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[bookmark: _Hlk510705081]In RAN #96e a revised new work item description was approved on further NR coverage enhancements [1]. Three main objectives characterize the work item:
	The objective of this work item is to specify further uplink coverage enhancements for PRACH, power domain and DFT-S-OFDM. 
The detailed objectives of the work item are as follows:
· 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 (RAN4, RAN1)
· 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)



This contribution focuses on the first objective of the work item on PRACH coverage enhancements and discusses the challenges associated with introducing multiple PRACH transmissions in the NR system with possible directions that RAN1 could further investigate. In addition, we present simulation results for the case of multiple PRACH transmissions with different beams and derive related observations and proposals.
[bookmark: _Toc67700557]Discussion
Simulation assumptions for study of multiple PRACH transmissions with different beams
The objectives of the WID on NR further coverage enhancements for the PRACH channel include a study item on multiple PRACH transmissions with different beams for 4-step RACH procedure:
	· 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.



Therefore, RAN1 needs to discuss and align on the simulation assumptions to be used for the study, considering that such enhancements would only target FR2 UEs capable of creating multiple beams on the air interface. The simulation assumptions agreed for the Rel-17 study item [TR 38.830] are a good starting point for discussion, but in our view need to be reviewed considering the analysis to be carried out.
In this context, RAN1 should focus on characterizing and understanding the performance and the impact on the link provided by PRACH transmissions with different beams as compared to classical PRACH repetitions with same beam.  This study can be performed via Link Level Simulations (LLS), which offer an effective way to meet such objectives. This approach would have the advantage of being fully compatible with the approach used for Rel-17 SI, where the performance of PRACH w/o repetitions was studied (and to a lesser extent, the one w/ repetitions). Furthermore, it would ensure that the relatively limited available time for this Rel-18 study is used efficiently. For this reason, System Level Simulations (SLS) should not be the priority and, if deemed useful for performing coexistence analysis, should be carried out in RAN4 considering their expertise on coexistence analysis and simulations.
Proposal 1. RAN1 to use LLS for investigating the performance of multiple PRACH transmissions with different beams.
Table 1 and Table 2 report our proposal for the simulation assumptions in terms of general parameters and specific parameters for the PRACH channel. In particular, we propose to analyze only an urban scenario at 28GHz with a more realistic number of UE antenna elements equal to 4.

[bookmark: _Ref115085603]Table 1. General parameters for FR2
	Parameter
	Value

	Scenario and frequency
	Urban: 28GHz (TDD)

	Frame structure for TDD
	DDSUU (S: 10D:2G:2U)
Other frame structures can be reported by companies.

	BWP
	100MHz

	Channel model for link-level simulation
	CDL-A

	Delay spread
	Urban scenario: 100ns

	UE velocity
	Urban scenario: 3km/h

	Number of antenna elements for BS
	Urban scenario: 
128, (M,N,P,Mg,Ng) = (4, 8, 1, 2, 2)
(FFS if Rx analog beamforming is assumed)

	Number of TxRUs for BS
	1

	Number of UE antenna elements
	4, one panel:(M, N, P) = (1,4,1).

	PRACH receiver
	To be reported by companies.



[bookmark: _Ref115085604]Table 2. Channel-specific parameters for PRACH for FR2
	Parameter
	Value

	Format
	Format B4

	SCS
	Reported by companies.

	Performance metric
	0.1% false alarm, 1% miss-detection

	Number of UE Tx chains
	1T

	Number of SSB beams
	Reported by companies

	Other parameters
	Reported by companies.




Preliminary simulation results for multiple PRACH transmissions
The simulation results shown in this section were derived using the assumptions of Table 1, where the receive analog beamforming has not been modeled.
Figure 1 shows simulation results comparing the detection probability between PRACH transmissions transmitted by the UE with a wide beam and PRACH transmissions transmitted by the UE with a narrow beam in two different, more refined, directions for a CDL-A channel model. The CDL-A channel model, as a NLOS channel, is characterized by scattered energy in multiple directions, with a weakly prominent cluster in the direction of 95 degrees, and lower energy in the direction of 5 degree. For this reason, the dashed red curve performs better than the blue curve in the plot.
Together with the two curves representing the PRACH behavior when the UE employs a narrow beam, we also plotted the PRACH performance when the UE uses a wider beam for the PRACH transmissions. The PRACH performance in the case of wide beam falls exactly in between the PRACH performance of the two narrow beams, suggesting that in the general case in which UE is not aware of the channel characteristics in terms of energy distribution in space, i.e., the angular sector where the maximum energy was observed in the DL reception of the SSB in TDD, UE is better off using a wide beam for its PRACH transmissions rather than using a narrower beam in a random direction. Indeed, although it is true that if UE aims at the direction at maximum energy performance would be better than using a wide beam, this may not always be the case if no information about the angular sector where the maximum energy was observed in the DL reception of the SSB in TDD. In this case, the UE could end up with worse performance than a wide beam.
Observation 1. In the case UE does not have knowledge of channel characteristics in terms of energy distribution in space, i.e., the angular sector where the maximum energy was observed in the DL reception of the SSB in TDD, UE should use a wide beam for PRACH transmissions
The gains of transmitting a PRACH preamble multiple times were investigated in the Rel-17 study item on NR coverage enhancements and summarized in Section 6.3.2 of [TR 38.830]. One source company showed 3.7 dB and 5.2 dB gain when performing 2 and 4 PRACH transmissions with the same transmission beam respectively at 4 GHz in urban scenario and 1.7 dB and 3.7 dB gain when performing 2 and 4 PRACH transmissions with the same transmission beam respectively at 28 GHz in urban scenario.
Figure 2 shows our simulation results for PRACH format B4 and CDL-A channel model with 100ns delay spread at 28GHz carrier frequency, comparing a PRACH transmission with 4 repetitions with the same transmission beam and a PRACH transmission without repetitions, with non-coherent combining at the receiver in the case of multiple PRACH transmissions. For these simulations we have assumed a UE transmit wide beam and observed a gain in the case of 4 PRACH repetitions with the same beam of around 5dB compared to the single PRACH repetition.
Observation 2. 4 PRACH repetitions with a same wide beam provide around 5dB gain compared to single PRACH transmission with a wide beam
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[bookmark: _Ref115451173]Figure 1. Comparison of PRACH transmission with narrow and wide beams for a CDL-A channel model
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[bookmark: _Ref115452179]Figure 2. Comparison of 1 PRACH transmission versus 4 PRACH transmissions with the same beam wide beam

Figure 3 shows our simulation results for PRACH format B4 and CDL-A channel model with 100ns delay spread at 28GHz carrier frequency, comparing a PRACH transmission with 4 repetitions with different transmission beams and a PRACH transmission without repetitions but pointing to the direction of maximum energy for the channel model under consideration. Differently from the case of PRACH transmissions with the same beam, in this case the receiver does not perform repetition combining but rather assumes that a bundle of repetition was detected if at least one of such repetitions is above the detection threshold. 4 repetitions with different beams provide a gain of around 7dB compared to the case of one single PRACH transmission with narrow beam pointing to the direction of maximum energy for the channel model under consideration.
Observation 3. 4 PRACH repetitions with different beams provide a gain of around 7dB compared to the case of one single PRACH transmission with narrow beam pointing to the direction of maximum energy for the channel model under consideration.
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[bookmark: _Ref115452418]Figure 3. Comparison of 1 PRACH transmission versus 4 PRACH transmissions with different narrow beams


Table 3 compares the SNR values for the different PRACH transmission schemes at 99% detection probability. It can be noticed that the multiple PRACH transmissions with different beams bring a non-negligible advantage in terms of link level performance compared to the multiple PRACH transmissions with a same wide beam. This is because, when the UE does not have knowledge of the channel characteristics, sweeping of its own narrow beams helps radiating more energy in several directions effectively increasing the probability of transmitting in a direction characterized by large energy to the gNB.

[bookmark: _Ref115452942]Table 3. Comparison of SNR values at 99% detection probability
	
	SNR at  [dB]

	4 PRACH transmissions with same wide transmission beam
	-13

	4 PRACH transmissions with different narrow beams
	-17



Observation 4. Multiple PRACH transmissions with different narrow beams perform better than multiple PRACH transmission with a same wide beam
Observation 5. Multiple PRACH transmissions with different narrow beams increases the probability of transmitting in a direction characterized by large energy to the gNB.
Several other advantages are brought by the multiple PRACH transmissions with different beams, aside from the link level performance benefits this can yield:
· FR2 devices are very sensitive to orientation and prone to severe performance degradation if the user even partially covers the antenna array. The possibility of adopting different beams, which point in different directions, provides an effective way to mitigate, if not eliminate at all, the link budget degradation due to the blockages/shadowing caused by the user holding the device.
· More directive PRACH transmissions generate much narrower interference patterns at the receiver. Mutual interference between two or more concurrent preamble transmissions by different UEs over the same RO, whereby different narrow beams are used by the concerned UEs, could present less homogeneous patterns than the corresponding “omni-directional” counterpart. The ensuing detection at the receiver would be facilitated in this case.
· Subsequent Msg3 transmission may make use of the information carried by the RA-RNTI used to scramble the CRC of Msg2, to pick the most favorable beam for the transmission, i.e., the beam used to transmit the preamble over the RO which is referred to by the RA-RNTI.

Observation 6. Multiple PRACH transmissions have several other advantages such as:
· Providing an effective way to mitigate, if not eliminate at all, the link budget degradation due to the blockages/shadowing caused by the user holding the device.
· Narrower interference pattern at the receiver.
· Msg3 transmission may be transmitted with the best narrow beam observed during PRACH

Considerations on frequency domain allocation for multiple PRACH transmissions
The WID [1] describes the PRACH repetitions as multiple PRACH transmissions, and mostly distinguishes whether the multiple transmissions are to be transmitted with a same or different spatial filter (i.e., beam). There is no mention, however, of how the multiple transmissions must be generated, as for example if they utilize the legacy preamble sequences or if modified preamble sequences are to be specified for the multiple PRACH transmissions. Considering no guidance was provided on this aspect, in the remainder of this section we provide an analysis of the current limitations of the PRACH preamble sequences and propose that RAN1 investigates mechanism for overcoming such limitations in combination with developing a framework for the multiple PRACH transmissions.
UEs in coverage shortage and low SNR are typically characterized by large propagation losses towards the serving gNB and hence are expected to transmit at maximum power. In such cases and considering UEs’ ability of performing power control on the allocated resources in frequency domain, a relationship exists between the energy per RE (EPRE) that a UE is able to deliver, and the number of resources allocated to the UE for transmission. More specifically, the larger the number of resources in the frequency domain (transmission bandwidth), the lower the EPRE for a same transmit maximum power and, conversely, the smaller the number of frequency domain resources the larger the EPRE at maximum power. This directly impact the received SNR per RE. 
On the other hand, if the throughput is kept constant, reducing the number the allocated REs in the frequency domain may lead to very high coding rate for uplink shared data channels, i.e., PUSCH. A coding/power gain trade-off exists in this case. Different performance trade-offs exist for uplink control channel, i.e., PUCCH, whose resource allocation depends on the channel format, payload type and size. For instance, PUCCH formats typically used (and scheduled) for UEs at low SNR are the so called “long” formats, characterized by a large extension in the time domain (up to 14 OFDM symbols). However, it is relatively safe to assume that the lower the allocated resource in frequency domain the better the resulting link budget, thanks to the corresponding power gain. Optimization for these two channels is generally possible and can be handled by the network scheduler when scheduling resources for a PUSCH or PUCCH transmission in the uplink, as an implementation detail.
Differently from PUSCH or PUCCH, PRACH frequency and time domain allocation is fixed and based on sequence length, that in turn depends on the configured PRACH format. For example, for a so called PRACH short format (such as format B4), the allocation is 139 sub-carriers in the frequency domain, equivalent to 12 RBs within the channel bandwidth, repeated 12 times within one RACH occasion. As described above, such lower bound in the allocation in frequency domain (12RBs) puts a constraint on the EPRE a UE may be able to deliver at maximum power, representing a limitation especially for UEs in coverage shortage. As a matter of fact, such UEs typically transmit at maximum power and a fixed allocation in frequency domain does not allow to maximize the achievable EPRE.
Observation 7. The fixed frequency allocation of PRACH preambles puts a constraint on the EPRE a UE is able to deliver at maximum power.
For this reason, and especially for UEs that are not able to generate high transmitter beamforming gains to improve substantially their link budget, as for example FR1 UEs or even FR2 UEs with a limited number of antennas, mechanisms for optimization of the PRACH frequency allocation should be investigated in RAN1 to maximize the EPRE a UE is able to deliver at maximum power.
An example of such mechanism is shown in Figure 4, wherein the leftmost figure represents Rel-17 operation of two UEs (e.g. UE1 and UE2) transmitting PRACH preamble over the same RO occupying 12 OFDM symbols and 12 RBs, namely PRACH preamble for PRACH format B4. To distinguish them in the figure they were color coded, which may or may not represent different preambles transmitted from the two UEs, and that we will refer to as preamble 1 and preamble 2. 
[image: ]
[bookmark: _Ref118451374]Figure 4. Mechanism for optimization of PRACH frequency allocation size: leftmost Figure represents Rel-17 operation, rightmost Figure represents the proposed mechanism

The rightmost figure represents an example mechanism for optimization of the PRACH frequency allocation size to maximize the deliverable EPRE, represented as PSD in the figure. The mechanism is based on splitting the PRACH samples in frequency domain into two subsets, the two subsets being transmitted in different ROs in time domain. In this particular example, UE1 and UE2 are transmitting the two subsets in two different portions of two different ROs, creating a sort of frequency hopping behavior within two TDM’d ROs centered on the same frequency location. Without loss of generality, both UEs could be transmitting in the same frequency portion of the different ROs, and the advantage of the mechanism of maximization of the EPRE would not be impacted.
Finally, for detection of such PRACH transmissions, gNB would recompose the PRACH preamble in the frequency domain by using all the received subsets and proceed with further processing as in legacy operation for the single PRACH transmission. 
Proposal 2. RAN1 to investigate mechanisms for transmission of subsets of the frequency representation of the PRACH preamble in ROs located at different time instances.

Determination of the number of multiple PRACH transmissions
Typically, for a UE in RRC connected state, the number of repetitions of an uplink channel are determined and scheduled autonomously by the network, via UL measurements available to the serving cell for that specific UE. However, in initial access, but more precisely for the first message (Msg1) initiating the RACH procedure, gNB does not have any information on the specific UE channel conditions and on the UE identity, making it difficult for a gNB to determine and schedule an optimal number of repetitions for the Msg1 of a specific UE.
Observation 8. gNB is not able to determine and schedule a number of repetitions for the Msg1 of a specific UE
For this reason, the issue of determination of the number of PRACH repetitions or determination of whether PRACH repetitions apply or not was discussed in RAN1 #110-bis-e, resulting in the following FL proposal [2]:
	Proposal 6-v2-A
For multiple PRACH transmissions with same beam, at least SSB-RSRP threshold(s) are used to determine the number of PRACH transmissions.
· FFS detailed scheme, e.g., the number of SSB-RSRP thresholds or whether other measured/computed metrics or conditions should be used together with SSB-RSRP thresholds.
· FFS: whether to link the SS-RSRP threshold for Msg3 repetition request.
· FFS: whether only applied to CBRA
· FFS: the impact from MPE.




This FL proposal was finally not agreed but was discussed at great length. For this reason, we build on this proposal for further discussion on the topic in this contribution.
Metrics for determination of the number of multiple PRACH transmissions
As described by the main bullet of the proposal, most of the companies seem to agree on the fact that at least SS-RSRP threshold(s) are used to determine the number of PRACH transmissions. In our view, such an approach should indeed be pursued, so that only UEs in real need of repetitions are allowed to transmit multiple Msg1 signals to improve their performance. 
Proposal 3. Confirm that at least SS-RSRP threshold(s) are used at the UE to determine the number of PRACH transmissions.
To enable such behavior, a gNB would need to configure several RSRP levels for definition of the so-called Coverage Enhancement (CE) level, each mapped to a specific number of Msg1 repetitions. An example of such configuration is shown in Figure 4, wherein gNB configures two CE levels with three different RSRP levels (i.e., -80dBm, -83dBm and -86dBm), each level associated to two and four Msg1 repetitions, respectively. In addition, in this example we assume that a UE is measuring an SS-RSRP slightly above -83dBm, placing it in the first CE level associated to two Msg1 repetitions. Based on such measurement, the UE will finally transmit Msg1 with two repetitions.
However, the (maximum) number of SS-RSRP thresholds a gNB could configure should be agreed in RAN1 based on the set of PRACH repetitions it is necessary to support. In this context, several considerations can be made on the impact of small or large number of repetitions on the performance of the PRACH. From our perspective, it is rather obvious that larger number of repetitions may ease implementation challenges at gNB, given that simpler detection algorithms could be adopted while still guaranteeing an adequate link performance. Comments made by some companies during RAN1 #110bis-e highlighted the possibility that such large number of repetitions may also cause larger access delay. Such comments neglect the latency and delay caused by Msg1 re-transmissions in case no Msg2 is received, due to scarce PRACH link performance, which would likely be larger than the latency caused by using a larger number of Msg1 repetitions to begin with (for instance, 8 instead of 4).
Given the above, we think that having the possibility of configuring a large number repetitions such as 8 may be beneficial for both UE and gNB and should not be prevented. Of course, and to allow other UEs with slightly better channel conditions to also perform repetitions to close a possible coverage gap they might be experiencing, values of 2 and 4 PRACH transmissions should also be supported.
Proposal 4. Support values of {2, 4, 8} PRACH transmissions.
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[bookmark: _Ref114561588]Figure 5. Example of CE levels configuration for the second approach

To optimize RACH performance in terms of link budget and access delay, a UE would select the SS/PBCH block index characterized by the largest SS-RSRP. This is indeed the best choice a UE could do in the case of single PRACH transmission as by Rel-17 specifications. It is worth noticing however that in the case of Msg1 repetitions, there might be scenarios wherein such choice could be deemed as suboptimal, and a UE would rather consider a more organic approach when selecting the number of repetitions, to ensure the maximum possible link budget can be achieved. To explain this point in further details, Figure 6 shows a scenario in which a UE measures two SS-RSRP from a first and second SS/PBCH block, namely SS-RSRP-1 and SS-RSRP-2, respectively. The two SS-RSRP values are in this example equal to -82.5dBm for SS-RSRP-1 and -83.5dBm for SS-RSRP-2 and therefore fall in different configured CE levels, characterized by different number of PRACH repetitions, providing different repetition gain for the PRACH channel. If we assume that a doubling of the number of PRACH repetitions roughly yields a 3dB gain (as also proved in Figure 2), it becomes clear that the choice of the second SS/PBCH block index would be the best choice for the UL link budget and hence for maximization of the probability of successful connection to the network, even if the first SS/PBCH block yielded the higher measured SS-RSRP.
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[bookmark: _Ref114579234]Figure 6. Example scenario of UE measurements for two different SS/PBCH indices

Based on the above considerations, we believe that RAN1 should further investigate aspects of UE selecting a number of PRACH transmissions and corresponding SS/PBCH block based on maximization of the expected UL link budget, wherein the gain from the multiple PRACH transmissions may be integrated in the evaluation of the expected UL link budget as 10*log10(number_PRACH_transmissions).
Proposal 5. RAN1 to investigate aspects of UE selection of the SSB index based on expected UL link budget calculated as a function of e.g., SS-RSRP measurements and expected link gain corresponding to the number of PRACH transmissions.
Number of multiple PRACH transmissions in case of PRACH re-attempt
In the case a first attempt of multiple PRACH transmissions is not correctly detected by gNB (i.e., RAR not received), a UE should be allowed to increase the number of PRACH transmissions, as for power ramping in legacy behavior, even if its SS-RSRP conditions did not change. A UE transmitting multiple PRACH transmissions is indeed expected to be already at maximum power, so an increase in the number of PRACH transmissions would substitute the power ramping typically done at UE side in the case of PRACH failure.
However, an increase in the number of PRACH transmissions is an expensive process, since the number of occupied resources would further increase, increasing the interference to neighboring cells and the collision probability of the same cell. For this reason, it would make sense to restrict such behavior only to UE with specific SS-RSRP conditions, such as UE with a measured RSRP close to the border of a certain coverage enhancement level. More specifically, an exception zone (in power domain) could be defined around the threshold(s) configured by gNB, wherein UEs with an SS-RSRP within the zone would be allowed to transmit a larger number of PRACH transmissions if the first attempt failed. 
An example of such mechanism is shown in Figure 6, where three cases are illustrated in the case a UE has failed a first attempt of multiple PRACH. It is to be noted that in this example only two coverage enhancements levels are considered, without any loss of generality. Case 1 and case 3 represent a more straightforward behavior for which a UE with an SS-RSRP outside of the tolerance zone and failing a first attempt of multiple PRACH transmissions does not change the number of transmissions derived from the SS-RSRP measurements. Conversely, case 2 represents the case where a UE measures an SS-RSRP within the tolerance zone (grey zone in the Figure) and it is allowed to increase the number of PRACH transmissions from 2 to 4, in the second PRACH attempt. Such a mechanism would allow to limit the number of PRACH transmissions to the strict necessary and optimize resource selections only when necessary.
Proposal 6. Define SS-RSRP tolerance zone to allow a UE to increase the number of PRACH transmissions in case of PRACH re-attempt
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[bookmark: _Ref118125801]Figure 7. Example of exception zone for multiple PRACH transmissions

RACH occasions determination for multiple PRACH transmission
The following was agreed in RAN1 #110bis-e regarding RO location for the multiple PRACH transmissions:
	Agreement
· For multiple PRACH transmissions with same beam, at least ROs located at different time instances can be utilized for the transmissions.
· FFS: whether/how the starting RB of ROs can be different at different time instances for multiple PRACH transmissions.
· FFS: whether/how multiple PRACH transmissions located in the same time instance, e.g., for UEs with multiple Tx chains.



The motivation behind the main bullet of the agreement is that, by spreading the multiple PRACH transmissions over ROs located at different time instances, a UE is able to maximize the EPRE of the single PRACH transmissions and hence maximize the received SNR at gNB. We believe this is an essential feature of the multiple PRACH transmissions.
Observation 9. Spreading the multiple PRACH transmissions over ROs located at different time instances allows a UE to maximize the EPRE of the single PRACH transmissions and hence maximize the received SNR at gNB.
We will discuss the content of the FSS bullets in the remainder of the section.
SSB to RO mapping for multiple PRACH transmissions
The RACH occasions for the multiple PRACH transmission could be either consecutive or not in the time domain, based on the frequency band and frame structure. For example, for a classical TDD frame structure in FR2 (e.g. DDDSU), the valid RACH occasions are not consecutive in the time domain, imposing a limitation in terms of network access performance, especially for a larger number of multiple PRACH transmissions (e.g. 4 or 8). Indeed, in such a case, not only the average network access delay per UE but also the burden to gNB memory and buffering would be increased.
Observation 10. Non-consecutive multiple PRACH transmissions increase the average network access delay per UE and the burden to gNB memory and buffering.
The situation becomes even worse when considering the RO mapping to different SSB indexes. In such cases, although the number of ROs per SSB index in the time domain can be higher layer configured via the parameter ssb-perRACH-OccasionAndCB-PreamblesPerSSB and equal to the desired maximum number of PRACH repetitions for one UE, an excessive extension of one SSB index in the time domain (e.g. ssb-perRACH-OccasionAndCB-PreamblesPerSSB = 1/8), would create limitations to system operation by forcing a gNB to operate on the same SSB beam for a large number of ROs and create access or operational delays to UEs served by other beams, especially in FR2 deployments.
To avoid this effect, a network may think of configuring a larger value of ssb-perRACH-OccasionAndCB-PreamblesPerSSB and Msg1-FDM, to distribute the ROs belonging to different beams (i.e., SSB index) in the frequency domain and limit the access or operational delays to UEs served by other beams. An example of such configuration is shown in Figure 8, for two consecutive available slots, a number of active beams equal to 4, ssb-perRACH-OccasionAndCB-PreamblesPerSSB = 1 and Msg1-FDM = 4. With such a configuration a network could be able to provide consecutive time domain resources associated to the same SSB index for a UE to perform PRACH repetitions, while limiting the access and operational delays of UE served by other beams.
This latter configuration however requires a gNB to be able to create multiple beams in different directions in a same time instance, which is not always the case, especially in FR2, wherein gNBs typically operate with analog beamforming and are only able to generate a limited set of beams in different directions in a same time instance and wherein the maximum number of SSB beams is equal to 64. 
Configuration of an SSB-to-RO mapping that guarantees consecutively available UL slots for transmitting consecutive PRACH repetitions while limiting the number of SSB indexes per time occasion is not possible with the current framework and optimizations in this direction should be targeted by RAN1 in this WI. 
Observation 11. The current framework for mapping of ROs-to-SSB indices does not allow configurations of consecutively available UL slots associated to a same SSB index for transmitting consecutive PRACH repetitions while limiting the number of SSB indexes multiplexed in the frequency domain per time occasion
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[bookmark: _Ref118386303]Figure 8. Example of PRACH configuration with ssb-perRACH-OccasionAndCB-PreamblesPerSSB=1, Msg1-FDM=4 and 4 active SSB indices (beams)

One way for optimization of the SSB-to-RO mapping enabling consecutively available UL slots for transmitting the multiple PRACH transmissions while limiting the number of SSB indexes per time occasion would be to somehow make sure that the mapping occurs firstly in the time domain and, only when a certain time occupation is reached, continue the mapping in the frequency domain. This would be different than the current mapping mechanism, for which a UE would map the SSB indexes to ROs first in the frequency domain and only then in the time domain. Such a mechanism would ensure that the mapping does not extend excessively in the time domain while guaranteeing that consecutive available ROs are mapped to the same SSB index and that only a limited number of SSB indexes are frequency multiplexed (FR2 friendly).
As an example, let us compare in Figure 8 the legacy SSB-to-RO mapping with the modified mapping in the case of 4 active SSB indexes (SSB #0, SSB #1, SSB #2, SSB #3), Msg1-FDM = 2, ssb-perRACH-OccasionAndCB-PreamblesPerSSB = 1/2 and in the case consecutive slots are available for the multiple PRACH transmissions (e.g. FDD band) for simplicity of representation. It can be noted, that if a UE performs 2 multiple PRACH transmissions in different time domain instances, they will not be consecutive with the current (Rel-17) SSB-to-RO mapping whereas they would be consecutive with a modified SSB-to-RO mapping for which a UE would first map the SSB to ROs in the time domain and only then in the frequency domain. In this example we assumed a maximum extension in the time domain (for one mapping cycle) of 4 ROs.
Observation 12. Mapping of SSB indexes to RO first in time domain and then in frequency domain allows a UE to transmit the multiple PRACH transmissions in the shortest time possible optimizing network access delay
Observation 13. The number of frequency multiplexed RO can be controlled (and limited) by setting certain values of the time extension for the SSB to RO mapping in the time domain
Proposal 7. Modify the SSB to RO mapping in the case of multiple PRACH transmission to mapping the SSB to ROs first in the time domain and then in the frequency domain
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[bookmark: _Ref118386454]Figure 9. Rel-17 SSB-to-RO mapping (leftmost) versus modified SSB-to-RO mapping (rightmost)
RO sequences for multiple PRACH transmissions
The mechanism proposed in the previous section has the advantage of minimizing the delay of the initial access, by minimizing the time the UE takes for transmission of the multiple PRACH. Alternatively, or additionally to such an approach, reduction of collision probability may be targeted by maximization of UE distinguishability in corresponding Msg2. In other words, if the available ROs for the multiple PRACH transmissions are spaced in time, the best thing a network could do to minimize the access delay would be to maximize the probability that a UE is recognized and uniquely addressed directly in the first PRACH attempt, hence minimize the collision probability.
A possible mechanism to achieve that would be to allow a network to configure different RO sequences, i.e., set of ROs, that UE could finally select from in a round robin fashion for performing the multiple PRACH transmissions. An example of such configuration is shown in Figure 10, wherein each box represents one RO and boxes with the same colour belong to the same RO sequence (i.e., Seq #0 or Seq #1). For ease of representation the ROs are shown consecutive in the time domain, but that is not a necessary condition for the configuration. In such a case, a generic UE transmitting 4 repetitions, could either select Seq #0 or #1 for the multiple PRACH transmissions, giving the possibility to a gNB to uniquely address two UEs transmitting the same preamble index in subsequent Msg2 if they chose different sequences for the transmissions. 
In other words, each sequence as per above description could be used at gNB as a signature (together with the preamble) to have a means to identify that a UE is repeating PRACH N times, i.e., 4 in the example, with a rather high accuracy (the level of accuracy depends on how NW configures the sequences). It is worth observing that thanks to their length, which is equal to the number of configured repetitions, sequences would also not need to be completely independent of each other, but a certain amount of overlap between them could be configured. It can be noted that, thanks to this approach, the collision probability and gNB detection complexity can be controlled and reduced at will by the network based on deployment scenarios.
Conversely, the random selection of ROs at UE side suffers from different problems, depending on the considered receiver architecture: 
· In the case the multiple PRACH transmissions are processed at gNB in a one-by-one fashion (as in legacy implementation), having a UE transmitting the PRACH repetitions in random ROs is feasible but may cause collision problems. Indeed, considering that in such a case the gain comes from an increase in the probability of successful detection due to the repetitions, if the UE collides in the PRACH occasion with successful detection, the whole PRACH repetition procedure should be restarted. Additionally, link gain may be experienced only for channels with mid-to-high frequency selectivity, which may not be very typical of FR2 deployments.
· In the case the multiple PRACH transmission are jointly processed at gNB, having a UE transmitting the PRACH repetitions in random ROs is hardly feasible as it would cause excessive burden to gNB processing.
· Irrespective of how the multiple PRACH transmissions are processed at gNB, the latter would have no constructive means to understand which UE is repeating PRACH and how many times.

Therefore, to have a flexible design of the multiple PRACH transmissions from the point of view of product implementation, a UE should transmit the multiple PRACH following a sequence of ROs selected randomly out of a set of configured cell-specific sequences of ROs. It is also worth observing that, and in addition to the previous argument related to the frequency selectivity of the channel, in the case the multiple PRACH transmissions are processed at gNB in a one-by-one fashion, link gains from the repetitions arise only in the case the channel realization underlying the different repetitions are different and independent from each other. In the case the channel response remains coherent within the interval of the multiple PRACH transmission, there is no gain in transmitting the PRACH preamble multiple times in random ROs if the multiple transmissions are not jointly processed at gNB receiver.
Observation 14. Configuration of RO sequences for multiple PRACH transmissions allows a gNB to control the collision probability and gNB detection complexity
Proposal 8. Support cell-specific configuration of RO sequences from which each UE repeating PRACH can select one sequence randomly for performing multiple PRACH transmissions

[image: ]
[bookmark: _Ref118464784]Figure 10. Example of two RO sequences when Msg1-FDM = 2 and SSB-per-RO = 1/8, each box is an RO and ROs of the same colour belong to the same RO sequence
Starting RB of ROs used for multiple PRACH transmissions
The transmission of multiple PRACH transmissions in ROs located at different time instances can be designed so that a UE keeps the same starting RB across the multiple PRACH transmissions or so that a UE changes the starting RB across the multiple PRACH transmissions. Although the former could be arguably considered a simpler implementation from a UE and system implementation point of view, the latter provides several benefits such as frequency diversity that would increase the probability of successful access of the UE to the cell. 
Proposal 9. Support different starting RBs across the multiple PRACH transmissions
Additionally, a change of the starting RB across the multiple PRACH transmissions, would allow to have partly overlapping sequences of ROs for transmission of the multiple PRACH, optimizing utilization of the network resources while still guaranteeing a good distinguishability of the UEs from the NW perspective (thanks to the configuration of multiple sequences of ROs). As an example, let us consider the case shown in Figure 9, wherein Msg1-FDM = 2 and SSB per RO is equal 1/4, i.e., all the ROs are mapped to a same SSB index. The colour coding in the Figure is used to distinguish the four different sequences of ROs (#0, …, #3) that a UE could follow for transmission of the multiple PRACH. It can be observed that compared to the case of multiple PRACH transmission with the same starting RB, for which only two sequences of ROs can be followed by the UE for the transmission (i.e., #1 and #2), in this case up to 4 sequences of RO can be selected by the UE and still be recognizable by the gNB as separate transmissions/UEs. 
In other words, with partly overlapping RO sequences, up to 4 UEs (instead of 2) can transmit two PRACH transmissions within 4 ROs and still be fully recognizable and addressable by gNB for the subsequent messages of the initial access procedure. This means that the collision probability in terms of Msg3, and further Msg4 identification, is effectively lower in the case of different starting RB across the multiple PRACH transmission with partially overlapping ROs compared to the case of same starting RB, with a same number of PRACH resources utilized for the multiple PRACH transmissions.
Observation 15. A reduction of the PRACH collision probability for the multiple PRACH transmissions can be obtained in the case of different starting RB across the multiple PRACH transmission with partially overlapping ROs for a same number of PRACH resources
Proposal 10. Define partly overlapping sequences of ROs with different starting RB for the different time instances of the multiple PRACH transmissions
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[bookmark: _Ref117846995]Figure 11. Sequences of ROs possible for multiple PRACH transmissions with 4 ROs

Multiple PRACH transmissions located in the same time instance
UEs with multiple independent (e.g. no power sharing mechanism) Tx chains would not be able to utilize their available maximum power if only one Tx chain is being used for transmission of the PRACH preamble. For this reason, both Tx chains could be used by the UE in at least the following two ways:
1. transmit different preambles on each Tx chain, or
2. transmit the same preamble on both Tx chains, but in different, frequency multiplexed, ROs.

With these options a UE would benefit from preamble or frequency diversity. However, the achievable power for each transmission (i.e., in preamble or frequency space) is half of the power UE would be able to deliver in the case the two Tx chains are used concurrently for transmission of the same preamble in the same frequency range. The gain from frequency diversity and preamble diversity would therefore be lost by the loss in deliverable power per Tx chain, making the enhancement not attractive from the point of view of link performance.
Observation 16. Transmission of different preamble or of the same preamble at different frequencies has the drawback that only half of the deliverable power is available for each Tx chain 
Proposal 11. RAN1 to down-prioritize multiple PRACH transmissions located in the same time instance.

The impact of RO configuration and determination on access delay
PRACH repetitions may introduce significant delays in the access of a UE to a cell. Especially in FR2, wherein all standardized bands are TDD bands and wherein most of the frame structures only include few UL slots, the latency to transmit 4 or 8 PRACH repetitions may become larger, depending on how RACH resource is configured. As explained in Section 2.4.2 discussing about access delay without considering all the possible sources of delay in current specification does not provide any meaningful insight. At the same time, it seems rather evident that latency may impact the overall system performance if suitable PRACH resource configuration is missing.
Such latency seems a necessary price to pay in case of multiple PRACH transmission with the same beam, however this may not be the case when different beams are used across the multiple PRACH transmissions. In this case, the number of antenna elements used at the UE to beamform the signal would determine the maximum link budget gain a UE may observe when performing the multiple PRACH transmissions with different beams. For instance, in case 4 or 8 antenna elements are used to beamform the PRACH, a maximum beamforming gain of 6 and 9 dB can be observed, respectively.
In this context, it would be interesting to study the performance of different Tx filter(s) (i.e., beams) and RO mapping, when the constraint of having one Tx filter used per RO is relaxed. For instance, almost all PRACH preamble formats are obtained by repeating a certain sequence between a CP and a GP. This would allow to change Tx filter configuration within the RO to capitalize on the beamforming gain with a finer granularity. In other words, more than 1 Tx filter would be used per RO, where the Tx filters would be changed in a TDMA manner (w/ or w/o a gap between them). The energy carried by the segment of RO transmitted with one Tx filter would certainly be smaller than the energy carried by one entire RO transmitted by the same filter, with a linear reduction given by the number of Tx filters used sequentially within the same RO. However, the beamforming gain provided by using more than one Tx filter (i.e., beam) would not only be able to compensate the lower energy due to the shorter time duration of the transmission using one Tx filter, but also provide additional energy over the transmission using one Tx filter per RO. This approach would always be beneficial whenever the number of antenna elements used to beamform the PRACH is larger than the number of Tx filters used sequentially within one RO. For example, if two Tx filters are used sequentially in each RO, an average reduction of 3dB per transmission using one of such two filters would be observed. However, if 3 or more AEs are used to create Tx filter, an overall gain of more than 1.7 dB (in case of more than 3 AEs) would be observed.
Proposal 12. Investigate mechanisms for switching Tx filter within RO boundaries for short PRACH formats.
RAR monitoring
The following was agreed in RAN1 #110bis-e on the RAR monitoring in the case of multiple PRACH transmissions with same beam:
	Agreement
For multiple PRACH transmissions with same beam, for RAR monitoring, consider the following options.
· Option 1: One RAR window per each PRACH transmission, the RAR window follows the legacy design.
· FFS: RA-RNTI.
· Option 2: Only one RAR window for all of the multiple PRACH transmissions.
· FFS: the start position of the RAR window.
· FFS: RA-RNTI.



Whether Option 1 or Option 2 is to be preferred strongly depends on the feature design RAN1 has in mind. Indeed, if the goal of PRACH repetitions is to increase the probability of successful detection by repeating multiple times, gNB does not really need to be aware of the starting and ending ROs of the repetitions and the legacy design in terms of RAR window could be adopted (i.e., Option 1). However, and in alignment with our understanding, if the goal of PRACH repetitions is to benefit from a combining gain at the receiver, it means that the single PRACH transmission is not reliable enough for taking decisions on whether the UE has transmitted in the RACH occasion or not, and hence having a RAR window per each PRACH transmission would be redundant and a waste of network resources. In this latter case, having only one RAR window for all of the multiple PRACH transmissions (i.e., Option 2) is our preference and should be agreed for further design of the feature.
Proposal 13. Agree to Option 2, only one RAR window for all of the multiple PRACH transmissions.
If one RAR window is adopted for the multiple PRACH transmissions, the starting position of the RAR window should be agreed and may have a specification impact. The current specification text establishes that the RAR window starts at the first OFDM symbol of the earliest CORESET after UE PRACH transmission as follows:
	In response to a PRACH transmission, a UE attempts to detect a DCI format 1_0 with CRC scrambled by a
corresponding RA-RNTI during a window controlled by higher layers [11, TS 38.321]. The window starts at the first
symbol of the earliest CORESET the UE is configured to receive PDCCH for Type1-PDCCH CSS set, as defined in
clause 10.1, that is at least one symbol, after the last symbol of the PRACH occasion corresponding to the PRACH
transmission, where the symbol duration corresponds to the SCS for Type1-PDCCH CSS set as defined in clause 10.1.



However, in the case of multiple PRACH transmissions, if all the multiple PRACH transmissions are considered for the RAR window, the associated RAR window should start at the first symbol of the earliest CORESET the UE is configured to receive PDCCH for Type1-PDCCH CSS set that is at least one symbol, after the last symbol of the last PRACH occasion of the PRACH occasions corresponding to the multiple PRACH transmissions. In other words, in order for a gNB to be able to take a reliable decision on whether a preamble was transmitted by a UE performing repetitions, all the PRACH repetitions shall be received by the gNB, implying that the RAR window is to start only after the last PRACH repetition has been received by the gNB.
Proposal 14. The RAR window for the multiple PRACH transmissions starts after the last PRACH transmission of the multiple PRACH transmissions.
The design of the RA-RNTI for multiple PRACH transmissions greatly depends on the framework agreed for transmission of the multiple PRACH transmissions. At the same time, in case only one RAR window is used for multiple PRACH transmissions as per above proposal, it is obvious that ensuring that the RA-RNTI is calculated while considering the sequence of ROs used for the multiple PRACH transmissions minimizes the probability of disambiguation at gNB of two or more UEs transmitting multiple PRACH transmissions over different sequences of ROs which share the same last RO. In this case, in fact, different RA-RNTIs would be calculated for the two or more UEs if the RA-RNTI is calculated as a function of the sequence of ROs used for the multiple PRACH transmissions. Given the relevance of the UE disambiguation and distinguishability at the gNB in case of multiple PRACH transmissions, we think the definition of a PRACH repetition specific RA-RNTI is a paramount step to take in Rel-18. In this context, we observe that other approaches which consider only a specific RO of the sequence, which may not be the last one, to calculate the RA-RNTI in case of multiple PRACH transmissions is possibly less straightforward but may still be considered at this stage.
Proposal 15. RA-RNTI in case of multiple PRACH transmissions is calculated as a function of the sequence of ROs used for the multiple PRACH transmissions. FFS: details.

Preamble determination for multiple PRACH transmission 
For multiple PRACH transmissions with same beam, the following agreement was made in RAN1 #110bis-e:
	Agreement
· For multiple PRACH transmissions with same beam, at least support to use same PRACH preamble during the multiple PRACH transmissions in one RACH attempt.
· FFS: whether different preambles can be utilized in different PRACH transmissions during the multiple PRACH transmissions in one RACH attempt.



Therefore, the basic mode of operation in terms of preamble selection across a set of PRACH repetitions was agreed, with an FFS point on whether different preambles can be utilized in different PRACH transmissions. The motivation for using different preambles across a set of PRACH repetitions is two-fold, based on the discussion occurred in RAN1 #110-bis-e. It was claimed that transmission of random preamble per PRACH transmission across a set of repetitions would not only retain legacy behavior but also decrease the interference to neighbor cells. 
In our view, neither of the motivations justify adoption of different preambles across a set of PRACH repetitions for the following reasons:
· Although it may be claimed that a random preamble selection per PRACH transmission is retained with such method, a UE would anyway need to adopt a behavior that is different than legacy when it comes to monitoring of the DCI scheduling the Msg3. Indeed, a UE typically transmits one preamble and waits until the end of the RAR window before re-transmitting another, randomly selected, PRACH preamble. In this case, UE would likely need to transmit a different PRACH preamble (for a PRACH repetition) before expiration of the RAR window associated to the previously transmitted PRACH preamble, impacting the algorithms of preamble generation at the UE.
· Regardless of whether UE is transmitting the PRACH repetitions with the same or different preamble, a statistically colored interference would be observed at the receiver only if the same preamble type and the same preamble number are used by the interfering transmitter, and the two received transmissions are perfectly synchronous. The likelihood of this event during access seems very low, due to the large configurability of the PRACH resource and the absence of TA commands at this stage of the communications with the cell. Furthermore, in case all the conditions above are met, although the collision probability for a specific preamble would increase, the collision probability for the other preambles would proportionally decrease, making it the same from a system performance perspective whether the UE performing repetitions is transmitting with a same or different preamble.

In addition to the above motivations, transmission of different random preambles across multiple PRACH transmissions would not allow a gNB to recognize the transmissions coming from a same UE, largely constraining the gNB PRACH receiver design in case PRACH repetitions are enabled. Indeed, in such a case, a gNB receiver would not be able to constructively combine the PRACH repetitions, which may provide substantial gains in some scenarios. We believe that RAN1 should strive to design the feature enabling maximum flexibility to the underlying implementation, and therefore a design centered on having multiple PRACH transmissions with a same PRACH preamble would be preferred.
Proposal 16. For multiple PRACH transmissions with same beam, the same PRACH preamble during the multiple PRACH transmissions in one RACH attempt shall be used.

[bookmark: _Toc67700564]Conclusion
In this contribution we have discussed aspects of PRACH enhancements in Rel-18. The following observations were made:
[bookmark: _Toc67700565]Observation 1. In the case UE does not have knowledge of channel characteristics in terms of energy distribution in space, i.e., the angular sector where the maximum energy was observed in the DL reception of the SSB in TDD, UE should use a wide beam for PRACH transmissions
Observation 2. 4 PRACH repetitions with a same wide beam provide around 5dB gain compared to single PRACH transmission with a wide beam
Observation 3. 4 PRACH repetitions with different beams provide a gain of around 7dB compared to the case of one single PRACH transmission with narrow beam pointing to the direction of maximum energy for the channel model under consideration.
Observation 4. Multiple PRACH transmissions with different narrow beams perform better than multiple PRACH transmission with a same wide beam
Observation 5. Multiple PRACH transmissions with different narrow beams increases the probability of transmitting in a direction characterized by large energy to the gNB
Observation 6. Multiple PRACH transmissions has several other advantages such as:
· Providing an effective way to mitigate, if not eliminate at all, the link budget degradation due to the blockages/shadowing caused by the user holding the device.
· Narrower interference pattern at the receiver.
· Msg3 transmission may be transmitted with the best narrow beam observed during PRACH

Observation 7. The fixed frequency allocation of PRACH preambles puts a constraint on the EPRE a UE is able to deliver at maximum power
Observation 8. gNB is not able to determine and schedule a number of repetitions for the Msg1 of a specific UE
Observation 9. Spreading the multiple PRACH transmissions over ROs located at different time instances allows a UE to maximize the EPRE of the single PRACH transmissions and hence maximize the received SNR at gNB.
Observation 10. Non-consecutive multiple PRACH transmissions increase the average network access delay per UE and the burden to gNB memory and buffering.
Observation 11. The current framework for mapping of ROs-to-SSB indices does not allow configurations of consecutively available UL slots associated to a same SSB index for transmitting consecutive PRACH repetitions while limiting the number of SSB indexes multiplexed in the frequency domain per time occasion
Observation 12. Mapping of SSB indexes to RO first in time domain and then in frequency domain allows a UE to transmit the multiple PRACH transmissions in the shortest time possible optimizing network access delay
Observation 13. The number of frequency multiplexed RO can be controlled (and limited) by setting certain values of the time extension for the SSB to RO mapping in the time domain
Observation 14. Configuration of RO sequences for multiple PRACH transmissions allows a gNB to control the collision probability and gNB detection complexity
Observation 15. A reduction of the PRACH collision probability for the multiple PRACH transmissions can be obtained in the case of different starting RB across the multiple PRACH transmission with partially overlapping ROs for a same number of PRACH resources
Observation 16. Transmission of different preamble or of the same preamble at different frequencies has the drawback that only half of the deliverable power is available for each Tx chain

The following proposals were made:

Proposal 1. RAN1 to use LLS for investigating the performance of multiple PRACH transmissions with different beams.
Proposal 2. RAN1 to investigate mechanisms for transmission of subsets of the frequency representation of the PRACH preamble in ROs located at different time instances.
Proposal 3. Confirm that at least SS-RSRP threshold(s) are used at the UE to determine the number of PRACH transmissions.
Proposal 4. Support values of {2, 4, 8} PRACH transmissions.
Proposal 5. RAN1 to investigate aspects of UE selection of the SSB index based on expected UL link budget calculated as a function of e.g., SS-RSRP measurements and expected link gain corresponding to the number of PRACH transmissions.
Proposal 6. Define SS-RSRP tolerance zone to allow a UE to increase the number of PRACH transmissions in case of PRACH re-attempt
Proposal 7. Modify the SSB to RO mapping in the case of multiple PRACH transmission to mapping the SSB to ROs first in the time domain and then in the frequency domain
Proposal 8. Support cell-specific configuration of RO sequences from which each UE repeating PRACH can select one sequence randomly for performing multiple PRACH transmissions
Proposal 9. Support different starting RBs across the multiple PRACH transmissions
Proposal 10. Define partly overlapping sequences of ROs with different starting RB for the different time instances of the multiple PRACH transmissions
Proposal 11. RAN1 to down-prioritize multiple PRACH transmissions located in the same time instance.
Proposal 12. Investigate mechanisms for switching Tx filter within RO boundaries for short PRACH formats.
Proposal 13. Agree to Option 2, only one RAR window for all of the multiple PRACH transmissions.
Proposal 14. The RAR window for the multiple PRACH transmissions starts after the last PRACH transmission of the multiple PRACH transmissions.
Proposal 15. RA-RNTI in case of multiple PRACH transmissions is calculated as a function of the sequence of ROs used for the multiple PRACH transmissions. FFS: details.
Proposal 16. For multiple PRACH transmissions with same beam, the same PRACH preamble during the multiple PRACH transmissions in one RACH attempt shall be used.
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