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1. 	Introduction
This contribution provides 4-step RACH procedure design considerations. The following agreements were made in the previous RAN1 meetings [1]- [3]:
	Agreed Definition:
· For 4-step RACH procedure, a RACH transmission occasion is defined as the time-frequency resource on which a PRACH message 1 is transmitted using the configured PRACH preamble format with a single particular tx beam 

Agreement:
For 4-step RACH procedure, 
· NR at least supports transmission of a single Msg.1 before the end of a monitored  RAR window
· NR 4-step RACH procedure design should not preclude multiple Msg.1 transmissions until the end of RAR window if need arises
· 
Agreements: 
· For contention-free random access, the following options are under evaluation
· Option 1: Transmission of only a single Msg.1 before the end of a monitored RAR window
· Option 2: A UE can be configured to transmit multiple simultaneous Msg.1
· Note: multiple simultaneous Msg.1 transmissions use different frequency resources and/or use the same frequency resource with different preamble indices
· Option 3: A UE can be configured to transmit multiple Msg.1 over multiple RACH transmission occasions in the time domain before the end of a monitored RAR window
· Note: which beam UE switches to is up to UE implementation


Agreements:
· At least for the case without gNB Tx/Rx beam correspondence, gNB can configure an association between DL signal/channel, and a subset of RACH resources and/or a subset of preamble indices, for determining Msg2 DL Tx beam.
· Based on the DL measurement and the corresponding association, UE selects the subset of RACH resources and/or the subset of RACH preamble indices
· A preamble index consists of preamble sequence index and OCC index, if OCC is supported
· Note: a subset of preambles can be indicated by OCC indices

Agreements:
· All random access configuration information is broadcasted in all beams used for RMSI within a cell
· i.e, RMSI information is common for all beams

Agreements:
· At least for handover case, a source cell can indicate in the handover command, 
· Association between RACH resources and CSI-RS configuration(s)
· Association between RACH resources and SS blocks
· A set of dedicated RACH resources (FFS: time/frequency/sequence)
· Note that above CSI-RS configuration is UE-specifically configured

Agreements:
· For contention free case, a UE can be configured to transmit multiple Msg.1 over dedicated multiple RACH transmission occasions in time domain before the end of a monitored RAR window if the configuration of dedicated multiple RACH transmission occasions in time domain is supported.
· Note: The time resource used for ‘dedicated RACH in time domain’ is different from the time resources of contention based random access
· Note: Multiple Msg1 can be transmitted with same or different UE TX beams 

Agreements:
· For contention-based random access, an association between an SS block in the SS burst set and a subset of RACH resources and/or preamble indices is configured by a set of parameters in RMSI.
· RAN1 strives to use the same set of parameters for different cases, e.g. analog/hybrid/digital beamforming at gNB, level of gNB beam correspondence, number of SS blocks, number of frequency multiplexed PRACH resources, PRACH resource density in time etc.
· RAN1 strives to minimize the set of parameters.
· FFS the set of parameters
· FFS the number of SS blocks (if indicated in RMSI or MIB), e.g. the actually transmitted SS blocks or the maximum number (L).


Agreements:
· Waveform for RACH message 3 can be DFT-S-OFDM or CP-OFDM. Network signals directly or indirectly RACH message 3 waveform to UE:
· The network signals the waveform for RACH message 3 in the remaining minimum SI as one bit
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1. Location of RACH Resources
NR has already agreed to support multiple SS blocks in 0-3 GHz and 3-6 GHz scenario. Hence, gNB needs to signal locations of RACH resources that correspond to these SS blocks. If gNB spends a lot of SS blocks in over-6 GHz and can only receive the corresponding RACH signals through time division multiplexing due to analog beamforming constraint, the overall RACH region may block a lot of time for scheduling DL data. In these scenarios, it would be useful if gNB leaves some gap between different groups of PRACH blocks. This allows gNB the flexibility to schedule DL data – and UL data in over-6 GHz scenarios - between receiving RACH resources with different RX beams.
Proposal 1: NR should provide gNB the flexibility to configure gaps between different sets of consecutive PRACH resources to schedule DL data.
It is also advantageous if a consecutive number of RACH resources avoid DLCB of a slot. This gives gNB the flexibility to schedule UL data by frequency division multiplexing it with PRACH signal. This is especially applicable for small cells where the duration of each PRACH block is small. The PRACH resources of Figure 1 avoids the DLCB of every 500 us timeline.
Proposal 2: NR should consider avoiding DLCB while configuring the consecutive PRACH resources. 
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Figure 1: Avoidance of DLCB during RACH Transmission 

2. Mapping from SS Blocks to RACH Resources/Preambles
Mapping from SS blocks to RACH resources and preambles may depend on the receiver that gNB uses during RACH reception. If gNB receiver has analog RX beamforming constraint, it can only receive PRACH resources corresponding to different SS blocks in a time division multiplexed manner. 
However, if gNB can employ digital RX subsystems to receive PRACH, gNB can simultaneously receive PRACH from different directions. In this scenario, PRACH preambles corresponding to multiple SS blocks can be located together. This is especially valid for sub-6 GHz band, where PRACH resources corresponding to 4 or 8 different SS blocks do not need to be time division multiplexed. The SS block index can be informed to gNB through the RACH waveform and subcarrier region.
Proposal 3: NR should support SS block to PRACH resource/preamble mapping configuration where PRACH resources corresponding to different SS blocks are time division multiplexed.
Proposal 4: NR should support SS block to PRACH resource/preamble mapping configuration where PRACH resources corresponding to multiple SS blocks are located together. UE can select its preamble index, constructed from the combination of selected waveform and subcarrier region, to inform the SS block index to gNB. The selected waveform depends on selected root, cyclic shift and orthogonal cover code index.
3. Dedicated Time Domain RACH Resources
NR is currently considering dedicated time domain RACH resources to reduce latency during handover scenarios. Common regular RACH resources may come infrequently and may increase handover latency. gNB can flexibly generate a few “short-lived” dedicated time domain RACH resources so that UE can quickly transmit Msg1 to the target cell.
Note that, these dedicated time domain RACH resources incur additional overhead. However, gNB can create this dedicated time domain RACH opportunity only for a subset of gNB beams, based on prior reports from the UE.
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Figure 2: Configuration of common RACH region and dedicated time domain RACH region
 Figure 2 shows the configuration of both common RACH region and dedicated time domain RACH region. Note that, unlike common RACH region, dedicated time domain RACH region has been generated for a subset of gNB beams and in an aperiodic manner, to support quick handover and limit RACH overhead.
These dedicated time domain RACH regions should only be allowed for contention free random access (CFRA) during handover. If UEs’ CFRA transmission through dedicated time domain RACH region fails, UE can transmit contention based random access (CBRA) through common RACH time/frequency pools.
Proposal 5: During handover scenarios, NR considers to allow source cell the flexibility to indicate a set of dedicated time resources for contention free random access.
4. Number of Msg1 Transmissions and Retransmissions
Transmission of multiple Msg1 transmission until the end of RAR window helps the UEs that do not have beam correspondence. Multiple Msg1 is not necessary for the UEs that have beam correspondence. However, multiple Msg1 due to UE’s lack of beam correspondence may have following issues.
1. High overhead: In a multi-beam scenario and with analog beamforming, there is a constraint on multiplexing PRACH and PUSCH from different users in PRACH region. Since network needs to pre-allocate common RACH resources for receiving RACH signals, the total amount of RACH resource overhead will increase significantly if network allows multiple Msg1 transmission in common RACH resources till the end of RAR window. For example, if network needs to allocate 5% of total overhead to allow one Msg1 transmission until the end of RAR window, it must allocate 20% of total overhead to allow four Msg1 transmissions until the end of RAR window.
2. Higher interference from UEs without beam correspondence: A UE without beam correspondence cannot map its estimated DL path loss to UL transmit power and may interfere with other UEs which transmit msg1 in the same resource but with different preambles. Therefore, we think allowing these UEs to transmit multiple msg1 in common RACH resources or dedicated (frequency/sequence) RACH resources will reduce performance of other UEs of the network.
Besides, our analysis in [5] suggests that a UE will experience only 0.2 dB drop in relative array gain in the presence of [-22.5, 22.5] degree phase error. It is possible to keep phase error within [-22.5, 22.5] degree. Hence, 0.2 dB drop in relative array does not warrant multiple Msg1 transmission until the end of RAR window.
Proposal 6: NR only supports single Msg1 transmission till the expiration of RAR window in contention-based random access.
In contention free random access, multiple Msg1 transmission through multiple UE TX beams can be supported through two ways.
1. Every PRACH occasion’s duration within the common RACH resources can be increased by the number of TX beams that the UE wants to try while transmitting PRACH. UEs can transmit different Msg1 in successive symbols of one PRACH occasion with different TX beams.

2. UEs can be allowed to transmit multiple Msg1 with different UE TX beams in different PRACH occasions.

3. Network can configure dedicated time domain RACH region for a few gNB beams during handover scenarios and allow multiple Msg1 in only those scenarios.

The first option suffers from the same issues as the ones that have been described before. 

The second option assumes that the RAR window will be long enough in NR to contain multiple PRACH occasions where each PRACH occasion will cover the whole duration of gNB RX beam sweep. However, NR has already decided that the SS burst set periodicity will be either 20 ms in stand-alone scenario. The overhead of PRACH is expected to be greater than that of SS signal since UEs will have to transmit PRACH with longer duration, compared to SYNC transmission, to compensate for the transmit power and array gain difference between gNB and UE. Hence, the gap between different PRACH burst sets, where each PRACH burst set covers the whole duration of gNB RX beam sweep, is unlikely to be lesser than 20 ms. Hence, instead of selecting the second option for contention free random access, NR should strive to minimize the duration of RAR window and allow a UE to consecutively retransmit Msg1 after the expiration of RAR window if it does not receive Msg2 during the RAR window.
The third option allows network to flexibly generate multiple Msg1 opportunity for a few selected Gnb beams, based on prior reports from the UE. Since network configures dedicated time domain RACH region for a UE in this scenario, Msg1 transmission from UEs don’t interfere with other UEs whose Msg1 happen at different times. 
Proposal 7: For contention free random access, NR does not support multiple Msg1 transmission before the expiration of RAR window in dedicated preambles within the common RACH time/frequency region.
Proposal 8: For contention free random access during handover scenarios, NR can consider multiple Msg1 transmission with same or different UE TX beams in dedicated time domain RACH region.
Multiple Msg1 with the same TX beam can improve the link budget of PRACH detection in contention free random access. In the following, we provide simulation results to illustrate the advantages of non-coherent combining of multiple transmission of RACH preamble that are transmitted with the same TX beam.
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Figure 3: Comparison of detection performance with different combining methods at 3 km/hr speed
Figure 3 shows the performance of RACH detection with different approaches. The parameters used to obtain this link level result is provided in table 1 of the appendix. 
The red curve of Figure 3 shows the performance of one-shot RACH detection of our proposed design. The blue curve of Figure 3 shows that the non-coherent combining of two RACH symbols that are 20 ms apart perform better than the one-shot detection – “no combining” approach shown in red curve – mechanism by 4-5 dB. The performance improvement comes from two scenarios: 1) Non-coherent combining of two RACH symbols and 2) Channel diversity across two RACH symbols that are 20 ms apart. The green curve of Figure 8 shows that the selection of the better of two RACH block across 20 ms, which captures the gains from channel diversity, performs 1-1.5 dB poorly compared to the non-coherent combining of two RACH blocks scenario. In other words, non-coherent combining of two RACH blocks outperforms the scenario of one shot detection with one retransmission opportunity by 1-1.5 dB. 
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Figure 4: Comparison of detection performance with different combining methods at 100 km/hr speed

Figure 4 also shows approximately 1.5 dB improvement due to non-coherent combining of two RACH blocks across 20 ms at 100 km/hr speed. Hence, design should allow RACH detection with more than one shot hypothesis.
Observation 1: A two shot hypotheses based RACH preamble detection improves performance.

5. Additional Beam Reporting during RACH Procedure
Our contribution in [6] shows why UE should have the flexibility to select a gNB TX beam to meet RACH link budget and reduce RACH latency. However, UE’s selected Gnb beam during Msg1 resource selection may have lower beamforming gain and it may not help gNB to find the appropriate directions for CSI-RS transmission.
To resolve this issue, we propose to do additional beam reporting during random access procedure so that network can find appropriate directions to transmit CSI-RS.
5.1 Beam reporting in contention based random access
The procedure for CBRA is shown in Figure 5, which is illustrated below:
· UE selects a “suitable” beam to send msg1 from the common RACH resources configuration associated with NR-SS.
· Then gNB sends Msg2 (RAR.   
· Then UE sends Msg3 with the strongest SS block index which indicates gNB a better TX beams for subsequent data transmissions
· After gNB receives the beam report, it could use refined gNB-UE beam pair from Msg4.   
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Figure 5: Illustration of beam reporting procedure during CBRA 
Proposal 9: During CBRA procedure of handover, beam refinement procedure may involve measurement reporting based on NR-SS in msg3 that allows gNB and UE to select better beams

5.2 Beam refinement and reporting in contention free random access 



Figure 6: Illustration of beam refinement and reporting procedure during CFRA 

The procedure for CFRA is shown in Figure 6. 
Proposal 10: During CFRA procedure of handover, beam refinement procedure may involve measurement reporting based on CSI-RS for L3 mobility in dedicated UL resource that allows gNB and UE to select better beams.
      Proposal 10-1: beam refinement may involve transmission of dedicated CSI-RS sent along with msg2   
5.3 Beam reporting in contention free random access during handover through dedicated time/frequency RACH region  

Transmission power of RACH transmission through common RACH resources and dedicated preamble indices within the common time/frequency RACH region needs to be scaled so that different UEs RACH transmission reach Gnb at similar power level. This ensures that RACH transmission of one UE does not interfere with that of other UEs.
However, in dedicated time domain RACH region, gNB can schedule the whole set of RACH resources – e.g. all preamble indices – to one UE if RACH load is lower in the network. Hence, gNB can allow this UE to transmit CFRA in dedicated time domain RACH region with higher transmit power and convey more information through Msg1.  
It has been mentioned before that UE may need to select a suitable SS beam to transmit Msg1 in both CBRA and CFRA to reduce RACH latency and to maintain MPE regulations. However, during CFRA through dedicated time domain RACH region, UE can convey additional SS/CSI-RS beam index, e.g., strongest DL SS/CSI-RS beam index, to gNB and gNB could use that to transmit Msg2 to UE. Figure 7 shows this beam reporting and management procedure through during CFRA through dedicated time/frequency domain RACH region of handover.
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Figure 7: Illustration of beam reporting procedure during CFRA through dedicated time/frequency domain RACH region of handover
Proposal 11: During CFRA procedure of handover through dedicated time/frequency domain RACH resources, beam management procedure may involve measurement reporting of additional beams, e.g., strongest SS block, through Msg1 that allows gNB and UE to select better beams.
6. Message transmission Timeline
LTE supports a fixed duration, in number of subframes, between the reception of random access response and the transmission of PUSCH that corresponds to the random access response. Unlike LTE, NR will support multiple numerologies. The required gap between Msg2 reception and Msg3 transmission depends on the amount of time that the UE requires to be ready to transmit Msg3 after processing Msg2. The UE will require a higher gap, in terms of number of slot, between Msg2 reception and Msg3 transmission at higher tone spacing. Hence, NR should support the gap, expressed in number of slots/mini-slots, between Mg2 reception and Msg3 transmission to depend on the numerology. The same concept should be applicable to define the gap, expressed in number of slots, between retransmission of different messages of RACH procedure.
Proposal 12:  NR should support the gap (expressed in number of slots/mini-slots) between Mg2 reception and Msg3 transmission, and between retransmission of different messages of RACH procedure to depend on the numerology. 
7. Msg2 and Msg3 Formats
Further, LTE supports Msg2 and Msg3 transmission in unit of subframe. In NR 6 GHz and above, the transmission of Msg2 and Msg3 that have small payload over a subframe duration is resource inefficient. This is due to analog beamforming that restricts NB from scheduling other users for the entire subframe duration. To overcome this Msg2 and Msg3 shall be sent in mini-slots or slots, which allows NB to switch directions every mini-slot or slot and schedule other user directions. 
Proposal 13: NR should support Msg2 and Msg 3 transmission in mini-slots or slots.  
NR has already agreed that the waveform for Msg3 can be DFT-S-OFDM or CP-OFDM. NR has agreed that network signals the waveform for message 3 in RMSI as one bit. 
DFT-S-OFDM can achieves higher uplink link gain compared to CP-OFDM due to its low PAPR and cubic metric properties. Less resource, e.g., duration will be required to meet Msg3 link budget if DFT-S-OFDM is used as Msg3 waveform. Hence, the resource for Msg3 can be jointly encoded with the selected waveform of Msg3. For example, assume that gNB spends 3 bits in Msg2 to indicate the Msg3 duration to UEs. The actual duration of Msg3 can depend on the signaled waveform for Msg3. If gNB signals UE to transmit Msg3 using DFT-S-OFDM, the three bits conveyed in Msg2 can be mapped to smaller duration for Msg3. On the other hand, if gNB signals UE to transmit Msg3 using CP-OFDM, the three bits conveyed in Msg2 can be mapped to longer duration for Msg3.
Proposal 14: NR should support joint encoding of Msg3 waveform and resources.  
8. Load Balancing Across RACH Preambles
In a congested scenario, different RACH resource subset size can be associated with one or multiple occasions for DL broadcast channel/signal. This allows a gNB to allocate more RACH resource subsets to congested directions, i.e., where more potential UEs are located. However, gNB needs to inform UE on-the-fly regarding this association and this will increase the payload size of broadcast message. In a stand-alone deployment scenario, this information need to be beam swept through different directions and that leads to even higher overhead.
A simpler solution to solve this issue is to allow non-uniform transmission of directional SYNC and broadcast signals while supporting same RACH resource subset size that is associated with one or multiple occasions for DL SYNC and broadcast signals. gNB can transmit a higher number of SYNC and broadcast signals to the congested directions where more potential UEs are located. The strongest DL SYNC or broadcast resource will be different for the UEs in those locations and they will select different RACH resources and avoid collision.
Observation 2: Association of different RACH resource subset with one or multiple occasions for DL broadcast channel/signal increases payload size of broadcast message.
Observation 3: BS can try to reduce Msg1 collision among UEs by transmitting a higher number of SYNC and broadcast signals to the congested directions where more potential UEs are located.
Proposal 15: RAN1 supports same RACH resource subset size that is associated with one or multiple occasions for DL broadcast channel/signals in multi-beam scenario.
9. Conclusion
Observation 1: A two shot hypotheses based RACH preamble detection improves performance.
Observation 2: Association of different RACH resource subset with one or multiple occasions for DL broadcast channel/signal increases payload size of broadcast message.
Observation 3: BS can try to reduce Msg1 collision among UEs by transmitting a higher number of SYNC and broadcast signals to the congested directions where more potential UEs are located.
Proposal 1: NR should provide gNB the flexibility to configure gaps between different sets of consecutive PRACH resources to schedule DL data.
Proposal 2: NR should consider avoiding DLCB while configuring the consecutive PRACH resources/blocks. The exact slot duration numerology whose DLCB should be avoided is FFS.
Proposal 3: NR should support SS block to PRACH resource/preamble mapping configuration where PRACH resources corresponding to different SS blocks are time division multiplexed.
Proposal 4: NR should support SS block to PRACH resource/preamble mapping configuration where PRACH resources corresponding to multiple SS blocks are located together. UE can select its preamble index, constructed from the combination of selected waveform and subcarrier region, to inform the SS block index to gNB. The selected waveform depends on selected root, cyclic shift and orthogonal cover code index.
Proposal 5: During handover scenarios, NR considers to allow source cell the flexibility to indicate a set of dedicated time resources for contention free random access.
Proposal 6: NR only supports single Msg1 transmission till the expiration of RAR window in contention-based random access.
Proposal 7: For contention free random access, NR does not support multiple Msg1 transmission before the expiration of RAR window in dedicated preambles within the common RACH time/frequency region.
Proposal 8: For contention free random access during handover scenarios, NR can consider multiple Msg1 transmission with same or different UE TX beams in dedicated time domain RACH region.
Proposal 9: During CBRA procedure of handover, beam refinement procedure may involve measurement reporting based on NR-SS in msg3 that allows gNB and UE to select better beams
Proposal 10: During CFRA procedure of handover, beam refinement procedure may involve measurement reporting based on CSI-RS for L3 mobility in dedicated UL resource that allows gNB and UE to select better beams.
      Proposal 10-1: beam refinement may involve transmission of dedicated CSI-RS sent along with msg2   
Proposal 11: During CFRA procedure of handover through dedicated time/frequency domain RACH resources, beam management procedure may involve measurement reporting of additional beams, e.g., strongest SS block, through Msg1 that allows gNB and UE to select better beams.
Proposal 12:  NR should support the gap (expressed in number of slots/mini-slots) between Mg2 reception and Msg3 transmission, and between retransmission of different messages of RACH procedure to depend on the numerology. 
Proposal 13: NR should support Msg2 and Msg 3 transmission in mini-slots or slots.  
Proposal 14: NR should support joint encoding of Msg3 waveform and resources.  
Proposal 15: RAN1 supports same RACH resource subset size that is associated with one or multiple occasions for DL broadcast channel/signals in multi-beam scenario.
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	·  
	· Below 6GHz
	· Above 6GHz

	· Carrier Frequency
	· 4 GHz
	· 30, 70 GHz

	· Channel Model
	· CDL-C (other CDL models are not precluded), AWGN
· with delay scaling values of 100 ns (mandatory),  300 ns (optional)  and 1000 ns (optional) for 4 GHz, 30 ns for 30/70 GHz
· with all combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases
· ZSA = 5 degree, ZSD = 1 degree 
· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	· Antenna Configuration at the TRP
	· (1,1,2) with omni-directional antenna element
	· (4,8,2), with directional antenna element (HPBW=650, directivity 8dB)
· Optional: (M,N,P,Mg,Ng) = (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

	· Antenna Configuration at the UE
	· (1,1,2) with omni-directional antenna element
	· (2,4,2), with directional antenna element (HPBW=900, directivity 5dB)




	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30, 70 GHz

	Antenna port virtualization
	Clarified by each proponent in simulation assumptions 
(e.g. the beamforming method, beam directions, number of beams)

	Frequency Offset
	· +/- 0.05 ppm at TRP ,  +/-0.1 ppm at UE

	UE speed
	3 km/h and 120 km/h  (mandatory)
 30km/h and 500km/h (optional)
	· 3km/h
· Other values are not precluded

	UE movement modelling
	· FFS

	Initial timing Offset
	· Timing uncertainty derived from cell radius 
· (e.g. for below 6 GHz, [-10us, +10us] for 3km cell radius)
· Companies report the assumed cell radius
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