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Introduction
In this contribution we discuss further details of the 4-step random access procedure in NR. Both IDLE and CONNECTED mode random access is considered [1].
The four steps are based on the exchange of four messages (MSG) between the UE and the gNB:
1. MSG1: One or more preambles transmitted by the UE according to the random access configuration and DL measurements.
2. MSG2: One or more responses to the MSG1 preamble(s) transmitted by the gNB, providing further information and scheduling of MSG3.
3. MSG3: L2/L3 message
4. MSG4: Contention resolution
The NR 4-step procedure largely follows the principles of the LTE 4-step random access procedure. Before the first step, the UE needs to obtain DL synchronization, obtain the random access configuration and perform measurements.
Random Access Configuration
Overview
In order to support the diverse NR usage scenarios and ensure forward compatibility, NR random access needs to be flexible and configurable. However, in order to avoid an overwhelming random access configuration, the aspects to be flexible and configurable need to be selected carefully. The random access configuration LTE can be taken as a baseline for the random access configuration in NR, with a few aspects modified as discussed below. 
In LTE, the preamble format and the set of PRACH subframes is jointly indicated by the PRACH configuration index (0-63). In NR, the preamble format will comprise several aspects including the number of repetitions (e.g. to support TRP Rx beam sweeping) and the preamble numerology (e.g. subcarrier spacing) [2]. Combined with a wide range of PRACH subframe sets, the amount of combinations may be excessive. However, the typical preamble formats may heavily depend on the carrier frequency, with higher numbers of repetitions and higher subcarrier spacings being more prevalent at higher carrier frequencies. Therefore, the meaning of the PRACH configuration index may be frequency dependent in NR. 
Proposal 1: The meaning of the MSG1 preamble format and resource configuration (e.g. a PRACH configuration index) in the random access configuration is frequency dependent.
The MSG1 preamble format and resource configuration (e.g. in the form of a PRACH configuration index) defines all available resources for MSG1 transmission, at least for the configured UE. However, the UE may be configured to select a subset of those resources based on an association with DL broadcast channels/signals. 
[bookmark: _Ref471151007]Random Access Configuration Parameters
In [3], we proposed that measurement results (e.g. the best) are associated with RACH groups, where a RACH group is defined below:
· A RACH group is a combination of:
· A subset of RACH resources,
· A subset of PRACH preambles.
This goes beyond the agreements in [1] by adding a subset of preambles to the association. RACH groups are disjoint if any combination of RACH resource and preamble is contained in at most one RACH group. The associations between measurement results and RACH groups are configured in the random access configuration. The following bullets list an example of parameters to define RACH groups and the associations between measurement results and RACH groups: 
A. The number of measurement results
· Typically “beam-level” RRM measurement results, e.g. one result per SS block
· It may not be necessary to explicitly configure the number of measurement results, e.g. the number of SS blocks, but it is useful for the discussion below.
B. [bookmark: _Ref470725100]The MSG1 preamble format
· Including various numbers of multiple/repeated preambles within a MSG1 transmission
C. [bookmark: _Ref470884534]The time and frequency resources for MSG1 transmission
· Let MSG1 occasion denote the time instance where a MSG1 transmission is allowed (if multiple/repeated preamble transmission is configured, this counts as one MSG1 occasion)
D. [bookmark: _Ref470725228]The RACH group period, i.e. after how many MSG1 occasions the same RACH groups are repeated.
· One value, e.g. 1, corresponds to the same RACH groups repeating in each MSG1 occasion. This configuration is useful in the case without TRP beam correspondence, i.e. there is no particular association from measurement result to MSG1 occasion.
· Other values correspond to RACH groups occuring in a subset of the MSG1 occasions, e.g. every 16th MSG1 occasion, which is useful for example in the case with TRP beam correspondence in an analog beamforming implementation, e.g. with 16 analog beams, i.e. measurement results are associated to subsets of MSG1 occasions.
E. [bookmark: _Ref470725236]The number of RACH groups per MSG1 occasion
F. The number of preambles in a RACH group
Further subdivision of the set of preambles in the RACH groups can be considered, e.g. for the purpose of MSG3 transmission resource size indication as in LTE.
The parameters listed under C correspond to the PRACH resource configuration in LTE, in that they define the available RACH resources. Note that other RACH resources may be available to other UEs based on UE-specific random access configurations.
The parameters D and E define the number of RACH groups (N), which is equal to the number of RACH groups per MSG1 occasion times the number of MSG1 occasions with different RACH groups, i.e. N=E*D.

Figure 1: Illustration of RACH group configurations. Each color corresponds to a disjoint RACH group. In the upper figure, multiple/repeated preambles (e.g. 4) are transmitted within a MSG1 occasion and the same RACH groups are repeated in each MSG1 occasion. The upper figure could be used in the case without TRP beam correspondence, where the UE can (at least partly) indicate the best DL Tx beam by the selection of subset of preambles and/or frequency. In the lower figure, a single preamble is transmitted within a MSG1 occasion and the same RACH groups are repeated in every 4th MSG1 occasion. The lower figure could be used in the case with TRP beam correspondence, where the UE can (at least partly) indicate the best DL Tx beam by the selection of the MSG1 occasion.
For the case with beam correspondence and analog/hybrid beamforming, it should be possible to associate DL RS(s) in a time instance (e.g. in an SS block) with the RACH groups in a MSG1 occasion. This would be useful in cases with TRP beam correspondence, where the TRP could use the best DL/UL beam during the MSG1 occasion. Let M denote the number of separate time instances during which the A different measurement results have been obtained, e.g. the number of SS blocks per SS burst set, and let Q denote the number of measurement results per such time instance. In other words, typically A=M*Q. By labelling/numbering measurement results and RACH groups, an implicitly defined association rule between the A measurement results and N RACH groups can be defined. A few cases can be distinguished, as illustrated in the figures below.

Figure 2: If D = M and E >= Q, then all measurement results can be associated with disjoint RACH groups such that only the measurement results from the same time instances are uniquely associated to the RACH groups in the same MSG1 occasion. The best measurement result can be fully conveyed through the selection of RACH group. Analog beam correspondence can be fully exploited.

Figure 3: If D = M and E < Q, then all measurement results can be associated with disjoint RACH groups such that only the measurement results from the same time instance are associated to the RACH groups in the same MSG1 occasion. However, multiple measurement results from the same time instance have to be associated to the same RACH group. Analog beam correspondence can be fully exploited. The best measurement result can be only partly conveyed through the selection of RACH group if N<A (Here N=2<A=4). Note that multiple measurement results per SS block could be possible for example if MRS with multiple antenna ports are transmitted during an SS block [5].

[bookmark: _Ref471143674]Figure 4: If D < M and N = A (Here N=A=4), then all measurement results cannot be associated with disjoint RACH groups such that only the measurement results from the same time instance are associated to the RACH groups in the same MSG1 occasion. Instead, measurement results from different time instances need to be associated with the same MSG1 occasion, which means that it may not be possible to fully exploit analog beamforming correspondence. However, it may still be possibly to fully convey the best measurement result through the selection of RACH group (due to many subsets of preambles or frequency resources in the same MSG1 occasion).

Figure 5: If D < M and N < A (here N=2 and A=4), then all measurement results cannot be associated with disjoint RACH groups such that only the measurement results from the same time instances are associated to the RACH groups in the same MSG1 occasion. Instead, measurement results from different time instances need to be associated with the same MSG1 occasion, which means that it may not be possible to fully exploit analog beamforming correspondence. Furthermore, it is only possible to partly convey the best measurement result through the selection of RACH group (due to too few RACH groups).
As far as possible (depending on the parameters A, D, E, M, N, Q ), the measurements from the same time instance should be associated with RACH groups in the same MSG1 occasion. If the index of the best measurement result is only partly conveyed through the selection of RACH group, then the remaining part can be conveyed in MSG3.
Proposal 2: An association rule between measurement results and RACH groups is defined, such that measurement results from the same time instance should be associated with RACH groups in the same MSG1 occasion, as far as possible.
[bookmark: _Ref470727886]Random Access Configuration: IDLE mode UE
In the case of IDLE mode UEs, the random access configuration is obtained through the SI and it is common for all IDLE IEs. Assuming that the random access configuration is needed for requesting on-demand delivery of SI (see [6][7][8]), it seems suitable to include the common random access configuration for IDLE UEs in the SI that is periodically broadcasted.
Proposal 3: The common random access configuration for IDLE UEs is transmitted in the SI that is periodically broadcasted.
For IDLE UEs, the number of measurement results (A) corresponds to the number of configured antenna ports for the RS used for IDLE RRM measurement [4]. Another parameter that can be provided to IDLE UEs in the SI is the number of SS blocks per SS burst set (M). Assuming a single RS antenna port per SS block (Q=1) means that A=M*Q=M. 
Random Access Configuration: CONNECTED mode UE
CONNECTED mode random access in NR is applicable for the use-cases in LTE such as handover, establishing UL sync, scheduling request, etc, but possibly also for new use cases. The IDLE mode issues with analog beamforming and beam correspondence also apply to CONNECTED mode random access. Therefore, the same kind of framework with association between measurement results and RACH groups should be applied to CONNECTED mode random access. This means that also scenarios with multiple RACH groups, distinguished by disjoint subsets of preambles, within one MSG1 occasion should be supported. In such cases, the UE is not configured with a single (dedicated) preamble index, but with a dedicated preamble index per RACH group. Consider Figure 4 as an example, and further assume that a single frequency resource is used for MSG1. This means that the 4 RACH groups are created by 4 subsets of preambles. For contention-free random access, the UE is configured with one preamble per RACH group, i.e. per subset of preambles. This enables beamformed reception of MSG1 (in the case of TRP beam reciprocity) and best DL Tx beam indication, also for contention-free random access.
Proposal 4: In contention-free random access, the UE is configured with one (possibly different) preamble per RACH group.
CONNECTED mode UEs (with dedicated configuration) perform RRM measurements on RS for CONNECTED mode mobility, which may be the same or different RS than the IDLE UE’s [1], resulting in A measurement results. In [5], we propose to use both the same RS as IDLE UEs but also additional RS, for simplicity called mobility RS (MRS), which may provide higher spatial resolution and measurement accuracy than the RS for IDLE mobility. Hence, if such MRS will be available for CONNECTED mode UEs, then the MRS-based measurements should be used for selecting a RACH group. A benefit of doing so is, besides the improved measurement accuracy compared to IDLE mode mobility RS, that more accurate beamforming with higher gain can be exploited in the random access procedure. 
Proposal 5: CONNECTED mode random access uses associations from DL measurements on the MRS (RS used for CONNECTED mode mobility).
Note that the number of MRS-based measurement results (A) in the dedicated configuration may be different than A in the common configuration used by IDLE UEs. Similarly as for IDLE mode UEs (as described in section 2.2), the best measurement result may be fully or partially conveyed to the gNB by the selection of RACH group, depending on the number of defined RACH groups N.
[bookmark: _Ref470328244]MSG1
Based on the configured association and measurement results, the UE selects a RACH group, preferably the RACH group associated with the best measurement result. The selected RACH group defines the subset of RACH resources and the subset of RACH preambles that the UE should use for MSG1 transmission. 
Proposal 6: A UE selects a RACH group, i.e. a subset of RACH resources and a subset of preambles, based on the configured association for the RS with the best measurement result. 
When a UE needs to transmit MSG1, it selects a RACH resource and a preamble from the selected RACH group.
In LTE, the UE does not retransmit MSG1 until after the end of the MSG2 reception window. This has the advantage of reducing unnecessary MSG1 transmissions. In NR, however, there are use cases where early preamble retransmission should be considered, for example when low random access latency and high reliability is required or when UE Tx beam sweeping of MSG1 is needed. The early preamble retransmission means that a second preamble is transmitted before the MSG2 of a first preamble has been received, i.e. before the end of the MSG2 reception window, as illustrated in Figure 6.
Proposal 7: MSG1 retransmission before the end of the MSG2 reception window of the previously transmitted MSG1 is supported. 

[bookmark: _Ref471150883]Figure 6: Illustration of MSG1 retransmission (i.e. MSG1 transmission 2) before the end of the MSG2 reception window of the previously transmitted preamble (i.e. MSG1 transmission 1).
RAN1 could further study whether this behaviour should be limited to certain UE categories, for a subset of the MSG1 triggers, certain scenarios, or to which extent this behaviour should be configurable in the random access configuration. Also note that the MSG1 retransmission discussed above is different from the transmission of multiple/repeated preamble transmission as informed by broadcast system information during which the UE uses the same Tx beam [1]. If multiple/repeated preamble transmission is configured, then a retransmission refers to the retransmission of multiple/repeated preambles.
As described above, a UE selects a RACH group based on the RS with best measurement results (e.g. RSRP), which could correspond to the best DL Tx beam. The power control for MSG1 transmit power control should be based on this measurement result.
Proposal 8: The MSG1 transmit power control is based on the best measurement result (e.g. RSRP) that was used to select a RACH group.
At least for UEs without beam correspondence, UL Tx beam sweeping should normally be performed before the preamble transmit power is ramped up. It is beneficial to find matching beam pairs as early as possible in the random access procedure, in order to save UE power and keep down the interference power level.
Proposal 9: UE Tx beam sweeping of MSG1, if used, should be performed before UE Tx power ramping.
MSG2
The LTE MSG2 can be taken as the baseline for the MSG2 in NR, with some example additions discussed below.
Proposal 10: The LTE MSG2 is the baseline for the MSG2 in NR.
In LTE, the UE expects MSG2 within a certain configurable MSG2 reception window (“RAR window”), which facilitates for example different network implementations. In some cases, the eNB can respond rapidly, e.g. 3 ms after the MSG1. In other cases, e.g. with multiple TRPs with non-ideal backhaul, the eNB may respond after longer time, e.g. 10 ms after the MSG1. A similarly flexible mechanism is useful also in NR.
Proposal 11: The UE expects MSG2 within a MSG2 reception window with a configurable start time and duration.
In LTE, the UE may terminate the MSG2 decoding attempts after the first successfully received MSG2. In NR, this assumption may need to be revisited. At least two cases can be considered:
· Case 1: Multiple TRPs detect the same MSG1 and respond with a MSG2 each.
· Case 2: The same UE retransmits MSG1 before the successful reception of MSG2 corresponding to the previous MSG1.
The two cases above are illustrated in Figure 7 and Figure 8. In case 1, the two TRPs in the same cell detect the same MSG1 but do not have time to coordinate the MSG2, for instance due to non-ideal backhaul or high latency requirements. Instead, each TRP independently transmits a MSG2, responding to the same MSG1. Even though the TRPs don’t have time to coordinate and dynamically schedule a single MSG2 transmission, they may have been semi-statically pre-allocated resources to use for their own MSG2 transmissions.

[bookmark: _Ref471150900]Figure 7: Both TRP1 and TRP2 receive the same MSG1, but there is not enough time to coordinate the response. Therefore, both TRPs transmit a response each.
Case 2 follows the discussion in section 3, where we proposed to allow MSG1 retransmission before the reception of the MSG2 corresponding to the previous MSG1 transmission. This can be useful, for example for low latency high reliability random access or for cases with UE Tx beam sweeping of MSG1.

[bookmark: _Ref471150906]Figure 8: The UE transmits a second MSG1 before the response to the first MSG1 is received.
Hence, NR should support mechanisms for reception of multiple MSG2 by the same UE.
Proposal 12: The reception of multiple MSG2 is supported.
The termination of MSG2 decoding after the first successful MSG2 reception has the benefit of lower UE power consumption. The reception of multiple MSG2 has the benefit of early UE selection of mode of communication, by the UE selection of which MSG2 to respond to. 
Proposal 13: A UE that receives multiple MSG2 chooses a single MSG2 to respond to (with MSG3)
Example information in MSG2 that may be useful for the UE selection of which MSG2 to respond to may be:
· Information on the supported service levels by the TRP, e.g. available backhaul capacity, latency capability etc. This can be used by the UE to quickly set up a link with a TRP that has sufficient capabilities etc.
· Unique indication of which MSG1 that the MSG2 responds to, as in LTE.
· Received MSG1 power level. This can for example be used when the multiple MSG2 is due to multiple MSG1 transmission due to UE Tx beam sweeping (Case 2 above). This can be used by the UE to respond to the MSG2 which corresponds to the MSG1 with best UE Tx beam, as well as use the best UE Tx beam for the MSG3 transmission.
However, there are also scenarios where the reception of multiple MSG2 is not necessary. Hence, it would be beneficial to allow the network to configure the reception of a single MSG2 (as in LTE) or multiple MSG2 (as discussed above). This could be configured either in the random access configuration or in the MSG2, i.e. the MSG2 indicates that the UE can terminate the MSG2 reception.
Proposal 14: It is configurable whether the UE terminates the MSG2 reception and decoding after a successfully received MSG2, either in the random access configuration or in the MSG2.
MSG3 and MSG4
The LTE MSG3 and MSG4 can be taken as the baseline for the MSG3 and MSG4 in NR.
Proposal 15:MSG3 and MSG4 in LTE is the baseline for MSG3 and MSG4 in NR.
As discussed in section 2.2 above, MSG1 may fully, partly or even not at all indicate which DL measurement result (e.g. DL beam or TRP) that is the best, through the UE’s selection of RACH group. This depends on the number of measurement results and the configuration of RACH resources and RACH groups, as discussed in section 2.2. Consequently there may be a need to complete the indication using MSG3. This means that MSG4 can be transmitted using the best DL Tx beam, even if MSG1 didn’t indicate this at all (e.g. if only a single RACH group is configured).
Proposal 16: For the cases where MSG1 doesn’t fully indicate the best DL measurement result, MSG3 completes the indication.
Conclusions
The following proposals have been made: 
Proposal 1: The meaning of the MSG1 preamble format and resource configuration (e.g. a PRACH configuration index) in the random access configuration is frequency dependent.
Proposal 2: An association rule between measurement results and RACH groups is defined, such that measurement results from the same time instance should be associated with RACH groups in the same MSG1 occasion, as far as possible.
Proposal 3: The common random access configuration for IDLE UEs is transmitted in the SI that is periodically broadcasted.
Proposal 4: In contention-free random access, the UE is configured with one (possibly different) preamble per RACH group.
Proposal 5: CONNECTED mode random access uses associations from DL measurements on the MRS (RS used for CONNECTED mode mobility).
Proposal 6: A UE selects a RACH group, i.e. a subset of RACH resources and a subset of preambles, based on the configured association for the RS with the best measurement result. 
Proposal 7: MSG1 retransmission before the end of the MSG2 reception window of the previously transmitted MSG1 is supported. 
Proposal 8: The MSG1 transmit power control is based on the best measurement result (e.g. RSRP) that was used to select a RACH group.
Proposal 9: UE Tx beam sweeping of MSG1, if used, should be performed before UE Tx power ramping.
Proposal 10: The LTE MSG2 is the baseline for the MSG2 in NR.
Proposal 11: The UE expects MSG2 within a MSG2 reception window with a configurable start time and duration.
Proposal 12: The reception of multiple MSG2 is supported.
Proposal 13: A UE that receives multiple MSG2 chooses a single MSG2 to respond to (with MSG3)
Proposal 14: It is configurable whether the UE terminates the MSG2 reception and decoding after a successfully received MSG2, either in the random access configuration or in the MSG2.
Proposal 15:MSG3 and MSG4 in LTE is the baseline for MSG3 and MSG4 in NR.
Proposal 16: For the cases where MSG1 doesn’t fully indicate the best DL measurement result, MSG3 completes the indication.
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