH transmissions, hence causing a reduction in system spectral efficiency. Therefore, optimization is needed for the configuration of the RACH occasion sets for PRACH repetitions. 
Observation 2: Reserved PRACH resources may not be assigned for other PUSCH transmissions by the network, which may cause a reduction in system spectral efficiency if it’s not optimized.
To improve system resource efficiency with Option-2, we consider a lean configuration where fewer RACH occasions are assigned after every repetition number in a PRACH transmission set. When the number of RACH occasions across the frequency-domain are reduced, the SSB mapping to each remaining RACH occasion is also adjusted. 
We consider four different cases for study, as illustrated in Figures 4, 5, 6, and 7.
· Example Scheme-1: 
Existing legacy RACH resources are used. Same resource pattern as described in Option-1 (Figure 2). For an illustration, see Figure 4 below.
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Figure 4 Scheme-1 where only legacy RACH resources are used for multiple transmissions
· Example Scheme-2: 
New set of RACH resources are introduced to allow multiple PRACH transmissions in a single configuration period. Same resource pattern as described in Option-2 (Figure 3). No optimization for the number of new RACH resources. For illustration, see Figure 5 below.
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Figure 5 Scheme-2 where legacy RACH resources are used for the 1st transmissions and subsequent resources are used for 2nd, 3rd, and 4th repetitions, respectively

· Example Scheme-3: 
Similar resource pattern as Scheme-2 (Figure 5) is used. However, RACH resources are halved after the 2nd repetition occasions to improve system spectral efficiency. For illustration, see Figure 6 below.
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Figure 6 Scheme-3 where new RACH resources for repetitions are reduced at the 3rd and 4th repetition occasions

· Example Scheme-4: 
Similar resource configuration as Scheme-3 (Figure 6) with further optimizations on the number of new RACH occasions. For an illustration, see Figure 7 below.
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Figure 7 Scheme-4 where new RACH resources for repetitions are reduced more and more at every repetition index (2nd, 3rd and 4th repetition occasions)

As observed from Figures 4,5,6,7 above, the mapping association between SSB index values and RACH occasions are adjusted when fewer PRACH resources are reserved after every repetition index. Now, we compare these four schemes by simulation to observe potential gain in system resource efficiency by reduced RACH resources vs. higher collision risk.
Our simulation simply evaluates a single cell with multiple users attempting PRACH. Each user determines its strongest SSB index and how many repetitions are needed to complete a successful PRACH transmission. Then, UE finds the next available RACH occasion (based on strongest SSB index) and selects one preamble to perform a single PRACH repetition transmission. Then, once all PRACH transmissions in a repetition set are successfully performed, the PRACH attempt is logged as successful. If there is a collision with another UE(s), the collision is logged and only one of the colliding UE’s transmission is logged as success. The rest of the colliding UEs’ transmissions are logged as one fail. Then, a UE with a fail flag must make another PRACH attempt using the same SSB index and repetition number until PRACH transmission is successful. Finally, after simulation runs for a sufficient time, we measure the resource efficiency by counting the number of successful PRACH transmissions minus the number of PRACH collisions. Then, the result is divided by the total number of PRACH resource occasions reserved by the network. The list of simulation parameters are available in the Appendix. 
The results of our simulation are presented in Figure 8. 
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Figure 8 Simulation results comparing resource utilization efficiency between Schemes 1,2,3,4
Interestingly, Scheme 1 performs better than Scheme-2 in terms of resource utilization efficiency as the additional new resource occasions in Scheme-2 causes low rate of RACH resource utilization. 
On the contrary, Scheme-3 and Scheme-4 outperform Scheme-1 in resource efficiency despite having more RACH resource reservations. This is due to the reduced rate of collisions among legacy users and users with PRACH repetitions. Based on the results, Scheme-3 and Scheme-4 seems to achieve a better trade-off between rate of collisions among users and the rate of resource utilization. 
Based on our discussion and simulation study, we propose to consider RACH resource optimizations for better system spectral efficiency. 
[bookmark: _Hlk115425967]Proposal 5: Consider optimizations (as described in Scheme-3 and Scheme-4) to improve the efficiency of system resource utilization by reducing the number of new RACH resources for PRACH repetitions.

RAR window and RA-RNTI
Another aspect of new RACH design with multiple PRACH transmission is the definition of RAR window. If similar approach as legacy design is considered, one straightforward way is to re-use similar RAR window configuration, assuming that the transmission of a full PRACH repetition set can be completed before the beginning of the RAR window. Otherwise, the similar RAR window can be adapted by shifting in time to allow UE enough time to complete all PRACH transmission before monitoring for the DCI during the RAR window. 
Proposal 6: Single RAR window is configured after a UE completes the transmission of its full PRACH repetition set.

Triggering mechanism for PRACH repetitions
If cell configuration allows multiple PRACH transmissions, the users in the cell should still be allowed to perform a single PRACH transmission, or multiple PRACH transmissions with a repetition number lower than the maximum number of allowed PRACH transmissions. 
Observation 3: In the same cell, some UEs in good coverage requires only a single PRACH transmission while other UEs with weaker coverage requires a varying number of multiple PRACH transmissions.

To realize such flexibility for different UEs, the cell configuration should provide a set of configuration options where some parameters (such as the time-frequency locations of RACH occasions, the set of preambles, etc.) are common among all RACH configurations while some other parameters (transmission number) are unique to each configuration. 
A simple approach can be to pre-configure via SIB a set of multiple PRACH configurations where each configuration is associated with a different number of PRACH transmissions (i.e., each configuration with a different coverage enhancement level) and with a corresponding pre-defined threshold in dB. Each UE can then determine its required coverage enhancements level via its own SSB measurements and compare the best measured value against the list of pre-defined threshold values at each coverage level. UE can select its corresponding coverage level, and once it’s selection, UE follows the RACH configuration setting that falls into the relevant SSB measurement value. 
We propose the following.
Proposal 7: Cell configuration includes a set of pre-defined threshold values for different coverage enhancement levels (e.g., a threshold value in dB) and a corresponding PRACH transmission number. UE compares its best measured SSB value against these pre-defined threshold values to determine the most suitable PRACH transmission number. 

Multiple PRACH transmissions using different beams
Transmission on different beams can provide additional PRACH coverage gain for some UE. However, such gain would in fact depend on whether the UE supports beamCorrespondence as a capability. If supported, such UE can also use its ability to determine uplink transmit beam based on the receive beam. The beamCorrespondence feature based on SSB is defined for FR2 bands in TS38.306 v17.2.0, as follows.
	beamCorrespondenceSSB-based-r16
Indicates whether the UE support for beam correspondence based on SSB has the ability to select its uplink beam based on measurement of SSB. If a UE supports beam correspondence based on SSB, then the network can expect the UE to also fulfil Rel-15 beam correspondence requirements.

If UE supports neither beamCorrespondenceSSB-based-r16
nor beamCorrespondenceCSI-RS-based-r16, gNB can expect the UE to fulfil beam correspondence based on Rel-15 beam correspondence requirements.
	Band
	No
	TDD only
	FR2 only



If a UE does not support this feature, the PRACH transmission attempt may happen as shown in Figure 9. As an example illustration in Figure 9, UE performs SSB measurements using a fixed UE receive beam (i.e., beam#2). The SSB#3 is determined to be the strongest measurement. UE then attempts its PRACH transmission using similar UE transmit beam (i.e., transmit beam#2). However, no RAR is received and PRACH attempt is concluded unsuccessful. UE then re-attempts PRACH transmission by trying a different transmit beam (i.e., beam#3) and with power ramp up. This time, RAR is received and PRACH attempt is successful. 
Although UE eventually manages to successfully transmit PRACH, it takes a second attempt (or more attempts) to try a different transmit beam. If multiple PRACH transmissions are supported by such UE, transmission on different beams will likely improve the chances of a successful PRACH attempt at the first trial. 
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Figure 9 UE without beamCorrespondence may take longer to make a successful PRACH transmission

However, as another example, let’s consider a UE with beamCorrespondence support, as shown in Figure 10. As an example illustration in Figure 10, UE takes SSB measurements using a fixed UE receive beam (i.e., receive beam#2). UE then determines one of the SSB as the strongest (i.e., SSB#3). Once the 3rd SSB is determined to be the best beam, UE can select its best uplink beam based on the strongest measured SSB beam. UE then switches to the best uplink beam (i.e., transmit beam#3 in this illustration) to perform its first PRACH transmission attempt. Since UE successfully selects the best uplink beam at first trial, the RAR is received and the first PRACH attempt is considered successful. Due to having beamCorrespondence feature support, UE is not required to perform another PRACH attempt. For such UE, it is not clear whether transmitting on different beams with PRACH repetitions would offer any gain. Since UE is already aware of its best uplink beam as soon as the best SSB is measured, UE would be better off transmitting the full PRACH repetition set using only its best uplink beam. 
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Figure 10 UE with beamCorrespondence can make a successful PRACH transmission with fewer attempts

According to the WID [1], multiple PRACH transmissions using different beams will be studied, and only if justified, it will be specified. Based on the discussion above, in our view the study for different beams case should be divided into two parts: A) for UEs without beamCorrespondence, and B) for UEs with beamCorrespondence. 
Potential gains for each case should be studied and discussed, If justified for one of these cases, different beams can be supported for multiple PRACH transmissions on that case alone. 
Based on our discussions, we have the following observations:
Observation 4: Depending on beamCorrespondence is supported by a UE, multiple PRACH transmissions using different beams may or may not offer any gains, compared to single-beam transmission option.
And we propose the following:
Proposal 8: Multiple PRACH transmissions using different beams should be studied for the two following cases separately: A) For UEs without beamCorrespondence feature support, and B) For UEs with beamCorrespondence feature support. 


Conclusions
We have the following observations:
Observation 1: At least, a 7-8 dB of coverage gap is likely to be observed for PRACH based on Rel-17 study phase evaluations for NR PRACH coverage.
Observation 2: Reserved PRACH resources may not be assigned for other PUSCH transmissions by the network, which may cause a reduction in system spectral efficiency if it’s not optimized.
Observation 3: In the same cell, some UEs in good coverage requires only a single PRACH transmission while other UEs with weaker coverage requires a varying number of multiple PRACH transmissions.
Observation 4: Depending on beamCorrespondence is supported by a UE, multiple PRACH transmissions using different beams may or may not offer any gains, compared to single-beam transmission option.

We have the following proposals:
Proposal 1: A set of bottleneck PRACH formats should be identified as primary targeted formats that require coverage enhancements (e.g., format 0, format 2, format B4). 
Proposal 2: Support up to 8 PRACH transmissions per one PRACH attempt, i.e., support PRACH transmission numbers of {2,4,8}.
Proposal 3: Support multiple PRACH transmissions in different time instances only. Do not support multiple PRACH transmissions in same time instance.
Proposal 4: Support Option-2 (i.e., introduce a new set of RACH occasions for every configuration period to allow PRACH transmissions for the second, third and more PRACH repetitions without impacting legacy PRACH configuration settings).
Proposal 5: Consider optimizations (as described in Scheme-3 and Scheme-4) to improve the efficiency of system resource utilization by reducing the number of new RACH resources for PRACH repetitions.
Proposal 6: Single RAR window is configured after a UE completes the transmission of its full PRACH repetition set.
Proposal 7: Cell configuration includes a set of pre-defined threshold values for different coverage enhancement levels (e.g., a threshold value in dB) and a corresponding PRACH transmission number. UE compares its best measured SSB value against these pre-defined threshold values to determine the most suitable PRACH transmission number. 
Proposal 8: Multiple PRACH transmissions using different beams should be studied for the two following cases separately: A) For UEs without beamCorrespondence feature support, and B) For UEs with beamCorrespondence feature support. 
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Appendix
	Simulation Parameter
	Value

	Simulation time
	16000 slots

	Number of UEs 
	{5,10,15,20,15,30,35,40}

	Number of SSB per cell
	64

	PRACH configuration period
	10 ms

	PRACH association perioid
	160 ms

	SSB-per-RACHoccasion
	Four

	CB-preambles-Per-SSB
	4

	Maximum PRACH repetition number
	4

	PRACH repetition number per UE 
	Random with uniform distribution among {1,2,3,4}
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