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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 the number of PRACH transmissions, RO group, RA-RNTI determination, CFRA, timing advance, PRACH transmissions with different beams, and the interplay with Msg3 transmission. Simulation results are provided.
2. Discussion
2.1 [bookmark: OLE_LINK9]Determination of the number of PRACH transmissions 
An agreement made in RAN1#111 and a TP in RAN1#112bis are about SSB-RSRP threshold(s) for UE  determination of the number of PRACH transmissions with the same Tx beam. In our view, if SSB-RSRP thresholds are configured by gNB, different UE transmission power is not taken into account for such determination, which may cause some problems. However, these can be avoided with UE-determined SSB-RSRP threshold(s).
	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.
Proposal 6-2
[bookmark: _Hlk134269186]For multiple PRACH transmissions with same Tx beam, only SSB-RSRP threshold(s) are used to determine the number of PRACH transmissions at least for the first RACH attempt for CBRA.


One problem with cell-specific SSB RSRP thresholds configured by gNB is that UEs with different PCMAX may start to launch multiple PRACH transmissions at different transmission power. A low power UE may transmit multiple PRACHs with its maximum power, while a co-located high power UE determines the same number of PRACH transmissions but transmits with higher power and still with a positive power headroom possibly. Given more and more UEs with different power classes (PC) other than the traditional PC3 are put into market with corresponding PPowerClass of 31, 29, or 26 dBm, they may transmit PRACH with different output power, resulting in divergent PRACH performances. The PRACH performance difference will be exacerbated with Rel-18 multiple PRACH transmissions. A second problem of cell-specific SSB RSRP thresholds is that multiple PRACH transmissions with a positive UE power headroom is not an efficient use of RACH resources, which are shared by all UEs in a cell, and contrary to the spirit of improving UE transmission power. Still another problem is the complexity of the increased PRACH transmission power and an increased PRACH repetition factor intertwined for a RACH re-attempt. 
Observation 1 [bookmark: _Toc135044927]Three problems for PRACH repetition factor based on configured SSB RSRP thresholds are 1) the wide range of PRACH transmission power results in divergent PRACH performance, which will be exacerbated with Rel-18 multiple PRACH transmissions, 2) inefficient use of RACH resources, which are shared by all UEs in a cell, 3) the complexity of the increased PRACH transmission power and an increased PRACH repetition factor intertwined for a RACH re-attempt.
To avoid these problems, it is reasonable for a UE to make full use of power domain completely before using time domain of more RACH resource, such as Option 2 of Case 2 in the following TP in RAN1#112bis.
	· [bookmark: _Hlk133566834]Case 1: Single PRACH transmission is determined for the first RACH attempt based on SSB-RSRP threshold(s), power ramping is applied between RACH attempts.
· Option 1: The number of PRACH transmission in RACH re-attempts is not increased, regardless of whether the maximum transmission power is reached or not.
· Option 2: The number of multiple PRACH transmissions in RACH re-attempts can be increased based on some condition.
· FFS: details. E.g., when the maximum transmission power is reached.
· Case 2: Multiple PRACH transmissions are determined for the first RACH attempt based on the SSB-RSRP thresholds.
· Option 1: The maximum transmission power is not compulsorily applied for the first RACH attempt. 
· Alt.1: Power ramping is applied between RACH attempts, the number of multiple PRACH transmissions in RACH re-attempts is the same as that of first RACH attempt.
· Alt.2: Power ramping is applied between RACH attempts, the number of multiple PRACH transmissions in RACH re-attempts can be increased based on some condition.
· FFS: details. E.g., when the maximum transmission power is reached or the maximum number of attempts for current number of PRACH repetitions is reached.
· Option 2: The maximum transmission power is compulsorily applied for the first RACH attempt.
· Alt.1: The number of multiple PRACH transmissions in RACH re-attempts is the same as that of first RACH attempt. Power ramping is not needed.
· Alt.2: The number of multiple PRACH transmissions in RACH re-attempts can be increased based on some condition. Power ramping is not needed.
· FFS: details. E.g., a smaller power headroom based on an increased power ramping counter, or tolerance zone around the SSB-RSRP threshold(s) is defined to determine whether to increase the number of PRACH transmissions.


The intention of Option 2 of Case 2 is that if a UE has a positive power headroom, it transmits single PRACH; otherwise, it transmits multiple PRACH transmissions, which number is determined by gNB-configured SSB RSRP thresholds. With multiple repetition factors configured by gNB, a drawback is a reduced/disappeared SSB RSRP range for the smaller PRACH repetition factor. For example, gNB configures two SSB RSRP thresholds for repetition factors of 2 and 4 with a 3dB difference. The RSRP threshold 1 is configured so that UE1 shall trigger multiple PRACH transmissions when its power headroom equals 0. As shown in Figure 1, if UE2’s PCMAX is 3dB larger than that of UE1, it will trigger multiple PRACH transmissions with a 3dB lower SSB RSRP, namely at RSRP Th2. Therefore for UE2, the SSB RSRP range for two PRACH transmissions disappears.


Figure 1, PRACH repetition factor based on configured SSB RSRP thresholds and a condition of maximum Tx power, i.e., PH<0
Observation 2 [bookmark: _Toc135044928]If the number of multiple PRACH transmissions is determined based on gNB-configured SSB RSRP thresholds and a condition of maximum transmission power, with multiple PRACH repetition factors configured, the small PRACH repetition factor will have a reduced/disappeared SSB RSRP range for some UE.
Another solution to meet the principle of UE using its transmission power completely before using more RACH resources is by gNB-configured power headroom thresholds. A UE can determine the corresponding SSB RSRP thresholds based on PCMAX and the power headroom threshold according to the Equation 3 below.
[bookmark: OLE_LINK6]UE power headroom = PCMAX – (PPRACH target + pathloss) (Equation 1)
pathloss = SSB Tx power – SSB RSRP (Equation 2)
=> SSB RSRP threshold = UE power headroom threshold - PCMAX + PPRACH target + SSB Tx power (Equation 3)
Observation 3 [bookmark: _Toc135044929]SSB RSRP thresholds can be calculated by a UE based on the gNB-configured power headroom thresholds and its PCMAX.
Let’s take an example of power headroom thresholds of 0dB and -3dB for PRACH repetition factors of 2 and 4, which is illustrated in Figure 2(a). In Figure 2(b), UE1 and UE2 determines their SSB RSRP thresholds. UE2’ PCMAX is 3dB higher than that of UE1, and thus its calculated SSB RSRP thresholds are 3dB lower than those of UE1. Note that RSRP Th2UE1=RSRP Th1UE2. At this point, UE1 will switch between two and four PRACH transmissions, while UE2 will switch between a single PRACH and two PRACH transmissions, with UE2’s transmission power of each PRACH 3dB larger than that of UE1. The SSB RSRP range for the small PRACH repetition factor doesn’t reduce.

 
Figure 2, PRACH repetition factor based on gNB-configured power headroom thresholds
Observation 4 [bookmark: _Toc134709304][bookmark: _Toc134788493][bookmark: _Toc135038395][bookmark: _Toc135044930][bookmark: _Toc134709309][bookmark: _Toc134788498][bookmark: _Toc135038400][bookmark: _Toc135044935][bookmark: _Toc134709310][bookmark: _Toc134788499][bookmark: _Toc135038401][bookmark: _Toc135044936][bookmark: _Toc134709311][bookmark: _Toc134788500][bookmark: _Toc135038402][bookmark: _Toc135044937][bookmark: _Toc134709312][bookmark: _Toc134788501][bookmark: _Toc135038403][bookmark: _Toc135044938][bookmark: _Toc134709313][bookmark: _Toc134788502][bookmark: _Toc135038404][bookmark: _Toc135044939][bookmark: _Toc134709314][bookmark: _Toc134788503][bookmark: _Toc135038405][bookmark: _Toc135044940][bookmark: _Toc134709315][bookmark: _Toc134788504][bookmark: _Toc135038406][bookmark: _Toc135044941][bookmark: _Toc134709316][bookmark: _Toc134788505][bookmark: _Toc135038407][bookmark: _Toc135044942][bookmark: _Toc134709317][bookmark: _Toc134788506][bookmark: _Toc135038408][bookmark: _Toc135044943][bookmark: _Toc134709318][bookmark: _Toc134788507][bookmark: _Toc135038409][bookmark: _Toc135044944][bookmark: _Toc131771199][bookmark: _Toc131771368][bookmark: _Toc134709319][bookmark: _Toc134788508][bookmark: _Toc135038410][bookmark: _Toc135044945][bookmark: _Toc134709320][bookmark: _Toc134788509][bookmark: _Toc135038411][bookmark: _Toc135044946][bookmark: _Toc134709321][bookmark: _Toc134788510][bookmark: _Toc135038412][bookmark: _Toc135044947][bookmark: _Toc127533696][bookmark: _Toc127533920][bookmark: _Toc127533946][bookmark: _Toc127533974][bookmark: _Toc127534101][bookmark: _Toc131771286][bookmark: _Toc131771432][bookmark: _Toc131771288][bookmark: _Toc134709322][bookmark: _Toc134788511][bookmark: _Toc135038413][bookmark: _Toc135044948][bookmark: _Toc134709323][bookmark: _Toc134788512][bookmark: _Toc135038414][bookmark: _Toc135044949][bookmark: _Toc134709324][bookmark: _Toc134788513][bookmark: _Toc135038415][bookmark: _Toc135044950][bookmark: _Toc134709330][bookmark: _Toc134788519][bookmark: _Toc135038421][bookmark: _Toc135044956][bookmark: _Toc134709331][bookmark: _Toc134788520][bookmark: _Toc135038422][bookmark: _Toc135044957][bookmark: _Toc134709332][bookmark: _Toc134788521][bookmark: _Toc135038423][bookmark: _Toc135044958][bookmark: _Toc134709333][bookmark: _Toc134788522][bookmark: _Toc135038424][bookmark: _Toc135044959][bookmark: _Toc134709334][bookmark: _Toc134788523][bookmark: _Toc135038425][bookmark: _Toc135044960][bookmark: _Toc134709335][bookmark: _Toc134788524][bookmark: _Toc135038426][bookmark: _Toc135044961][bookmark: _Toc134709336][bookmark: _Toc134788525][bookmark: _Toc135038427][bookmark: _Toc135044962][bookmark: _Toc134709337][bookmark: _Toc134788526][bookmark: _Toc135038428][bookmark: _Toc135044963][bookmark: _Toc134709338][bookmark: _Toc134788527][bookmark: _Toc135038429][bookmark: _Toc135044964][bookmark: _Toc134709339][bookmark: _Toc134788528][bookmark: _Toc135038430][bookmark: _Toc135044965][bookmark: _Toc134709352][bookmark: _Toc134788541][bookmark: _Toc135038443][bookmark: _Toc135044978][bookmark: _Toc134709353][bookmark: _Toc134788542][bookmark: _Toc135038444][bookmark: _Toc135044979][bookmark: _Toc134709354][bookmark: _Toc134788543][bookmark: _Toc135038445][bookmark: _Toc135044980][bookmark: _Toc134709355][bookmark: _Toc134788544][bookmark: _Toc135038446][bookmark: _Toc135044981][bookmark: _Toc134709356][bookmark: _Toc134788545][bookmark: _Toc135038447][bookmark: _Toc135044982][bookmark: _Toc134709357][bookmark: _Toc134788546][bookmark: _Toc135038448][bookmark: _Toc135044983][bookmark: _Toc135044996]If the number of PRACH transmissions is determined based on gNB-configured power headroom thresholds, UEs with different transmission power would make full use of all its transmission power first before using more RACH resources which are shared by all UEs in the cell.
[bookmark: _Toc134709371][bookmark: _Toc134709372][bookmark: OLE_LINK20]UE determination of the number of PRACH transmissions based on gNB-configured power headroom thresholds can be reused for Msg1 retransmission. The legacy UE behavior of increasing power ramping counter for the RACH re-attempt can allow a UE to determine a new PPRACH target, based on which a new power headroom can be calculated according to Equation 1. By comparing the new power headroom with the gNB-configured power headroom thresholds, the UE can determine the corresponding number of PRACH transmissions for the RACH re-attempt. In short, the same set of power headroom thresholds are used for both the first RACH attempt and re-attempts.
Proposal 1 [bookmark: _Toc135038482]Support UE determination of a number of PRACH transmissions for CBRA based on gNB-configured power headroom threshold(s), namely UE-calculated SSB-RSRP threshold(s) for both the first RACH attempt and re-attempts.
2.2 RO group
An RO group for multiple PRACH transmissions of one RACH attempt was agreed in RAN1#112bis. Some proposals on how to configure/determine an RO group were discussed with the following proposals.
	Agreement
· Multiple PRACH transmissions within one RACH attempt are only performed within one RO group.
· The number of valid ROs in the RO group is equal to one of the configured number(s) of multiple PRACH transmissions.
· Note1: If only one value is configured for multiple PRACH transmissions, then the number of valid ROs in the RO group is equal to this value.
· Note2: If multiple values are configured for multiple PRACH transmissions, for each value, the number of valid ROs in the RO group is equal to the corresponding number of multiple PRACH transmissions.
· Note 3: Valid RO(s) refers to what is defined in existing specification.

Proposal
[bookmark: OLE_LINK10]A set of RO group(s) for a configured number of multiple PRACH transmissions is [determined/configured] within a time period X, starting from frame 0. The [determined/configured] set of RO groups repeats every period X.
· FFS: the determination of time period X.
· FFS: whether the same time period X is applied to all the configured number(s) of multiple PRACH transmissions.
Proposal
Consider one or both of the following options to realize RO group(s) determination/configuration.
· Option 1: RO group(s) are implicitly determined based on network configuration.
· RO group is determined at least by the following parameters {time and frequency start position (or start RO), the number of ROs within the RO group}
· FFS: whether the parameters can be derived based on some rules without explicit configuration.
· FFS: whether the starting RB of ROs within an RO group can be different at different time instances, if supported, the details.
· Option 2: RO group(s) are directly configured by network, e.g., via SIB1.
· FFS: details.
· Note: details of characteristics of the RO groups [, e.g., whether partial RO overlap is supported, max duration of the RO group (if any), starting RO and so on] are up to RAN1, while details on how to realize the direct configuration of RO groups by network [, e.g., signalling,] are up to RAN2.


According to 38.213, an association period is the smallest time span among those supported for at least one SS/PBCH block indexes to PRACH occasions mapping cycle. Figure 3 shows for PRACH configuration index 127 in FR2 TDD and 120KHz subcarrier spacing, there are 8 ROs in a PRACH configuration period of 10ms. 


Figure 3: PRACH configuration index 127 in FR2 TDD
Let’s make some assumptions for an example: 
· there are two SSBs, SSB1 and SSB2; 
· onehalf is provided by ssb-perRACH-OccasionAndCB-PreamblesPerSSB, indicating one SSB is associated with two ROs;
· no FDM ROs 
SSB to RO mapping is shown in Table 1. Since the number of ROs in a PRACH configuration period is sufficient for at least one SSB-RO mapping cycle, the association period is 10ms. For a selected SSB, e.g., SSB #1, one association period consists of two RO groups for two PRACH transmissions and one RO group for four PRACH transmissions, but it can’t accommodate an RO group for eight transmissions, which otherwise can be supported by ROs in two association periods. One may argue that a gNB can configure a smaller value for ssb-perRACH-OccasionAndCB-PreamblesPerSSB to support a larger number of PRACH transmissions in an association period. But with more consecutive ROs associated with one SSB, the price is a longer latency for UEs which select different SSBs to wait for PRACH transmissions. Especially, the number of SSBs in FR2 may be large. Therefore, it is beneficial that an RO group for multiple PRACH transmissions of a RACH attempt can span multiple association periods. 
Table 1: SS/PBCH block indexes to PRACH occasions mapping with two SSBs
	RO index in a PRACH configuration period
	0
	1
	2
	3
	4
	5
	6
	7

	associated SSB index
	1
	1
	2
	2
	1
	1
	2
	2


Observation 5 [bookmark: _Toc135044997]The number of ROs associated with an SSB in an association period may not be sufficient to support a large number of PRACH transmissions. 
Proposal 2 [bookmark: _Toc135038483]An RO group for multiple PRACH transmissions of a RACH attempt can cross multiple association periods.
It was proposed that a time period X, starting from frame 0, is determined/configured for a set of RO groups. In every time period X, a set of RO groups start from the first RO in a time period X and are consecutive to each other in time toward the end of X. Time period X serves as the breaking points in time, where a new set of RO groups can restart. Given that the maximum SFN is 1023, every frame 0 becomes a natural starting point of a set of RO groups. In other words, the largest possible time period X is 1024 radio frames. In fact, an association patter period, where a pattern between PRACH occasions and SS/PBCH block indexes repeats, ranges from 10 ms to 160 ms, depending on SSB periodicity (up to 160ms), TDD pattern, etc. Given the largest PRACH repetition factor of 8 and the longest association patter period of 160ms, a set of RO groups can repeat in a time period X of 8 x 160ms, namely 128 radio frames and 1/8 of all SFN values.
Observation 6 [bookmark: _Toc135044998]Given the largest PRACH repetition factor of 8 and the longest association patter period of 160ms, a set of RO groups can repeat in a time period X of 8 x 160ms, namely 128 radio frames and 1/8 of all SFN values.
The candidates of granularity of time period X include association period, association pattern period, and PRACH configuration period. Since the minimum of all these is 10ms, a radio frame, we use it for the discussion. For a particular number of PRACH transmissions K, if there is one or multiple groups of K ROs in every 10ms without any ROs left behind, it doesn’t matter whether the time period X is one radio frame, several, or 1024 radio frames. In other words, the time period X doesn’t make any difference and doesn’t need to be configured/determined. In contrast, time period X does matter, when there are orphan ROs left behind at the end of a time period of X, which number is smaller than the PRACH repetition factor K. Time period X determines the breaking points in time, when orphan ROs can occur and when a new set of RO group(s) can restart.
Observation 7 [bookmark: _Toc135044999]If there is no orphan RO in a time period X, the period X doesn’t make any difference and doesn’t need to be configured/determined. 
Observation 8 [bookmark: _Toc135045000]With orphan ROs, time period X determines the breaking points in time, when the orphan ROs can occur and when a new set of RO group(s) can restart.
Now we discuss the relationship between time period X and orphan ROs. Note that different numbers of ROs may exist in different association periods due to collision with SSB or DL slots. For example, for a selected SSB, an association patter period (APP) consists of two association periods (AP), which have 3 ROs and 4 ROs respectively. For eight PRACH transmissions, we illustrate different possible time periods X in Figure 4. Option 1 and Option 2 have time period X based on the granularity of association period. In Option 1, time period X consists of 3 APs, with sufficient ROs for eight PRACH transmissions. RO-SSB mapping doesn’t repeat in each time period X, resulting in different numbers of orphan ROs in each period X. Nevertheless, if a time period X is sufficiently long, RO-SSB mapping repeats. Time period X in Option 2 doubles the length of Option 1, with the repeating RO-SSB mapping, while it doesn’t reduce the number of orphan ROs. It can be observed that the duration of a time period X determines how frequently orphan ROs may occur, if any. In Option 3, time period X is based on a granularity of association pattern period. Time period X requires at least 2 association pattern periods to support eight PRACH transmissions. Option 3 results in more orphan ROs than Option 1 and Option 2 due to the larger granularity of time period X. RACH resource efficiency depends on the frequency of orphan ROs and the number of orphan ROs in each period X, both of which are determined by time period X. 
[image: ]
Figure 4, orphan ROs with different time periods of X for 8 PRACH transmissions
Observation 9 [bookmark: _Toc135045001]If there are orphan ROs in each time period X, the duration of a time period X determines how frequently orphan ROs may occur, and the granularity of time period X determines the number of orphan ROs in each period. 
Observation 10 [bookmark: _Toc135045002][bookmark: OLE_LINK12]RACH resource efficiency depends on the frequency of orphan ROs and the number of orphan ROs in each period X, both of which are determined by time period X.
The occurrence of orphan ROs negatively affects RACH resource efficiency and is worth consideration when designing time period X. Methods can be studied to avoid orphan ROs. For example, time duration X equals at least PRACH repetition factor * association pattern period.
Proposal 3 [bookmark: _Toc135038484]Study how to avoid orphan ROs.
2.3 RA-RNTI determination
Based on the agreement on one RAR window corresponding to multiple PRACH transmissions with same Tx beam, only one RA-RNTI is needed for a UE. It can be calculated based on the RO of a specific PRACH transmission, e.g., the first/last PRACH transmission. However, collision handling affects PRACH transmissions and therefore may or may not affect the RA-RNTI determination.
	Agreement
For multiple PRACH transmissions with same Tx beam, only one RAR window is supported for RAR monitoring for one RACH attempt.
· FFS: the start position of the RAR window.
· FFS: RA-RNTI.
Agreement
The starting point of RAR window is after the last symbol of the last valid RO in the RO group corresponding to the multiple PRACH transmissions.
Note: Valid RO(s) refers to what is defined in existing specification, i.e., Section 8.1 in TS 38.213.
Note: The last valid RO is irrespective of whether the PRACH transmission on the last valid RO in the RO group is dropped or not
Proposal
If one or more PRACH transmission(s) of the multiple PRACH transmission in one RACH attempt are dropped based on the rules causing to drop PRACH transmission in existing spec., the dropped PRACH transmission is not postponed.
· FFS: whether to introduce new rules causing to drop PRACH transmission.
· FFS: whether there is standard impact if of the dropped RACH transmission affect the remaining RACH transmission within the same RO group.


More specifically, a UE determines an RO group for PRACH transmissions before collision handling. If it cancels PRACH transmission in the first RO of the group, the second RO of the group actually carries the first PRACH transmission. If RA-RNTI is based on the RO of the first PRACH transmission, gNB should calculate an RA-RNTI for this UE based on the second RO of the group and an RA-RNTI for another UE based on the first RO of the RO group, which has no collision concern. It requires that gNB is fully aware of the possible collision for all UEs, otherwise, there would be misunderstanding between gNB and UEs.
Observation 11 [bookmark: _Toc135045003]If RA-RNTI is calculated based on the RO of a specific PRACH transmission, which is the outcome of collision handling, gNB is required to be fully aware of all UEs’ collision, otherwise there would be misunderstanding on RA-RNTI determination.
Instead, the misunderstanding can be avoided, if RA-RNTI is determined based on a specific RO of an RO group, e.g., the first or last RO. If a UE cancels the PRACH transmission in the first RO of a group, the gNB is still able to determine the group of ROs for the UE based on any other detected PRACH transmission in the group. In this sense, RA-RNTI can be determined based on the RO of a specific PRACH transmission before collision handling. Even if gNB has no idea of UE transmission cancellation, there would be no misalignment between gNB and UE.
Proposal 4 [bookmark: _Toc135038485]RA-RNTI can be determined based on the RO of a specific PRACH transmission before collision handling.
2.4 [bookmark: _Toc131771217][bookmark: _Toc131771386][bookmark: _Toc131771218][bookmark: _Toc131771387][bookmark: _Toc131771219][bookmark: _Toc131771388][bookmark: _Toc131771220][bookmark: _Toc131771389][bookmark: _Toc131771221][bookmark: _Toc131771390][bookmark: _Toc131771293][bookmark: _Toc131771439][bookmark: _Toc131771294][bookmark: _Toc131771440][bookmark: _Toc131771295][bookmark: _Toc131771441][bookmark: _Toc131771296][bookmark: _Toc131771442][bookmark: _Toc127533549][bookmark: _Toc127533659][bookmark: _Toc131771301][bookmark: _Toc131771447]CFRA
An open issue is whether multiple PRACH transmissions can apply to CFRA. In the cases of CFRA, such as handover or beam failure recovery, a UE suffers from poor channel quality. Although CFRA allows the UE to access the network with a unique PRACH preamble without the risk of preamble collision, 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 handover and beam failure recovery.
Observation 12 [bookmark: _Toc135045004]Applying multiple PRACH transmissions to CFRA can improve PRACH detection rate, which is essential to handover and beam failure recovery.
Some open issues to support multiple PRACH transmissions for CFRA were mentioned in RAN1#112bis meeting. The first one is about RO configuration. In NR up to Rel-17, gNB provides ROs for CFRA with RACH-ConfigDedicated information element. This can be reused for Rel-18 multiple PRACH transmissions, where a UE would determine an RO group among the configured CFRA ROs. The second issue is whether only one number or more than one number of multiple PRACH transmissions can be indicated for CFRA and how to indicate the number(s) in PDCCH order. Since gNB is aware of an RRC_Connected UE’s channel quality, for instance by UE measurement report, it can signal a suitable PRACH repetition factor for an SSB or CSI-RS. There is no strong motivation for gNB to configure multiple PRACH repetition factors for an SSB or a CSI-RS and let UE to make further selection. Lastly, given that {2, 4, 8} were agreed as PRACH repetition factors, one of them can be indicated with 2 of the 10 reserved bits in PDCCH order.
Proposal 5 [bookmark: _Toc135038486]Support multiple PRACH transmissions for CFRA, where RACH-ConfigDedicated information element is reused to configure CFRA ROs, only one number of multiple PRACH transmissions is indicated by gNB, e.g., with the reserved bits in PDCCH order, and a UE determines an RO group among the configured CFRA ROs.
2.5 Timing advance
In legacy, a UE can change its timing advance autonomously, for instance if the received downlink timing changes. Given multiple PRACH transmissions of a RACH attempt may span a much longer time than a single PRACH transmission, a timely UL timing update can facilitate gNB PRACH detection. Consider that a UE is moving from cell edge to cell center, while transmitting multiple PRACH transmissions. Its autonomous TA adjustment between PRACH transmissions helps to keep UL timing aligned with gNB’s timing and relieve gNB from locating CP for each PRACH transmission. On the other hand, gNB has no idea whether/when a UE changes its timing among the multiple PRACH transmissions, the timing advance command in RAR can be based on a reference PRACH transmission, e.g., the first one or the last one.
Observation 13 [bookmark: _Toc135045005]UE autonomous adjustment of timing advance between multiple PRACH transmissions helps to keep UL timing aligned with gNB’s timing and relieve gNB from locating CP for each PRACH transmission.
Proposal 6 [bookmark: _Toc135038487]Support UE autonomous adjustment of timing advance during multiple PRACH transmissions.
Proposal 7 [bookmark: _Toc135038488]Timing advance command in RAR can be based on a reference PRACH transmission, e.g., the first one or the last one.
2.6 Multiple PRACH transmissions with different beams
[bookmark: OLE_LINK45]Companies’ simulation results of multiple PRACH transmissions submitted to RAN1#112 were summarized as follows in the meeting. In short, a gain of 1dB, 1~3dB, 3.9~5dB and a loss of 1dB are observed for multiple PRACH transmissions with different beams, compared with multiple PRACH transmissions with the same wide beam.
	Note: It is summarized by FL that for the same number of PRACH transmissions per source, 
· 1 source [Ericsson] shows that: Multiple PRACH transmitted by beam sweeping, where a UE has no prior knowledge of channel and sweeps Tx beams across 360 degrees horizontally and 180 degrees vertically, outperforms multiple PRACH transmissions with the same Tx wide beam (omni direction) by at least 1 dB, provided gNB configures only one SSB and receives PRACH with a wide beam.
· 3 sources [ZTE, Nokia, vivo] show that: A gain from about 1~3 dB of beam sweeping is observed if a UE is able to direct at least one of its Tx beams in the right direction or to narrow down the azimuth and/or zenith range of 360 degrees and/or 180 degrees for beam sweeping compared with multiple PRACH transmissions with the same Tx wide beam.
· 1 source [Huawei] shows that: compared to the same wide beam for multiple PRACH transmission, if different Tx beams are finer beams, then 3.9~5 dB gains are observed assuming that only one PRACH occasion with the best detected SINR is selected at the gNB reception, where the beam gain of fine beam is 4 times that of wide beam.
· 1 source [vivo] shows that: The performance of PRACH repetition with beam sweeping among beams far apart is 3 dB worse than PRACH repetition with single best beam
· 1 source [vivo] shows that: The performance of PRACH repetition with beam sweeping among beams in the directions close to the best Tx beam is 1dB worse than PRACH repetition with single best beam.
· 1 source [vivo] shows that: PRACH repetition via random beam directions performs 1 dB worse than PRACH repetition with omni beam.


[bookmark: OLE_LINK7]Most simulations show a performance gain of PRACH transmissions with different beams, but a performance loss is also observed. A reason for divergent performances lies in the directions of different Tx beams. If a UE sweeps beams in a smaller angular sector than 360 degrees horizontally and 180 degrees vertically, the performance would depend on whether it directs at least one beam in the right direction. If yes, relatively large gain is observed. Otherwise, performance loss is possible, if all PRACH transmissions of a RACH attempt are in the wrong directions. However, according to 38.101-2, a UE should meet spherical coverage requirement, which is the minimum EIRP at the 50th percentile of the distribution of radiated power measured over the full sphere around the UE. The spherical coverage requirement guarantees a minimum performance of beam sweeping and can prevent a UE from sweeping beams only in the wrong directions, which EIRP could be lower than the minimum EIRP requirement. In contrast, without any down-selection of beams, a UE can sweep beams in all azimuth and zenith degrees covered by its panels. In this case, the 1dB gain provides the lower bound of beam sweeping's performance over PRACH repetitions with the same wide beam. Details can be found in section 5. 
Observation 14 [bookmark: _Toc135045006]Spherical coverage requirement guarantees the minimum performance of beam sweeping and can prevent a UE from sweeping beams only in the wrong directions, which EIRP could be lower than the minimum EIRP requirement. 
Observation 15 [bookmark: _Toc135045007]1dB gain provides the lower bound of beam sweeping's performance over PRACH repetitions with the same wide beam.
Proposal 8 [bookmark: _Toc135038489]Support multiple PRACH transmissions with different Tx beams in Release 18.
	[bookmark: _Toc134709399]Proposal
For multiple PRACH transmission with different Tx beams, down-select one of the following options:
Option 1: Multiple PRACH transmission with different Tx beams is supported. PRACH resources differentiation between multiple PRACH transmissions with different Tx beams and multiple PRACH transmissions with same Tx beam is not supported.
· Note: If multiple PRACH transmission with different Tx beams is supported, the mechanism defined for multiple PRACH transmissions with the same beam should be reused as much as possible.
Option 2: Multiple PRACH transmission with different Tx beams is supported. PRACH resources differentiation between multiple PRACH transmissions with different Tx beams and multiple PRACH transmissions with same Tx beam is supported.
· FFS: whether/how to indicate best UL beam based on multiple PRACH transmissions for the subsequent UL transmissions.
· Note: If multiple PRACH transmission with different Tx beams is supported, the mechanism defined for multiple PRACH transmissions with the same beam should be reused as much as possible.
[bookmark: _Toc134709401]Option 3: Multiple PRACH transmission with different Tx beams is not supported in Rel-18.


There were different views on whether to support PRACH resources differentiation between PRACH transmissions with the same Tx beam and those with different Tx beams. If the differentiation is possible, gNB can always use the suitable detection method for the two kinds of PRACH transmissions, for instance combining the detected energy of multiple PRACH transmissions or detecting the strongest PRACH only. Otherwise, a mismatch between gNB detection method and PRACH beam(s) may cause performance degradation.
Observation 16 [bookmark: _Toc135045008]If resource differentiation between multiple PRACH transmissions with different Tx beams and those with same Tx beam is possible, gNB can always use the suitable detection method for the two kinds of PRACH transmissions. Otherwise, a mismatch between gNB detection method and PRACH beam(s) may cause performance degradation. 
Proposal 9 [bookmark: _Toc135038490]Support resource differentiation between multiple PRACH transmissions with the same Tx beam and different Tx beams in Release 18.
We simulated two kinds of mismatch for PRACH transmissions with the same beam and with different beams. Degradations of PRACH mis-detection rate due to the mismatched gNB detection method can be observed in Figure 5. For two PRACH transmissions, the mismatch causes nearly a 2dB loss, if a UE transmits with the same wide beam, and a smaller loss, for PRACHs transmitted with different beams. In case there is no resource differentiation, gNB has to always the same detection method, for example, the one which causes smaller performance degradation.
Observation 17 [bookmark: _Toc135045009]In case there is no resource differentiation, gNB has to always the same detection method, for example, the one which causes smaller performance degradation.
[bookmark: _Toc134709400][image: ]
Figure 5, degradation of PRACH mis-detection rate due to mismatched gNB detection method
2.7 [bookmark: _Toc127533721][bookmark: _Toc127533934][bookmark: _Toc127533960][bookmark: _Toc127533987][bookmark: _Toc127534113][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 compare it with the baseline single PRACH transmission with a wide beam, and the simulation assumptions can be found in Appendix. It is observed in Figure 6 that even with a maximum of eight repetitions and inter-slot frequency hopping, the required SNR for Msg3 at 10% BLER is 1.7 dB higher than that of a single PRACH transmission at 1% mis-detection and is 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 18 [bookmark: OLE_LINK15][bookmark: _Toc135045010]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 19 [bookmark: _Toc135045011]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.


Figure 6: Msg3 repetition and single PRACH transmission with a wide beam in FR2
[bookmark: OLE_LINK1]Rel-18 multiple PRACH transmissions with different Tx beams are received by gNB with different signal strength. 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.
We simulated the performance of a single Msg3 PUSCH transmission with the best beam. The method of selecting the best beam is the same as that of PRACH transmissions with the best beam. If the best beam out of eight different UL Tx beams is used for Msg3 transmission, 6dB gain can be observed, compared with Msg3 PUSCH transmitted with a wide Tx beam.
[image: ]
Figure 7, Msg3 PUSCH transmission with the indicated beam
Observation 20 [bookmark: _Toc135045012]If the best beam out of eight different UL Tx beams is used for Msg3 transmission, 6dB gain can be observed, compared with Msg3 PUSCH transmitted with a wide Tx beam.
Proposal 10 [bookmark: _Toc135038491][bookmark: _Hlk115428534][bookmark: _Hlk115361663]Given the small additional standardization effort, support Msg3 beam indication based on multiple PRACH transmissions with different beams in Release 18.
3 Summary
In this contribution, we have discussed some issues related to multiple PRACH transmissions including:
· Determination of the number of PRACH transmissions
· RO group
· RA-RNTI determination
· CFRA
· Timing advance
· PRACH transmissions with different beams
· Interplay with Msg3 transmission
[bookmark: OLE_LINK11]In the previous sections we made the following observations: 
Observation 1	Three problems for PRACH repetition factor based on configured SSB RSRP thresholds are 1) the wide range of PRACH transmission power results in divergent PRACH performance, which will be exacerbated with Rel-18 multiple PRACH transmissions, 2) inefficient use of RACH resources, which are shared by all UEs in a cell, 3) the complexity of the increased PRACH transmission power and an increased PRACH repetition factor intertwined for a RACH re-attempt.
Observation 2	If the number of multiple PRACH transmissions is determined based on gNB-configured SSB RSRP thresholds and a condition of maximum transmission power, with multiple PRACH repetition factors configured, the small PRACH repetition factor will have a reduced/disappeared SSB RSRP range for some UE.
Observation 3	SSB RSRP thresholds can be calculated by a UE based on the gNB-configured power headroom thresholds and its PCMAX.
Observation 4	If the number of PRACH transmissions is determined based on gNB-configured power headroom thresholds, UEs with different transmission power would make full use of all its transmission power first before using more RACH resources which are shared by all UEs in the cell.
Observation 5	The number of ROs associated with an SSB in an association period may not be sufficient to support a large number of PRACH transmissions.
Observation 6	Given the largest PRACH repetition factor of 8 and the longest association patter period of 160ms, a set of RO groups can repeat in a time period X of 8 x 160ms, namely 128 radio frames and 1/8 of all SFN values.
Observation 7	If there is no orphan RO in a time period X, the period X doesn’t make any difference and doesn’t need to be configured/determined.
Observation 8	With orphan ROs, time period X determines the breaking points in time, when the orphan ROs can occur and when a new set of RO group(s) can restart.
Observation 9	If there are orphan ROs in each time period X, the duration of a time period X determines how frequently orphan ROs may occur, and the granularity of time period X determines the number of orphan ROs in each period.
Observation 10	RACH resource efficiency depends on the frequency of orphan ROs and the number of orphan ROs in each period X, both of which are determined by time period X.
Observation 11	If RA-RNTI is calculated based on the RO of a specific PRACH transmission, which is the outcome of collision handling, gNB is required to be fully aware of all UEs’ collision, otherwise there would be misunderstanding on RA-RNTI determination.
Observation 12	Applying multiple PRACH transmissions to CFRA can improve PRACH detection rate, which is essential to handover and beam failure recovery.
Observation 13	UE autonomous adjustment of timing advance between multiple PRACH transmissions helps to keep UL timing aligned with gNB’s timing and relieve gNB from locating CP for each PRACH transmission.
Observation 14	Spherical coverage requirement guarantees the minimum performance of beam sweeping and can prevent a UE from sweeping beams only in the wrong directions, which EIRP could be lower than the minimum EIRP requirement.
Observation 15	1dB gain provides the lower bound of beam sweeping's performance over PRACH repetitions with the same wide beam.
Observation 16	If resource differentiation between multiple PRACH transmissions with different Tx beams and those with same Tx beam is possible, gNB can always use the suitable detection method for the two kinds of PRACH transmissions. Otherwise, a mismatch between gNB detection method and PRACH beam(s) may cause performance degradation.
Observation 17	In case there is no resource differentiation, gNB has to always the same detection method, for example, the one which causes smaller performance degradation.
Observation 18	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 19	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.
Observation 20	If the best beam out of eight different UL Tx beams is used for Msg3 transmission, 6dB gain can be observed, compared with Msg3 PUSCH transmitted with a wide Tx beam.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Support UE determination of a number of PRACH transmissions for CBRA based on gNB-configured power headroom threshold(s), namely UE-calculated SSB-RSRP threshold(s) for both the first RACH attempt and re-attempts.
Proposal 2	An RO group for multiple PRACH transmissions of a RACH attempt can cross multiple association periods.
Proposal 3	Study how to avoid orphan ROs.
Proposal 4	RA-RNTI can be determined based on the RO of a specific PRACH transmission before collision handling.
Proposal 5	Support multiple PRACH transmissions for CFRA, where RACH-ConfigDedicated information element is reused to configure CFRA ROs, only one number of multiple PRACH transmissions is indicated by gNB, e.g., with the reserved bits in PDCCH order, and a UE determines an RO group among the configured CFRA ROs.
Proposal 6	Support UE autonomous adjustment of timing advance during multiple PRACH transmissions.
Proposal 7	Timing advance command in RAR can be based on a reference PRACH transmission, e.g., the first one or the last one.
Proposal 8	Support multiple PRACH transmissions with different Tx beams in Release 18.
Proposal 9	Support resource differentiation between multiple PRACH transmissions with the same Tx beam and different Tx beams in Release 18.
Proposal 10	Given the small additional standardization effort, support Msg3 beam indication based on multiple PRACH transmissions with different beams in Release 18.
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5 Appendix
5.1 Simulations of multiple PRACH transmissions with different beams
5.1.1 Simulation assumptions
Although the working assumption provides some basic simulation assumptions, it doesn’t include how beams are generated and their orientation. We provide our rationale below.
In our simulation of beam sweeping, we assume the number of swept beams in the beam set is equal to the number of PRACH transmissions. The rationale is that with a higher number of PRACH transmissions, a UE sweeps narrower beams. More antenna elements are used to generate narrower beams for a larger number of PRACH transmissions. A wide beam is simulated with a dual-polarized antenna pair. For PRACH transmissions with the same best beam, the best beam is selected out of eight candidate beams. The UE antennas used in our simulation are as follows. To keep a fair comparison between PRACH transmissions with wide beam and narrow beam, the same TRP is assumed in our simulation.
PRACH transmissions with the same beam
· the same wide beam: 1x1x2 (1 dual polarized antenna pair)
· the same best beam: one of 8 candidate beams, which matches the channel best.
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
Regarding beam orientation, according to the UE antenna configuration {2,2,2}, which is recommended for FR2 in TR38.830, in our simulation, there are always two vertical beams. To cover all the possible channel directions by beam sweeping, horizontal beams cover AOD -pi~pi evenly. We set the first horizontal beam with an angle of -pi. The angel sets are as follows.
· 2 PRACH transmissions
· Azimuth angle set =a wide beam
· Zenith angle set = [0, pi/2] 
· 4 PRACH transmissions
· Azimuth angle set = [-pi, 0], AOD degrees -180~180 evenly divided by 2 horizontal beams
· Zenith angle set = [0, pi/2]
· 8 PRACH transmissions
· Azimuth angle set = [-pi, -pi/2, 0, pi/2], AOD degrees -180~180 evenly divided by 4 horizontal beams
· Zenith angle set = [0, pi/2]
5.1.2 Simulation results
Since PRACH transmissions with different beams is the study part, we compare it with multiple PRACH transmissions with the same wide beam in Figure 1 and with PRACH transmissions with the same best beam in Figure 2. As observed in Figure 1, for a given number of PRACH transmissions, those with beam sweeping has about 1dB gain over those with the same wide beam.
Observation 1 [bookmark: _Toc131771229][bookmark: _Toc131771398][bookmark: _Toc134709387][bookmark: _Toc134788575][bookmark: _Toc135038477][bookmark: _Toc135045013]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 1: beam sweeping vs. repeating the same wide beam
In Figure 2, a single PRACH transmission with the best beam has its performance between that of four PRACH transmissions with beam sweeping and eight PRACH transmissions with beam sweeping. This is consistent with our simulation assumption that the refined beam is the best beam from eight candidate beams. Another observation is that for the same number of PRACH transmissions, about 5dB loss is observed for beam sweeping option, compared with PRACH transmissions with the same best beam, which is generated by four times number of antennas.
Observation 2 [bookmark: _Toc131771230][bookmark: _Toc131771399][bookmark: _Toc134709388][bookmark: _Toc134788576][bookmark: _Toc135038478][bookmark: _Toc135045014]A single PRACH transmission with the best beam out of eight candidate beams has a performance between PRACH transmissions by sweeping four beams and eight beams.
Observation 3 [bookmark: _Toc131771231][bookmark: _Toc131771400][bookmark: _Toc134709389][bookmark: _Toc134788577][bookmark: _Toc135038479][bookmark: _Toc135045015]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, which is generated by four times number of antennas. 
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Figure 2: beam sweeping vs. repeating the same best beam
In Figure 1 and Figure 2, 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.
Observation 4 [bookmark: _Toc131771232][bookmark: _Toc131771401][bookmark: _Toc134709390][bookmark: _Toc134788578][bookmark: _Toc135038480][bookmark: _Toc135045016]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.
It should be noted that our simulation assumption of different Tx beams sweeping -pi~pi horizontally is based on an assumption that a UE has no any prior information of gNB direction. It is the worst case and provides the lower bound of beam sweeping's performance. However, in reality, if a UE has multiple panels, it is possibly able to select a panel with the best orientation before initiating random access. This is true even for a UE not supporting beam correspondence. Consider there are two antenna panels on the left and right size of a mobile phone, each generating Tx beams sweeping a 180-degree range, which is half of the angular range in our simulation assumption. After UE antenna panel selection, beam sweeping in a smaller angular range can reduce the unnecessary PRACH transmissions, which energy fail to reach gNB, and improve beam sweeping’s performance.
Observation 5 [bookmark: _Toc131771233][bookmark: _Toc131771402][bookmark: _Toc134709391][bookmark: _Toc134788579][bookmark: _Toc135038481][bookmark: _Toc135045017]Our simulation assumption of azimuth Tx beams sweeping a 360-degree angular section is the worst case and provides the lower bound of beam sweeping's performance. After UE antenna panel selection, beam sweeping in a smaller angular section can reduce the unnecessary PRACH transmissions, which energy fail to reach gNB, and improve beam sweeping’s performance.
5.2 Simulation parameters
Table 1: Simulation parameters
	 Frequency Range
	FR2

	Carrier
	28GHz

	TDD pattern
	DDDSU

	SCS
	120kHz

	Channel model
	CDL-A & TDL-C

	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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