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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction 
In RAN#94-e, the WID [1] on further NR coverage enhancements was approved. One of the detailed objectives of the WID is to specify the multiple transmissions with same or different beams for 4-step RACH procedure for PRACH coverage performance improvement. 
	Objective 
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)
o	Multiple PRACH transmissions with same beams for 4-step RACH procedure
o	Study, and if justified, specify PRACH transmissions with different beams for 4-step RACH procedure
o	Note 1: The enhancements of PRACH are targeting for FR2, and can also apply to FR1 when applicable.
o	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
o	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)
o	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)


In this contribution, we discussed the methods to improve the coverage performance of PRACH further by multiple PRACH transmissions.
2. Discussion on multiple transmission with same beam 
2.1 Enhancement target 
For multiple PRACH transmissions solutions, the first thing is to determine the repetition number, which is closely related to the coverage performance gap. The simulation results in [2] in R17 showed the average gap of coverage performance for PRACH in different scenarios. In Urban 28GHz TDD NLOS O2I, scenario dependent target ISD=200m, PRACH format B4 should be increased to the value at least 1.92 dB greater than the increased value of PUCCH Format 1. In Urban 28GHz TDD NLOS O2O, scenario dependent target ISD=200m, PRACH Format B4 should be increased to the value at least 7.57 dB greater than the increased value of PUCCH format 1. In Rural 4GHz TDD NLOS O2I, target ISD=1732m with BS Tx power of 33dBm/MHz, PRACH format B4 should be at least increased to the increased value of the worst channel minus 4.23. In Rural 2GHz FDD NLOS O2I, target ISD=1732m, PRACH format B4 should be at least increased to coverage capability of the format 1 in R17.
These simulations indicate the average of coverage performance gap of all beams in statistical sense. However, it should be noted that, in practice, the channel states of different beams usually are quite different as they are transmitted and received with different angles and go through different environment, including trees, buildings, and distance, which makes different beams suffer quite different coupling loss. In high-frequency situation, the above difference becomes more significant as the path number is reduced and shelter problem easily arises, the path loss and penetration loss become larger [3][5]. In other words, there is a significant difference of coupling loss for enhanced UEs within different SSB beams. 
There are two examples from electromagnetic wave experiment to verify the different coupling loss of beams due to the outdoor to indoor penetration and the tree penetration. The simulation results in [4] 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 [6] 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. Moreover, 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.  
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Figure1: Illustration of ranking beams covering different area and assigning different RO number for repetition.
Observation 1: Different beams covering different areas have different coupling loss due to the outdoor to indoor penetration and the tree penetration, which implies that different beams require different coverage enhancements. 
Proposal 1: PRACH coverage performance of different beams should be enhanced adaptively by allocating repetition ROs with different number.  
When BS is allowed to configure enhanced ROs with different number for beams, BS can adaptively assign different ROs number to different beams according to the analysis of history observation result or advanced models. The observation result includes the usage frequency of beam’s enhancement resource and repetition times. Analyzing the statistical observation result, BS can estimate the probability density functions (PDF) of statistic variables representing beam’s enhancement resource and repetition times to support the decision of PRACH configuration. For example, illustrated in Figure 1, BS can simply rank beams by coverage performance based on the average of observation results and assign different RO numbers for beams with different rank.    


2.2 Enhanced PRACH resource 

2.2.1 Relation of enhanced PRACH and legacy PRACH 
Relation of enhanced PRACH resource and legacy PRACH resource should be considered carefully as it determines the implementation complexity of UE and BS in RACH procedure and affects the compatibility of legacy UE. To reduce complexity and guarantee compatibility, the enhanced and legacy PRACH resource should be independent.
Observation 2: The enhanced PRACH resource should keep the backward compatibility of legacy UEs, and should not increase implementation complexity significantly.  
Proposal 2: The enhanced PRACH and the legacy PRACH resource allocation should be independent.
 
2.2.2 PRACH resource assignment
The location of repetition RO in enhanced PRACH is closely related to the transmission latency and the implementation complexity of UE’s preamble transmission and BS’s preamble detection. As illustrated in Figure 2, when the repetition ROs are located continuously in time domain, UE and BS can persistently transmit and detect preamble in time duration, which can reduce PRACH latency and complexity. While, when the repetition ROs are located discretely in time domain, UE and BS have to switch to different time duration to transmit and detect preamble, which increases PRACH latency and complexity. 
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[bookmark: _Hlk114570308]Figure 2: Illustration of different assigning pattern of repetition ROs in time domain.
Observation 3: The continuous assignment of repetition ROs in time domain can reduce latency. 
Proposal 3: The repetition ROs should be assigned continuously in time domain.
2.2.3 Repetition scheme 
There are two types of repetition schemes for coverage enhancement, which are fixed repetition scheme and flexible repetition scheme. 
For fixed repetition scheme, as illustrated in Figure 3 (a), all UEs (UE1, UE2, UE3) use the repetition ROs with same number, in enhanced PRACH resources to transmit preamble. Although the worst case occurs with small probability, to guarantee the certain successful probability of random access of the worst UE (UE1), the fixed repetition number would be set to a large value, i.e., 4. Actually, other UEs maybe only require a small repetition number, i.e., 2. It is clear that assigning too much resource to such a small probability event is not efficient. All UE repeatedly transmitting preamble for a large number of slots is also power-consuming. Moreover, it causes more interference to UEs in the neighborhood cells.
For flexible repetition scheme, as illustrated in Figure 3 (b), UEs are permitted to select repetition level, where the repetition times of level 1, 2 are equal to 2, 4 and UE1, UE2, UE3 select repetition level 2, 1, 1, respectively. For the enhanced ROs associated with the same beam, the preamble sets used in different repetition levels should be different and indicated by BS through SIB1 message, and UEs randomly select preamble from the preamble set corresponding to its repetition level. 
The flexible repetition scheme can improve efficiency by permitting UEs opportunistically using resource according to their needs. The improvement reasons are discussed as follows. First, the PDF of required enhancement for UEs in different beams are significantly different naturally, especially for the large cell and the cell with complex electromagnetic environment, such as the different areas of cell are heterogeneously surrounded by trees and buildings. Specifically, when different areas of cell are heterogeneously surrounded by trees and buildings, the multi-path components of different beams undergo different propagation paths, which makes the observed path gains vary significantly. Second, even if the locations of UEs within the same beam are close to each other, they may require different repetition times to achieve the same coverage performance due to channel fading. Exploiting above difference of channel state of UEs, flexible repetition scheme that permits UE to select its repetition level can save resource and power.
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[bookmark: _Hlk114581826]Figure 3: Illustration of fixed repetition scheme and flexible repetition scheme.
Observation 4: It is more efficient to permit UEs to select repetition level according to their coverage performance requirement. 
Proposal 4: Repetition ROs should be shared among different repetition levels by using different preamble sets, and UEs should select repetition level according to the RSRP of selected beam.  

2.3 Power control and retransmission
The power control is important to interference control and power saving. The power control formula for multiple transmission with same beam 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 transmission and calculating the target power for one single transmission, and calculating the actual transmit power for one 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_TRANSPORT_COUNTER represents the total transmission number times of preamble, powerRampingStep indicates the power increase step when RACH fails.
Step 2: Calculate the target receive power for one 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 for one single transmission.
P_PRACH = min{P_CMAX, PREAMBLE_RECEIVED_TARGET_POWER + PL_c} [dBm] (3)
where P_CMAX is the configured maximum transmit power at UE, and PL_c is the path loss. 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. 
Observation 5: The power control formula of multiple transmission with same beam has been specified in eMTC PRACH coverage enhancement, which can be used in this work. 
Enhanced UEs would persistently transmit preamble when RACH fails until achieving the maximum retransmission times, which might degrade the collision performance and cause interference. To avoid this interference, the power or power ramping could be changed for enhanced UEs. For example, when RACH fails, the value of power ramping can be increased or directly using the maximum power to retransmit preamble in next attempt. It is also beneficial to introduce other methods, including increasing the repetition number, setting frequency hopping, to assist the enhanced UEs failed last time to increase success probability, which can reduce the duration of interference lasting. 
Observation 6: It is beneficial that UEs failed last time to adopt methods, including increasing power ramping, increasing the repetition times, and setting frequency hopping, to improve success possibility.
[bookmark: _Hlk113449010]For few UEs in the extremely worst channel, above methods may be not able to improve their RACH performance, which causes long-term interference and resource wasting. In such case, limiting the maximum retransmission times for enhanced UE could be helpful to end this harmful lasting transmission.  
Observation 7: The retransmission of UEs using large repetition transmission times may cause a serious and long-time interference. 
Proposal 5: The methods to improve the success possibility of random access in next retransmission should be adopted, and the maximum retransmission times of enhanced UE should be reduced.

2.4 Other aspects
RAR window should be designed as simple as possible for low complexity and UE power-saving.  
Observation 8: The simple design of RAR window is beneficial to low complexity and UE power-saving.  
Proposal 6: RAR window should be designed as simple as possible.

3. Discussion on multiple transmission with different beam 
3.1 Coverage enhancement advantages and disadvantages
PRACH enhancements from multiple transmissions with the same beam and different beams have been studied in [2] in R17. The mainly results are given as follows.
Two sources (R1-2007745, R1-2009793) evaluated the performance of PRACH enhancements. 
-	One source (R1-2007745) shows 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. 
-	One source (R1-2007745) shows 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. 
-	One source (R1-2007745) shows 2.5 dB gain when performing 2 PRACH transmissions with different transmission beams at 2 GHz in rural scenario.
-	One source (R1-2009793) shows 2 dB and 4.7 dB gain when performing 2 and 4 PRACH transmissions with different transmission beams respectively at 28 GHz in urban scenario. 
Above results show that the repetition gain of multiple transmission with the same beam reduces by 2 and 1.5 dB for 2 and 4 PRACH transmissions from 4GHz to 28GHz in urban scenario, and is smaller than that of multiple transmission with different beams at 28GHz. The reason may be that the robustness improvement from beam diversity becomes more important as the random characteristic of channel becomes stronger with higher frequency. Specifically, multiple transmission with same beam is better than multiple transmission with different beams on coverage performance when channel is constant during multiple transmissions where UEs can use the best beam measured for multiple transmission. However, it might not happen when the best beam measured by UE is imprecise or the channel changes rapidly. In the case of channel fast changing, multiple transmission with different beams can go through more paths and improve robustness performance naturally, compared to multiple transmission with same beam. Moreover, latency reduces in multiple transmission with different beams as ROs of different beams are used for repetition. However, in multiple transmission with different beams, BS has to indicate the association groups of beams, UEs select association group for repetition correspondingly, and extra operation is required to determine the RAR beam, which results in an increased complexity and signaling cost. 
Observation 9: The advantages of multiple transmission with different beams include robustness and low latency, which is achieved at cost of an increased complexity and signaling cost.  
Proposal 7: Considering the increased complexity, whether the advantages of multiple transmission with different beams is strong enough to support its standardization should be discussed.
Excepting the disadvantage and advantage of multiple transmission with different beams, the remained issues also require to be studied, including PRACH resource assignment, RAR beam selection, and power control, which are discussed as follows.
3.2 Enhanced PRACH resource 
3.2.1 Beam association
The beam association group where each beam in this group is used to transmit the same preamble repeatedly is the main characteristic in multiple transmission with different beams. The coverage performance of associated beams should be high correlated with each other with a high probability to guarantee a good enough coverage performance enhancement by repetition using different beams. It implies that the RSRPs from associated beams to most UEs within these beams are all strong enough. The number of beam association groups and the number of associated beams in one group should be small values for following reasons. First, the probability that multiple beams all have high correlation with each other is low. The high correlation means that the coverage performances of beams in one area are closely related. Second, the probability that multiple beams all are suitable for the most UEs is low. The suitable beam means that the coverage performances of beam for UE is good enough to be used for preamble transmission, i.e., the RSRP of a beam is greater than the certain threshold value of RSRP. It implies that the combinations of useful beam association groups are far smaller than total possible combinations, and a useful group is likely to be a small-scale group. 
Observation 10: The probability that multiple beams all are high correlated with each other is low.
Observation 11: The probability that multiple beams all are good for most UEs is low. 
Proposal 8: The number of beam association groups and the number of associated beams in one group should be limited to small values.

3.2.2 PRACH resource 
PRACH resource assignment in multiple transmissions with different beams is similar to that in multiple transmissions with the same beam, but at a granularity of beam groups rather than beams.  
Observation 12: The observations about RO/SSB/preamble association and coverage in multiple transmission with the same beam are suitable for multiple transmission with different beams. 
· The continuous assignment of repetition ROs of one beam association group in time domain can reduce latency. 
· Different beam groups have different equivalent coupling loss in one PRACH transmission due to covering different areas, which implies that the numbers of repetition ROs required by different beam groups are different.
· Repetition RO and preamble assignment should be independent for different beam association groups.

3.3 RAR beam
In multiple transmission with different beams, there are two types of transmission beam for RAR, including using all associated beams as RAR beam and using the best beam as RAR beam. For using all associated beams as RAR beam, RAR is transmitted to UE repeatedly with different beam in beam association group, and UE monitors RAR window to decode multiple RARs and obtain the correct signaling information. Considering that there is no downlink coverage problem, it seems not suitable to transmit RAR repeatedly due to power consumption and resource cost. Moreover, multiple decoding also increases the implementation complexity of UEs. For using the best beam as RAR beam, when the best beam is measured by UE, orthogonal cover code (OCC) can be utilized to show the best beam measured to BS by associating different beams with different OCC codeword. When the best beam is measured by BS, RAR can be transmitted to UE with the best beam. In this case, UE still has to repeatedly monitor RAR window with different beams as UE does not know which beam is used, but does not have to deal with multiple RAR information. 
Observation 13: It is more suitable to use the best beam as RAR beam.
· When the best beam is measured by UE, OCC can be utilized to show the best beam to BS. 
· When the best beam is measured by BS, RAR can be transmitted to UE with the best beam. 

3.4 Power control
As we discussed above in subsection 2.3, the power control formula for multiple transmission with same beam has been specified in eMTC PRACH coverage enhancement. Adapting that procedure to multiple beams requires care, since simple equal division of target reception power may not produce an achievable target in some cases. 
Observation 14: The eMTC power control formula requires adjustments for use with multiple beams, as equal division of target received power may not be feasible.
Proposal 9: The power control of multiple transmission with different beams should be studied.

4. Conclusion

With the discussion above, we have the following observations and proposals.
Observation 1: Different beams covering different areas have different coupling loss due to the outdoor to indoor penetration and the tree penetration, which implies that different beams require different coverage enhancements. 
Observation 2: The enhanced PRACH resource should keep the backward compatibility of legacy UEs, and should not increase implementation complexity significantly.  
Observation 3: The continuous assignment of repetition ROs in time domain can reduce latency. 
Observation 4: It is more efficient to permit UEs to select repetition level according to their coverage performance requirement. 
Observation 5: The power control formula of multiple transmission with same beam has been specified in eMTC PRACH coverage enhancement, which can be used in this work. 
Observation 6: It is beneficial that UEs failed last time to adopt methods, including increasing power ramping, increasing the repetition times, and setting frequency hopping, to improve success possibility.
Observation 7: The retransmission of UEs using large repetition transmission times may cause a serious and long-time interference. 
Observation 8: The simple design of RAR window is beneficial to low complexity and UE power-saving.  
Observation 9: The advantages of multiple transmission with different beams include robustness and low latency, which is achieved at cost of an increased complexity and signaling cost.  
Observation 10: The probability that multiple beams all are high correlated with each other is low.
Observation 11: The probability that multiple beams all are good for most UEs is low. 
Observation 12: The observations about RO/SSB/preamble association and coverage in multiple transmission with the same beam are suitable for multiple transmission with different beams. 
· The continuous assignment of repetition ROs of one beam association group in time domain can reduce latency. 
· Different beam groups have different equivalent coupling loss in one PRACH transmission due to covering different areas, which implies that the numbers of repetition ROs required by different beam groups are different.
· Repetition RO and preamble assignment should be independent for different beam association groups.
Observation 13: It is more suitable to use the best beam as RAR beam.
· When the best beam is measured by UE, OCC can be utilized to show the best beam to BS. 
· When the best beam is measured by BS, RAR can be transmitted to UE with the best beam. 

Observation 14: The eMTC power control formula requires adjustments for use with multiple beams, as equal division of target received power may not be feasible.

Proposal 1: PRACH coverage performance of different beams should be enhanced adaptively by allocating repetition ROs with different number.
Proposal 2: The enhanced PRACH and the legacy PRACH resource allocation should be independent.
Proposal 3: The repetition ROs should be assigned continuously in time domain.
Proposal 4: Repetition ROs should be shared among different repetition levels by using different preamble sets, and UEs should select repetition level according to the RSRP of selected beam.  
Proposal 5: The methods to improve the success possibility of random access in next retransmission should be adopted, and the maximum retransmission times of enhanced UE should be reduced.
Proposal 6: RAR window should be designed as simple as possible.
Proposal 7: Considering the increased complexity, whether the advantages of multiple transmission with different beams is strong enough to support its standardization should be discussed.
Proposal 8: The number of beam association groups and the number of associated beams in one group should be limited to small values.
Proposal 9: The power control of multiple transmission with different beams should be studied.
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