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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction 
In RAN#112 [1], the agreement regarding PRACH coverage enhancement was approved, which is given as follows. The contribution further discusses the issues for PRACH coverage enhancements.
	Agreement
For multiple PRACH transmissions with same Tx beam, gNB can configure one or multiple values for the number of multiple PRACH transmissions.
· If multiple values are configured, PRACH resources differentiation between multiple PRACH transmissions with different number of multiple PRACH transmissions is supported.
· FFS: details
Working Assumption
For multiple PRACH transmissions with same Tx beam, to differentiate the multiple PRACH transmissions with single PRACH transmission, at least support that multiple PRACH are transmitted on separate ROs.
· Note: Separate RO means that the RO is separated with single PRACH transmission. 
· FFS: whether Rel-17 framework of feature combination (FeatureCombination-r17) and additional RACH configuration (AdditionalRACH-Config-r17) can be reused for Rel-18 multiple PRACH transmissions to realize the corresponding PRACH resource partitioning.
Working Assumption
For multiple PRACH transmissions with same Tx beam, to differentiate the multiple PRACH transmissions with single PRACH transmission, support that multiple PRACH are transmitted with separate preamble on shared ROs.
· Note: Shared or separate RO/preamble means that the RO/preamble is shared or separated with single PRACH transmission. 
· FFS: whether Rel-17 framework of feature combination (FeatureCombination-r17) and additional RACH configuration (AdditionalRACH-Config-r17) can be reused for Rel-18 multiple PRACH transmissions to realize the corresponding PRACH resource partitioning.
Agreement
For multiple PRACH transmissions with same Tx beam in one RACH attempt, transmission power ramping is not applied within one RACH attempt.
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
For multiple PRACH transmissions with same Tx beam, "RO group" is assumed for multiple PRACH transmissions with separate preamble on shared ROs and/or multiple PRACH transmissions on separate ROs, and one RO group consists of valid RO(s) for a specific number of multiple PRACH transmissions.
Note 1: All ROs in one RO group is associated with the same SSB(s).
Note 2: Shared or separate RO/preamble means that the RO/preamble is shared or separated with single PRACH transmission.
Note 3: whether/how to define “RO group” in specification will be discussed separately
Note 4: Valid RO(s) refers to what is defined in existing specification
FFS: whether and how to address collision between valid ROs for multiple PRACH transmissions and other existing ROs for legacy single PRACH transmission or other features, e.g., 2-step RACH.
FFS: the time span of RO group.
FFS: whether and how ROs can be shared between different RO groups for different number of multiple PRACH transmissions.
FFS: other details
Agreement
Support {2, 4, 8} for the number of multiple PRACH transmissions with same Tx beams.


2. Discussion on multiple transmission with same beam 
 
2.1 PRACH resource 
2.1.1 PRACH resource partitioning 
Based on the working assumptions in RAN#112 [1], we study whether and how the framework of feature combination (FeatureCombination-r17) and additional RACH configuration (AdditionalRACH-Config-r17) can be reused for Rel-18 multiple PRACH transmissions to realize the corresponding PRACH resource partitioning in separate RO solution and separate preamble solution.
· Separate RO
[bookmark: _Hlk131441612]Reusing Rel-17 framework of feature combination and additional RACH configuration can realize the PRACH resource partitioning of separate RO solution. With Rel-17 framework, setting the parameter msg1-FrequencyStart of new PRACH to a value different from that of legacy RACH can introduce separate ROs that have different time-frequency location from that of legacy PRACH. And, independently configuring the parameter prach-ConfigurationIndex of new PRACH is important because it enables gNBs to introduce more separate ROs for repetition and avoid new PRACH to be restricted by the configuration of legacy PRACH. It would cause the ROs of legacy and new PRACH overlapping in time domain inevitably due to different PRACH time pattern. These overlapping ROs are likely to associate with different SSB beams and gNBs should generate multiple simultaneous receiving analog beams to receive the preambles transmitted over overlapping ROs. 

Observation 1: Reusing Rel-17 framework of feature combination and additional RACH configuration to introduce separate RO solution would result in overlapping ROs of single and multiple PRACH transmissions in time domain, which are likely to associate with different SSBs. The gNBs have to possess multiple simultaneous receiving analog beams to receive the preambles transmitted over overlapping ROs.

· Separate preamble
[bookmark: _Hlk130842840]Reusing Rel-17 framework of feature combination and additional RACH configuration can realize the PRACH resource partitioning of separate preamble solution, where different repetition levels of multiple PRACH transmissions are regarded as new features. Preambles have been divided to differentiate multiple features, such like CFRA, two-step RACH, four step RACH, feature combination (redCap, smallData, sliceGroup, msg3-Repetition), as illustrated in Figure 1. Moreover, using FeatureCombination-r17 can assign separate preamble to the multiple PRACH transmissions of different repetition levels or the combination of Rel-17 features and multiple PRACH transmissions of different repetition levels, as long as the multiple PRACH transmissions of different repetition levels are regarded as new features. It results in preamble shortage when configure multiple repetition levels. 
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Figure 1: Illustration of preamble division for two-step RACH, four-step RACH, feature combination, CFRA, and multiple PRACH transmissions.
To relief preamble shortage, Rel-17 framework can use different PRACH masks to differentiate a part of features and use separate preambles to differentiate the remain features with the same ROs, which is at cost of increasing latency. To reduce latency, gNB can adjust parameters prach-ConfigurationIndex, msg1-FDM and ssb-perRACH-OccasionAndCB-PreamblesPerSSB to increase PRACH resource in time domain and make full use of capability of generating multiple analog beams. For example, if gNB can generate four analog beams at the same time and the number of SSBs is eight, configuring ‘ssb-perRACH-OccasionAndCB-PreamblesPerSSB = 2’ ‘msg1-FDM = 4’ can make each SSB beam occur two times over two adjacent TDM-ROs. The effectiveness of this method depends on the capability of gNB to generate SSB beams.

Observation 2: Reusing Rel-17 framework of feature combination and additional RACH configuration to realize the PRACH resource partitioning of separate preamble solution is possible, where different repetition levels of multiple PRACH transmissions are regarded as different feature IEs in the RRC FeatureCombination-r17.. 

[bookmark: _Hlk131000807]Proposal 1: The following methods of PRACH resource partitioning should be considered 
· Rel-17 framework of feature combination and additional RACH configuration can be used to realize the PRACH resource partitioning of transmitting multiple PRACH on separate ROs for gNBs with multiple simultaneous receiving analog beams. 
· Rel-17 framework of feature combination and additional RACH configuration can realize the PRACH resource partitioning of transmitting multiple PRACH on shared ROs, where different repetition levels of multiple PRACH transmissions are regarded as different feature IEs in the RRC FeatureCombination-r17.

2.1.2 RO group configuration
Based on the agreements of RO groups in RAN#112 [1], we study the rules to address RO collision and discuss the relation of RO groups of different repetition levels. Further, we discuss whether/how to assign different maximum repetition to different SSBs to make full use of scarce TDM-ROs. 
· Rule to address overlapping ROs
As mentioned above, it results in the overlapping ROs associated with different SSB beams inevitably, when reuse Rel-17 framework to introduce more separate ROs than legacy PRACH by configuring parameter prach-ConfigurationIndex independently, which requires simultaneous receiving of more than one analog beams.  
The gNBs can exploit overlapping ROs to reduce latency and improve RACH performance by fully utilizing multiple analog beams as long as the number of SSB beams required by overlapping ROs is smaller than the capability of simultaneous receiving analog beam of gNBs. Otherwise, it degrades RACH performance as some ROs are not associated with the generated SSB beams. An example of gNBs with single simultaneous receiving analog beam is illustrated in Figure 2, the transmitted PRACH over overlapping ROs associated with SSB3 beam would never be received by gNB. This transmitted PRACH cannot be successfully detected but only wastes UEs’ power, increases failure probability and RACH latency, and causes interference. Moreover, overlapping ROs associated with different SSB beams could occur periodically due to periodical PRACH resource and SSB-RO mapping. 
[image: ]
Figure 2: Illustration of SSB beams over the ROs overlapped in time domain for gNBs without capability of generating multiple simultaneous analog beams.

Observation 3: When the number of SSB beams required by overlapping ROs of legacy and new PRACHs exceeds the number of simultaneous analog beams, negative impacts could be observed, such like waste of UE power, increase of failure probability, increase of RACH latency and increased interference. 

To deal with this problem, a rule of defining valid resources is needed. For example, it is helpful to specify the priorities of SSB beams of overlapping ROs and the number of simultaneous receiving analog beams, where UEs consider SSB beams that are not generated by gNB as invalid SSB beam for overlapping ROs. 

Observation 4: Some rules could be considered to specify the validity of resource over overlapping ROs, such like:
· a rule of defining valid SSB beam over overlapping ROs of legacy and new resource, where SSB beams that gNB does not generate should be considered invalid.
· a rule of defining valid overlapping ROs of legacy and new resource, where overlapping ROs requiring more SSB beams than the number of simultaneous receiving analog beams of gNB should be considered invalid.

When RO groups are permitted to contain the dropped ROs (ROs cannot be used in actual PRACH transmissions), such like overlapping ROs associated with more SSB beams than the number of simultaneous analog beams of gNB, RACH performance would degrade due to less PRACH transmissions. For example, UEs wanting 8 PRACH transmissions might select a RO group containing 4 dropped ROs, its RACH performance degradation cannot be accepted but only wastes UEs’ power, increases failure probability and RACH latency, and causes interference. Moreover, such RO groups could occur periodically due to periodical PRACH resource and SSB-RO mapping. To limit RACH performance loss, the maximum number of dropped ROs of RO groups should be specified, where the RO group containing dropped ROs exceeding the maximum number cannot be used in multiple PRACH transmissions. For example, assuming the maximum number of dropped ROs in RO groups corresponding to 8 PRACH transmissions is set to 2, UEs selecting 8 PRACH transmissions should select one RO group randomly from the RO groups containing 0,1,2 dropped ROs.  

Observation 5: When RO groups contain the dropped ROs, RACH performance degrades with the increase of dropped ROs. To limit this performance loss, the maximum number of ROs in RO groups should be specified, where the RO groups containing more dropped ROs than maximum should not be used. 

Proposal 2: Some rules to determine the validity of resource over overlapping ROs should be supported when reuse Rel-17 framework of feature combination and additional RACH configuration to realize the PRACH resource partitioning of transmitting multiple PRACH on separate RO.

· Relation of RO groups

Considering both uplink time resource and gNB’s capability of generating simultaneous receiving analog beams are finite, the number of TDM-ROs is small under given latency. TDM-RO resource becomes scarcer in high frequency due to more and finer beams. To deal with this problem, RO groups of different repetition levels should make full use of TDM-ROs by sharing the same ROs, as illustrated in Figure 3. Separate preambles can be used to differentiate PRACH transmissions over RO groups of different repetition levels over the same ROs. 
[image: ]
Figure 3: Illustration of the repetition level scheme with multiple repetition levels.

Observation 6: The number of available TDM-RO is limited under an acceptable PRACH transmission latency. The scarcity of TDM-ROs might be a challenge to enhance PRACH coverage by repetitions over TDM-ROs, and this problem would be more serious for communication in higher frequency.

Observation 7: It can make full use of TDM-ROs that RO groups corresponding to different repetition levels can be configured over the same RO resource. 

Proposal 3: It should be supported that RO groups corresponding to different repetition levels can be configured over the same RO resource, where separate preambles are used to differentiate the PRACH transmissions over different RO groups.

· SSB-RO mapping
In practice, different beams suffer quite different coupling loss as they are transmitted and received with different angles and go through different environment, including trees, buildings, and distance. In high-frequency situation, above difference becomes more significant as the number of paths is reduced and shelter problem arises easily, the path loss and penetration loss increase [2][4]. In conclusion, the coupling loss of enhanced UEs within different SSB beams have significant difference. 
Electromagnetic wave experiments verify the different coupling loss of beams due to the outdoor to indoor penetration and the tree penetration. The simulation results in [3] show the path gains for all measurement locations in the multi-story, brick building and outside this building. The mean path losses for outdoor and indoor locations are 117 dB and 139.7 dB, respectively. Hence mean excess loss due to outdoor to indoor penetration is 22.7 dB. In single family unit case, the excess loss due to penetration is as high as 21 dB. The penetration loss is quite high, which makes the coupling loss of beams covering buildings much larger than that does not. The simulation results in [5] show that the penetration loss of millimeter wave passing through trees is 15.1-26.1dB, which varies with the state of canopy leaf, such as full leaf, out-of-leaf. In full leaf scenario, signals at 3.5, 5.4 GHz travel through trees with dense branches and leaves to reach UEs, resulting in 22.6, 26.1 dB loss, respectively. In out-of-leaf scenario, when 3.5, 5.4 GHz signals travel through trees with sparse branches and leaves to reach the UE, a loss of 7.5, 9.4 dB is observed, respectively. The more vegetation passes through, the greater the loss is. Since the tree penetration loss is large and varies with the state of vegetation, it makes the coupling loss of beams covering the area surrounded by tree much larger than that does not. Based on above experiment results, we can see that different beams require different coverage enhancement.  
Moreover, due to analog beamforming characteristic [6], i.e., the beam width becomes wider when the boresight of beam becomes far away from the boresight of antenna array, the beamforming gain of SSB beams approaching to the two sides of cells of covering horizontal 120 degrees, i.e., -60 degree and 60 degree, is much smaller than others [7]. In other words, SSB beams at -60 degree and 60 degree require much more coverage enhancement than others. It implies that assigning the same number of TDM-ROs to all SSB beams is not reasonable, as the number of TDM-ROs is restricted to that required by the worst one among SSB beams, which results in a low resource efficiency.
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Figure 4: Illustration of beam groups of assigning different number of ROs for repetition.

Observation 8: Different beams covering different areas have different coupling loss due to the outdoor to indoor penetration and the tree penetration, and require different coverage enhancements. 

The scarce TDM-ROs should be allocated to SSB beams by coverage enhancement requirements. It implies that SSB beams should be divided into different coverage enhancement groups and SSB beams in different groups own different maximum repetition levels. For example, illustrated in Figure 4, gNB can easily classify SSB beams into two or more groups by analyzing history observations, and adaptively assign different maximum repetition level to different groups.

Proposal 4: SSB beams should be classified into different groups, where SSB beams belonging to the same SSB group are associated with the same maximum repetition level but SSB beams belonging to SSB different groups are associated with different maximum repetition level.  

For FR2, the number of SSB is usually set to 16. If the same number of ROs has to be assigned to all SSB beams, then the configured number of ROs is restricted to that required by the worst one among 16 SSB beams. As a result, the uplink resource within SSB configuration period could be not enough yet for PRACH coverage enhancement, especially for higher frequency bands that require large number of SSB beams and larger number of PRACH repetitions. 
For example, Figure 5 illustrates an example of SSB-RO pattern, wherein the prach-ConfigurationIndex is 177 in table 6.3.3.2-4, the number of SSB is 4, and ssb-perRACH-OccasionAndCB-PreamblesPerSSB=1, and msg1-FDM=1. With above parameter assumptions, UEs obtain the following information: 
Time domain location: ROs are allocated at the system frame numbers (n_SFN) that satisfy n_SFN mod 8 =1, 2 (i.e. the first two frame for every 8 frames). Within each of the determined SFNs, ROs are allocated at slots (SCS=60 KHz) number 9, 19, 29 and 39. It should be noted that each slot of SCS=60 KHz equals to two slots of SCS=120 KHz. For SCS=120 KHz, within each of the determined slots of SCS=60 KHz, the remaining parameters in the considered row indicate that ROs will start at symbol number 0, 6, 14, 20 and occupy 6 symbols.
Frequency domain location: each time instance only has one FDM-RO in frequency.
SSB-RO mapping pattern: each RO only associates with one SSB, and four SSBs are mapped to ROs in sequentially and periodically.
[image: ][image: ]
Figure 5: An example of RACH occasions and SSB-to-RO mapping pattern for UL/DL configuration DDSUU in FR2
These green blocks (spare UL slots) in Figure 5 can be occupied by repetition ROs for PRACH coverage enhancement. Moreover, the uplink slots of other frames (i.e., the last six frames for every 8 frames) can be occupied by repetition ROs for PRACH coverage enhancement. For FR2 with 16 SSBs, we can see that from Figure 5, all UEs in 16 SSB beams can only transmit preamble repeatedly for 6 times at most during 80ms. It is not enough for 8 PRACH transmissions, especially for communication system working in higher frequency that requires more SSB beams. 

[bookmark: _Hlk130848402]Observation 9: If the same number of ROs has to be assigned to all SSB beams, then the configured number of ROs is restricted to that required by the worst SSB beam. As a result, the uplink resource within a SSB configuration period could be not enough yet for PRACH coverage enhancement, especially for higher frequency bands that require large number of SSB beams and larger number of PRACH repetitions.  

Based on above observations, it is necessary to allocate the different maximum repetition level to SSBs and map SSBs to corresponding RO groups. As illustrated in Figure 6, the repetition ROs are assigned to SSB 0-3, where SSB 0 and SSB 1 are associated with 4 repetition ROs, SSB 2 and SSB 3 are associated with 2 repetition ROs, during each period. 
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Figure 6: SSB-RO mapping pattern A introduces repetition ROs for SSBs groups. 
UEs in SSB group 1 (SSB 0-1) and SSB group 2 (SSB 2-3) can transmit preamble repeatedly as many as for 16 and 8 times during 10ms, respectively. When the number of SSB is 16 and the number of two SSB groups are equal, UEs in SSB group 1 (SSB 0-7) and SSB group 2 (SSB 8-16) can transmit preamble repeatedly for 4 times and 2 times at most during 10ms. In other example, when the number of SSB is 16, if all SSB beams except SSB 0 are associated with 2 repetition ROs, SSB 0 is associated with 8 repetition ROs, then UEs in SSB 0, SSB 1, and SSB 1-15 can transmit preamble repeatedly for 16 times, 4 times, and 2 times at most during 10ms. SSB-RO pattern A can make the best use of TDM-RO resource and is useful for scenario where only several SSB beams could suffer severe path loss than expectation, such as new built billboard, temporary parking shelters the LOS path of SSB beam. 

Observation 10: SSB-RO pattern A as illustrated in Figure 6, can make the best use of TDM-RO resource, especially for high frequency bands that require large number of SSB beams and larger number of PRACH repetitions.    

Proposal 5: The SSB-RO pattern in which different SSBs associate with different maximum repetition level should be supported by RRC configuration.

2.2 Power control 
The power control is important to interference control and power saving. The power control formula for multiple transmission has been specified in eMTC PRACH coverage enhancement. There are multiple power control formulas that are correspondingly used in different cases in eMTC. The calculation procedure for PRACH power control in eMTC is given as follows. The calculation procedure consists of three steps: calculating the receive target power, dividing the target power for multiple PRACH transmissions and calculating the target power of single transmission, calculating the actual transmit power of single PRACH. Specifically, 
Step 1: Calculate the total receive target power. 
PREAMBLE_RECEIVED_TARGET_POWER=preambleInitialReceivedTargetPower+DELTA_PREAMBLE + (PREAMBLE_TRANSMISSION_COUNTER – 1) * powerRampingStep   (1)
where PREAMBLE_RECEIVED_TARGET_POWER is the total receive target power value, preambleInitialReceivedTargetPower is the initial power value of preamble indicated by BS, PREAMBLE_ TRANSMISSION _COUNTER represents the total number of preamble transmission, powerRampingStep indicates the power increase step when RACH fails.
Step 2: Calculate the target receive power of single transmission.
PREAMBLE_RECEIVED_TARGET_POWER=PREAMBLE_RECEIVED_TARGET_POWER - 10 * log10(numRepetitionPerPreambleAttempt)  (2)
where numRepetitionPerPreambleAttempt indicates the repetition transmission times of preamble. Note that PREAMBLE_RECEIVED_TARGET_POWER has been updated. Now, it represents the receive target power that needs to be reached for one single transmission.
Step 3: Calculate the transmission power of single transmission.
P_PRACH = min{P_CMAX(i), PREAMBLE_RECEIVED_TARGET_POWER + PL_c} [dBm] (3)
where P_CMAX(i) is the configured UE transmit power for subframe i of serving cell c, and PL_c is the downlink path loss estimate calculated in the UE for serving cell. According to the above formulas (1)-(3), the transmission power of each single PRACH transmission can be obtained. It should be noted that the highest PRACH coverage enhancement level 3 in eMTC directly uses the maximum transmission power, P_CMAX, to transmit preamble. 
When the difference of configured UE transmit power and pathloss is constant approximately, it is reasonable for UEs to set the same target receive power and the same or updated pathloss estimation to multiple PRACH transmissions in Rel 18. When the difference of configured UE transmit power and pathloss is huge and some transmissions cannot realize the target receive power, it is reasonable for UEs to set different target receive powers to multiple PRACH transmissions in Rel 18, where the updated pathloss estimation is used. However, the second method is hard to implement as UEs cannot know the channel state information of future PRACH transmissions.
[bookmark: _Hlk131066527]Observation 11: Setting the same target receive power to multiple PRACH transmissions in Rel 18 has low implementation complexity and setting different target receive powers to multiple PRACH transmissions in Rel 18 is complex to implement. 

Proposal 6: Similar to power control of multiple transmissions specified in eMTC PRACH coverage enhancement, setting the same target receive power for multiple PRACH transmissions in Rel 18 should be considered, where the same target receive power equals to the total receive target power configured by gNB dividing by the repetition number.
In retransmissions, the power or power ramping should be increased for enhanced UEs to finish RACH as soon as possible. For example, UEs use a larger power ramping to increase power in next attempt, or directly use the maximum power to retransmit preamble. Moreover, for the UEs requiring PRACH repetitions, their transmit power are very likely close to the maximum transmit power.Therefore, increasing retransmission power by power ramping is  useless. It is beneficial to increase the repetition level to increase success probability, which improves resource utilizing efficiency and reduces latency. 

Observation 12: It is necessary to enhance PRACH retransmission by increasing power ramping step and increasing repetition level to improve success probability.

[bookmark: _Hlk130823091][bookmark: _Hlk113449010]UEs in the worst channel, especially UEs in cell-edge, would persistently transmit PRACH with the largest power and repetition number until the maximum number of retransmissions, which degrades collision performance and causes long-term large intercell interference. Such harmful lasting transmission should be avoided. Limiting the maximum number of retransmissions of enhanced UE selecting the largest repetition level is helpful to solve this problem.  

Observation 13: The retransmissions of enhanced UEs in cell-edge with the largest power transmit power and repetition level may cause a serious and long-time interference for other cells. 

Proposal 7: The methods to improve the success probability of RACH should be supported, such like increasing power ramping step and increasing repetition level. To minimize intereference caused by retransmission, the maximum number of retransmission with the largest repetition level should be reduced.

2.3 Retransmission enhancements 

Enhanced UEs select repetition level based on channel conditions (e.g., compare RSRP measurement with RSRP thresholds to determine repetition level), whose transmit power is likely to come up or close to the maximum transmit power. Under such small power headroom, retransmission with increased power only could be useless. Fortunately, configuring multiple repetition levels enables a brand-new dimension to improve the successful probability of RACH, i.e., increasing repetition level. It is reasonable for UEs to increase repetition level after transmit power comes up to maximum in retransmission. Otherwise, without increasing repetition level, due to falling into a trap of low RACH success probability, UEs would persistently transmit preamble until the maximum number of retransmissions, which results in power wasting, large latency and intercell interference, high collision probability. For example, the RACH procedure with repetition level increasing is illustrated in Figure 7, where the judge of repetition level increasing is performed only after transmit power comes up to maximum.
 [image: ]
Figure 7: Illustration of repetition level determination and update scheme.

Observation 14: Configuring multiple repetition levels enables additional dimension to improve the success probability of RACH, i.e., increasing repetition level. It is beneficial to permit UEs to increase repetition level when transmit power exceeds the maximum transmit power. 

Proposal 8: Support UEs to increase repetition level in retransmission when transmit power exceeds the maximum transmit power.

2.4 RAR window and RA-RNTI
After UE transmit PRACH, UE tries to detect a PDCCH (DCI) with the corresponding RA-RNTI within the period of RAR-Window. The RAR-Window is configured by rar-WindowLength information element (IE) in a SIB message. If UE successfully decoded the PDCCH, it decodes PDSCH carrying RAR data. After decoding RAR, UE checked if random access preamble identifier (RAPID) in RAR matches its RAPID. For once multiple PRACH transmissions with the same beam, single RAR-Window is enough for RAR detection. 
In theory, the RAR window can start from any RO in one RO group. But, considering RO group can span a long duration, i.e., 10ms, the length of RAR window could exceed 10ms when the RAR window start with the first few ROs in one RO group, which causes RAR confusion. Moreover, RAR window should be designed as simple as possible for low complexity and UE power-saving. RAR window start with the last RO of one RO group is preferred.
The RA-RNTI calculation should also be considered for multiple PRACH transmissions. The RA-RNTI of four-step RACH associated with the RO in which preamble is transmitted, is computed as:
RA-RNTI = 1 + s_id + 14 × t_id + 14 × 80 × f_id + 14 × 80 × 8 × ul_carrier_id
where s_id is the index of the first OFDM symbol of the PRACH occasion (0 ≤ s_id < 14), t_id is the index of the first slot of the PRACH occasion in a system frame (0 ≤ t_id < 80), f_id is the index of the PRACH occasion in the frequency domain (0 ≤ f_id < 8), and ul_carrier_id is the UL carrier used for Random Access Preamble transmission (0 for NUL carrier, and 1 for SUL carrier). 
If PRACH repetitions transmit in different RO, then each of the PRACH transmission is associated with a different RA-RNTI. While, multiple RA-RNTIs seem unnecessary even if these repetition ROs are reused at different repetition levels, since the RAPIDs of UEs at different repetition levels are different. Single RA-RNTI can work well in the case that UEs at different repetition levels use the same repetition ROs to transmit different preambles with different multiple transmissions. This single RA-RNTI can be computed by a certain RO, such like the last repetition RO.  

Observation 15: The simple design of RAR window and RA-RNTI leads to low complexity.  

Proposal 9: For enhanced UEs repeating PRACH with same beam during one RACH attempt, one RAR window starting from the last repetition RO is supported, and RA-RNTI can be calculated based on one of transmitted repetition ROs, such like the last repetition RO.

2.5 CFRA
The 4-step RACH procedure consists of CBRA and CFRA. For CFRA, gNB can signal dedicated RACH resource to UEs to avoid preamble collision. For example, in the case of handover or beam failure recovery, gNB allows UE to use a unique PRACH preamble as gNB is aware of UE’s poor channel quality by UE measurement report of SSB RSRP. While, CFRA cannot improve PRACH detection performance in coverage limited scenarios, i.e., UEs at the cell edge. Thus, it is reasonable to consider multiple PRACH transmissions in CFRA based on SSB and CSI-RS.

Observation 16: Multiple PRACH transmissions in CFRA based on SSB and CSI-RS should be considered.

3. Discussion on multiple PRACH transmissions with different beams 
3.1 Performance analysis
In practice, the fading channel of multiple PRACH transmissions with different Tx beams is quite different as they are transmitted and received with different angles and go through different environment, especially for phase rotation. Different and unknown phase rotation makes it impossible to detect the coherent combining of multiple PRACH receptions. Without coherent detection, the improvement on detection performance of multiple PRACH transmissions with different beams comes from the large beam gain of matched fine beam pair and the diversity gain of multiple transmissions over different beams. 

[bookmark: _Hlk125992749]Observation 17: The fading channel of PRACH over different beams can be extremely different, especially for phase rotation, which makes coherent detection impossible. The improvement on detection performance of multiple PRACH transmissions with different beams mainly comes from the large beam gain of matched beam pair and the transmissions diversity gain.

Without coherent detection, the detection performance upper bound can be observed by the maximum of beam gains among different beams, i.e., selecting the best reception of PRACH for detection, which is termed as the equivalent beam gain. For fixed antenna configuration, the equivalent beam gain of 2,4,8 PRACH transmissions with fine beams is illustrated in Figure 8, where the beam boresight sweeps from 0 degree angle to 60 degree angle equally according to the number of beams, i.e., for 2 PRACH transmissions, the beam boresights locate the 15 and 45 degree angles, for 4 PRACH transmissions, the beam boresights locate the 7.5, 22.5, 37.5 and 52.5 degree angles, for 8 PRACH transmissions, the beam boresights locate the 3.75, 11.25, 18.75, 26.25, 33.75, 41.25, 48.75 and 56.25 degree angles. Assuming noncoherent combination is used before detection, the equivalent beam gain of wide beam that UEs use to measure the best SSB beam is 1. From Figure 8, we can get following observations. First, the equivalent beam gain of 2, 4, 8 PRACH transmissions with fine beams is greater than that of the single or multiple PRACH transmissions with the same wide beam. Second, the fluctuation of equivalent beam gain becomes lower with the increase of number of fine beams, but its marginal gain decreases gradually. It implies that there is an optimal number of fine beams to balance between resource cost and beam gain. The optimal number is closely associated with wide beam width and fine beam width. 
[image: ]
Figure 8: Illustration of equivalent beam gain of 2,4,8 PRACH transmissions with fine beams.

Observation 18: The fluctuation of equivalent beam gain reduces with the increase of number of fine beams, but marginal gain decreases. It implies an optimal number of beams to balance between overhead and performance gain, which is closely associated with wide beam width and fine beam width.  

The detection performance of 1, 2, 4, 8 PRACH transmissions with fine beams and the same wide beam is illustrated in Figure 9, where the beam boresight of wide beam keeps constant and the beam gain is set to 1. Multiple detection methods are used, the maximum power delay profile (PDP) of 2, 4, 8 PRACH transmissions over fine beams is used for detection, the PDPs of 2, 4, 8 PRACH transmissions over fine beams are first noncoherently combined and then detected, and the PDPs of 1, 2, 4, 8 PRACH transmissions over the same wide beam are first noncoherently combined and then detected. Simulation parameters are given in Table 1 in Appending.
[image: ]
Figure 9: Illustration of miss detection probability of 1, 2, 4, 8 PRACH transmissions with fine or wide beams where multiple detection methods are used.
From the Figure 9, we can get following observations. 
First, the performance of using the maximum PDP of multiple PRACH transmissions over fine beams to detect is best, followed by the noncoherent combination and detection of multiple PRACH transmissions over fine beams, and finally the noncoherent combination and detection of multiple PRACH transmissions over the same wide beam. Compared to wide beam, the gains of 2, 4, 8 PRACH transmissions using the maximum PDP among fine beams for detection are 3.9 dB, 4.2 dB, and 5 dB. It can be interpreted that the fine beam most matched with SSB beam has a much larger gain than wide beam. Compared to wide beam, the gains of 2, 4, 8 PRACH transmissions using the multiple PRACH transmissions over fine beams for noncoherent detection are 3.1 dB, 3.2 dB, and 0.2 dB, where the beam gain is the average of gain of fine beams after noncoherent combination. The average beam gain first increases then decrease with the increase of number of beams. This complex result is due to the two effects of increased beams on detection performance. On the one hand, the increase in the number of beams reduces the fluctuation of equivalent beam gain, thereby improving performance by decreasing the probability of minimum beam gain. On the other hand, it decreases the average beam gain, which degrades performance. The former plays a major role when the number of beams is small, while the latter plays a major role when the number of beams is large.
Second, for multiple PRACH transmissions with the same wide beam, the gains of 2, 4, 8 PRACH transmissions are 0.8 dB, 2 dB, and 2.6 dB compared to the single PRACH transmission. The diversity gain increases with the increase of number of transmissions, but the marginal gain gradually decreases. It can be explained that the channel gain gradually converges to the expectation as the number of beams increases. For the maximum PDP detection of multiple PRACH transmissions with fine beam, the gains of 4, 8 PRACH transmissions are 1.4 dB and 2.6 dB compared to 2 PRACH transmissions, which come from fluctuation improvement and diversity gain. 

Observation 19: 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.

3.2 Beam indication
3.2.1 Indication methods
In multiple PRACH transmissions with different beams, UEs could use a wide beam to measure the best SSB beam and use finer beams to transmit PRACH for higher beam gain, where UEs do not know the best fine beam to match the selected SSB beam. Once UEs know the best beam among the used beams in PRACH transmissions, it improves the performance of Msg3 and Msg 4 transmissions significantly. To obtain this improvement, the most used method is that gNB measures the quality of PRACH transmitted over different beams, such like the received power or amplitude, and then indicates the best beam to UEs. 
[bookmark: _Hlk124520485]
Observation 20: To improve the performance of Msg3 and Msg 4 transmissions by beam fining, it is necessary for gNB to measure the quality of PRACH transmissions over different beams and indicate the best beam to UEs.  

There are a lot of methods to indicate the best beam to UEs, including associating the beam candidates with the time/frequency location of PDCCH or RAR, associating beam candidates with the RA-RNTIs used in PDCCH, and introducing a new beam indication field in RAR.  
· Associate beam candidates with the location of PDCCH or RAR
[image: ]
(a) Associate beam candidates with the time durations of RAR window
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(b) Associate beam candidates with the frequency location of PDCCH
Figure 10: Illustration of associating beam candidates with the time/frequency location of PDCCH.
The illustration of associating beam candidates with the time/frequency location of PDCCH is given in Figure 10. In the method (a), the beam candidates are associated with the time durations of RAR window. It enables UEs to receive PDCCH over the best beam during corresponding time duration, which additionally improves performance. In the method (b), the beam candidates are associated with the frequency resource of PDCCH. In this method, once UE successfully detects the PDCCH with the corresponding RA-RNTI and RAR with matched RAPID within the period of RAR window, UE determines the best beam for Msg3.
· Associate beam candidates with RA-RNTI 
[image: ]
Figure 11: Illustration of associating beam candidates with RA-RNTIs.
Since each RO for PRACH repetition is corresponding to a different Tx beam and the RA-RNTI is computed by a certain RO, each of Tx beams used in PRACH is associated with a different RA-RNTI. The illustration of associating beam candidates with different RA-RNTIs is given in Figure 11. In this method, UEs have to detect multiple PDCCH with RA-RNTIs corresponding to different Tx beams within the period of RAR window. If UE successfully decodes one of these PDCCHs, it tries to decodes PDSCH carrying RAR data. After decoding RAR, UE checks if RAPID in RAR matches its RAPID. If yes, UE determines the best beam for Msg3. 
· Beam indication field
Introducing a new field in RAR to indicate the best beam for UEs could be studied. 

[bookmark: _Hlk124779533]Observation 21: If multiple PRACH transmissions with different beams is supported, the following beam indication methods can be studied, including associating beam candidates with the time or frequency locations of PDCCH or RAR, associating beam candidates with RA-RNTIs, and introducing a new field for beam indication. 
 
3.2.2 Maximum beam candidate 
There is a trade-off between the overhead and performance of beam indication as gNB has no idea about the number of beams used by UEs. Specifically, the reserved resource for beam indication could be wasted when the number of reserved resources exceeds the number of beams used in PRACH for most UEs.  While, the beam indication performance degrades when the number of reserved resource block is less than the beam number used in PRACH for most UEs. 
The indication overhead is determined by the specified maximum number of beam candidates. For example, for introducing a new field to indicate the best beam, more beam candidates require more bits. And, for using the RA-RNTI to indicate the best beam, the overhead of detecting PDCCH and RAR also increases as the number of candidates increases. Assuming N beam candidates, the number of RAR to detect is (N+1)/2 times that of the single PRACH transmission on average, and increases to N times in the worst case. Moreover, for a lot of candidates, using the frequency location of PDCCH to indicate the best beam becomes impossible due to finite frequency locations. It is necessary to study the maximum number of beam candidates.  

Observation 22: The maximum number of beam candidates that determines the overhead of beam indication should be studied.

4. Conclusion
With the discussion above, we have the following observations and proposals.
Observation 1: Reusing Rel-17 framework of feature combination and additional RACH configuration to introduce separate RO solution would result in overlapping ROs of single and multiple PRACH transmissions in time domain, which are likely to associate with different SSBs. The gNBs have to possess multiple simultaneous receiving analog beams to receive the preambles transmitted over overlapping ROs.
Observation 2: Reusing Rel-17 framework of feature combination and additional RACH configuration to realize the PRACH resource partitioning of separate preamble solution is possible, where different repetition levels of multiple PRACH transmissions are regarded as different feature IEs in the RRC FeatureCombination-r17. 

Observation 3: When the number of SSB beams required by overlapping ROs of legacy and new PRACHs exceeds the number of simultaneous analog beams, negative impacts could be observed, such like waste of UE power, increase of failure probability, increase of RACH latency and increased interference. 
 
Observation 4: Some rules could be considered to specify the validity of resource over overlapping ROs, such like:
· a rule of defining valid SSB beam over overlapping ROs of legacy and new resource, where SSB beams that gNB does not generate should be considered invalid.
· a rule of defining valid overlapping ROs of legacy and new resource, where overlapping ROs requiring more SSB beams than the number of simultaneous receiving analog beams of gNB should be considered invalid.

Observation 5: When RO groups contain the dropped ROs, RACH performance degrades with the increase of dropped ROs. To limit this performance loss, the maximum number of ROs in RO groups should be specified, where the RO groups containing more dropped ROs than maximum should not be used. 


Observation 6: The number of available TDM-RO is limited under an acceptable PRACH transmission latency. The scarcity of TDM-ROs might be a challenge to enhance PRACH coverage by repetitions over TDM-ROs, and this problem would be more serious for communication in higher frequency.

Observation 7: It can make full use of TDM-ROs that RO groups corresponding to different repetition levels can be configured over the same RO resource. 


Observation 8: Different beams covering different areas have different coupling loss due to the outdoor to indoor penetration and the tree penetration, and require different coverage enhancements. 
 

Observation 9: If the same number of ROs has to be assigned to all SSB beams, then the configured number of ROs is restricted to that required by the worst SSB beam. As a result, the uplink resource within a SSB configuration period could be not enough yet for PRACH coverage enhancement, especially for higher frequency bands that require large number of SSB beams and larger number of PRACH repetitions.  


Observation 10: SSB-RO pattern A as illustrated in Figure 6, can make the best use of TDM-RO resource, especially for high frequency bands that require large number of SSB beams and larger number of PRACH repetitions.    
Observation 11: Setting the same target receive power to multiple PRACH transmissions in Rel 18 has low implementation complexity and setting different target receive powers to multiple PRACH transmissions in Rel 18 is complex to implement. 

Observation 12: It is necessary to enhance PRACH retransmission by increasing power ramping step and increasing repetition level to improve success probability.
 
Observation 13: The retransmissions of enhanced UEs in cell-edge with the largest power transmit power and repetition level may cause a serious and long-time interference for other cells. 


Observation 14: Configuring multiple repetition levels enables additional dimension to improve the success probability of RACH, i.e., increasing repetition level. It is beneficial to permit UEs to increase repetition level when transmit power exceeds the maximum transmit power. 


Observation 15: The simple design of RAR window and RA-RNTI leads to low complexity.  


Observation 16: Multiple PRACH transmissions in CFRA based on SSB and CSI-RS should be considered.

Observation 17: The fading channel of PRACH over different beams can be extremely different, especially for phase rotation, which makes coherent detection impossible. The improvement on detection performance of multiple PRACH transmissions with different beams mainly comes from the large beam gain of matched beam pair and the transmissions diversity gain.

Observation 18: The fluctuation of equivalent beam gain reduces with the increase of number of fine beams, but marginal gain decreases. It implies an optimal number of beams to balance between overhead and performance gain, which is closely associated with wide beam width and fine beam width.  


Observation 19: 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.


Observation 20: To improve the performance of Msg3 and Msg 4 transmissions by beam fining, it is necessary for gNB to measure the quality of PRACH transmissions over different beams and indicate the best beam to UEs.  


Observation 21: If multiple PRACH transmissions with different beams is supported, the following beam indication methods can be studied, including associating beam candidates with the time or frequency locations of PDCCH or RAR, associating beam candidates with RA-RNTIs, and introducing a new field for beam indication. 
  

Observation 22: The maximum number of beam candidates that determines the overhead of beam indication should be studied.


Proposal 1: The following methods of PRACH resource partitioning should be considered 
· Rel-17 framework of feature combination and additional RACH configuration can be used to realize the PRACH resource partitioning of transmitting multiple PRACH on separate ROs for gNBs with multiple simultaneous receiving analog beams. 
· Rel-17 framework of feature combination and additional RACH configuration can realize the PRACH resource partitioning of transmitting multiple PRACH on shared ROs, where different repetition levels of multiple PRACH transmissions are regarded as different feature IEs in the RRC FeatureCombination-r17.

Proposal 2: Some rules to determine the validity of resource over overlapping ROs should be supported when reuse Rel-17 framework of feature combination and additional RACH configuration to realize the PRACH resource partitioning of transmitting multiple PRACH on separate RO. 

Proposal 3: It should be supported that RO groups corresponding to different repetition levels can be configured over the same RO resource, where separate preambles are used to differentiate the PRACH transmissions over different RO groups.

Proposal 4: SSB beams should be classified into different groups, where SSB beams belonging to the same SSB group are associated with the same maximum repetition level but SSB beams belonging to SSB different groups are associated with different maximum repetition level.  


Proposal 5: The SSB-RO pattern in which different SSBs associate with different maximum repetition level should be supported by RRC configuration.


Proposal 6: Similar to power control of multiple transmissions specified in eMTC PRACH coverage enhancement, setting the same target receive power for multiple PRACH transmissions in Rel 18 should be considered, where the same target receive power equals to the total receive target power configured by gNB dividing by the repetition number.

Proposal 7: The methods to improve the success probability of RACH should be supported, such like increasing power ramping step and increasing repetition level. To minimize intereference caused by retransmission, the maximum number of retransmission with the largest repetition level should be reduced.


Proposal 8: Support UEs to increase repetition level in retransmission when transmit power exceeds the maximum transmit power.

Proposal 9: For enhanced UEs repeating PRACH with same beam during one RACH attempt, one RAR window starting from the last repetition RO is supported, and RA-RNTI can be calculated based on one of transmitted repetition ROs, such like the last repetition RO.

Appendix

Table 1: Simulation assumption for PRACH simulation
	Parameter
	Value

	Carrier frequency
	28 GHz

	Channel model 
	CDL-A in TR 38.901

	BS antenna configurations
	2 Tx/2 Rx antenna 

	BS antenna configurations
	2 Tx/2 Rx antenna

	BS beam 
	beam boresight locates the 20 degree angle

	Simulation bandwidth 
	20MHz 

	SCS 
	15 kHz

	Preamble format 
	0
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