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Introduction
In RAN1 #85, the following was agreed [1]:
· The physical layer procedure design for NR can be unified agnostic to UE as much as possible whether multi-beam or single-beam based approaches are employed at TRP at least for synchronization signal detection in stand-alone initial access procedure
This contribution discusses random access procedure design in NR with a focus on the unification of various assumptions on transmission and reception point (TRP) and UE Rx/Tx beamforming reciprocity. Also the unification of the TRP multi-beam and single-beam approaches is considered in this contribution. In the companion contribution [7], the application to multiple TRPs using the same cell ID is further considered. The proposed random access framework generally follows the principles outlined in [3] and [4]. A unified random access UE procedure for all scenarios is discussed further in [8].
[bookmark: _Ref458109843]Random Access Requirements
Some scenarios require highly directive beamforming at both TRP and UE side in order to provide coverage also during the initial access. Taking into account the aforementioned principle of unified physical layer design for NR, it should not be required that the TRP or UE can use Rx/Tx reciprocity to select the best beam in either direction. Reciprocity means that the best Tx beam can be directly deduced from the best Rx beam, and vice versa. 
Proposal 1: NR random access should support Tx and Rx beamforming in each step. It should not be required that Rx/Tx reciprocity should be support/used in the TRP or UE.
The case where neither TRP nor UE can use Rx/Tx reciprocity is the most challenging, but should be supported. However, in many scenarios, either the TRP, the UE or both the TRP and the UE can use reciprocity. NR random access should be capable of accelerating the access without undermining the unified framework if Rx/Tx reciprocity in the TRP and/or the UE is available.
Proposal 2: NR random access should be capable of accelerating the access without undermining the unified framework if Rx/Tx reciprocity in the TRP and/or the UE is available.
A network should support a mix of UEs with different capabilities, also in terms of beamforming and reciprocity. Hence, the TRP behaviour in terms of random access should be independent of the UE beamforming and reciprocity capabilities. The UE random access procedure, however, could depend on the TRP capabilities, e.g. Rx/Tx reciprocity. The UE random access mode of operation could be indicated in the access system information. 
[bookmark: _Ref458109865]Random Access Procedure
Before Random Access
As described in [5], the UE detects a synchronization signal in a sweeping block. This synchronization signal will act as a time/frequency reference in the random access procedure. Based on this time/frequency reference, the UE performs measurements on beam RS (BRS), which results in a set of beam RSRP (BRSRP) values. 
The configuration of the BRS is obtained in the essential system information (SI). The SI also includes a configuration for the transmission of the random access preamble. The random access configuration specifies the set of time/frequency/preamble resources that can be used for the transmission of a random access preamble. As proposed in [3], an association between the set of BRSRP values and a subset of random access resources can be beneficial in several scenarios. The association can also generate resource(s) for random access response (RAR) reception. 
The association is illustrated in Figure 1. The BRS with highest BRSRP is denoted the “best beam” in the figure. The term “best beam” requires some further elaboration. In fact, the “best beam” doesn’t have to be the overall best beam. It could also be the best beam within a subset or just a sufficiently good beam. Terminating the beam search after a sufficiently good beam can be beneficial for latency and power consumption. Returning to Figure 1, there are two BRS per sweeping block and in total B BRS in the DL sweeping time interval. The BRS carrying the best beam is associated with a subset of random access resources. This association should be configurable in the random access configuration, in order to allow a flexible and dynamic allocation of random access resources. A subset of random access resources can be a subset of the time-frequency resources allocated to random access preamble transmissions, as well as a subset of the preambles.

[bookmark: _Ref458097367]Figure 1: Illustration of association between beam measurements (BRSRPs) and a subset of resources for random access preamble transmission. Here, the highest BRSRP (the best beam) is used to select a resource subset, from which the UE can select (e.g. pseudo randomly) a random access resource for preamble transmission.
In a scenario with TRP beamforming and Rx/Tx reciprocity at the TRP, the association can be such that the TRP uses the best TRP Tx beam while receiving the preamble. Different analog beams should be associated with different time resources. Different digital beams could be associated with different preambles, in order to reduce preamble detection complexity.
Random Access Preamble
When random access is triggered, the UE selects a time/frequency/preamble resource from the resource subset. The resource subset was obtained from the most recent BRS measurement results.
Random Access Response (RAR)
The resource(s) for RAR reception are given by the selected random access resource. 
[bookmark: _Ref458109898]No Rx/Tx Reciprocity in TRP or UE
Before Random Access
The random access configuration indicates that the TRP needs to perform beam sweeping of TRP Rx beams for the random access preamble reception. Since the TRP cannot use Rx/Tx reciprocity to receive the preamble with the best Rx beam, it may be suitable to associate different TRP Tx beams with different preambles, instead of different time resources.
The UE learns the best TRP Tx beam and the best UE Rx beam from BRS in DL sweeping time intervals. If the UE uses analog or hybrid beamforming, it needs to try different UE Rx beams in different DL sweeping time intervals.
Random Access Preamble
Since the TRP doesn’t know the best TRP Rx beam and the UE doesn’t know the best UE Tx beam yet, they both need to do beam sweeping. Hence, the UE repeats the transmission of the selected preamble such that each combination of UE Tx beam and TRP Rx beam is tried. The UE may terminate the preamble transmission if a RAR is received.

Figure 2 – Without TRP or UE reciprocity, the preamble may have to be repeated using every combination of TRP Rx beam and UE Tx beam. 
The TRP learns the best TRP Rx beam, or at least a sufficiently good TRP Rx beam, if the preamble repetition is terminated. The TRP can note the index of the resource on which the best TRP Rx beam was used. The best UE Tx beam was used on this resource, or at least a sufficiently good UE Tx beam if the repetition was terminated. The TRP also learns the best TRP Tx beam backwards through the preamble detection, if the detected preamble is associated with a TRP Tx beam.
Random Access Response (RAR)
The TRP transmits the RAR with the best TRP Tx beam. The UE receives the RAR with the best UE Rx beam. The RAR contains the resource index (e.g. symbol or sweeping block index) on which the best UE Tx beam was used. Now, the TRP knows the best TRP Tx beam and the best TRP Rx beam and the UE knows the best UE Tx beam and the best UE Rx beam. 
Rx/Tx Reciprocity in UE only
Before Random Access
As without UE reciprocity. However, the UE also learns the best UE Tx beam from the best UE Rx beam.
Random Access Preamble
As without UE reciprocity. However, the UE may repeat the preamble transmission using just the best UE Tx beam. This will reduce the detection time and UE power consumption.

Figure 3: If the UE supports Rx/Tx reciprocity, it can directly use the best UE Tx beam to repeatedly transmit the preamble. The best combination can be found in one UL STI.
After the preamble detection, the TRP knows the best TRP Tx beam and the best TRP Rx beam, and the UE knows the best UE Rx beam and the best UE Tx beam.
Random Access Response (RAR)
As without UE reciprocity. The resource index (e.g. symbol or sweeping block index) on which the best UE Tx beam was used in the RAR is not useful to the UE, since it used the best UE Tx beam in all repetitions.
Rx/Tx Reciprocity in TRP only
Before Random Access
The random access configuration indicates that the TRP does not need to perform beam sweeping of TRP Rx beams for the random access preamble reception. Since the TRP can use Rx/Tx reciprocity to receive the preamble with the best Rx beam, it may be suitable to associate different TRP Tx beams with different time resource, if analog or hybrid beamforming is used.
As without TRP reciprocity, the UE learns the best TRP Tx beam and the best UE Rx beam from BRS in DL sweeping time intervals.
Random Access Preamble
The selected random access resource (time, frequency and preamble) is associated with the best TRP Tx beam. Hence, the TRP can use the best TRP Rx beam to receive the preamble. However, the UE doesn’t know the best UE Tx beam yet, so it may need to repeat the preamble transmission on the selected random access resource using different UE Tx beams, until a RAR is received. 

Figure 4: If the TRP supports reciprocity, it can use the best TRP Rx beam for receiving the preamble. However, the UE still has to try different UE Tx beams in consecutive UL STIs.
If needed, the TRP can note the index of the resource on which the best TRP Rx beam was used. The best UE Tx beam was used on this resource, or at least a sufficiently good UE Tx beam if the repetition was terminated. The TRP also learns the best TRP Tx beam backwards through the preamble detection, since random access resource of the detected preamble is associated with a TRP Tx beam.
Random Access Response (RAR)
The TRP transmits the RAR with the best TRP Tx beam. The UE receives the RAR with the best UE Rx beam. The RAR contains the resource index (e.g. symbol or sweeping block index) on which the best UE Tx beam was used. Now, the TRP knows the best TRP Tx beam and the best TRP Rx beam and the UE knows the best UE Tx beam and the best UE Rx beam. 
[bookmark: _Ref458109910]Rx/Tx Reciprocity in both TRP and UE
Before Random Access
As with reciprocity in TRP only. However, the UE also learns the best UE Tx beam from the best UE Rx beam.
Random Access Preamble
As with reciprocity in TRP only. However, the UE directly uses the best UE Tx beam corresponding to the just detected best UE Rx beam. This reduces the number of preamble transmissions to one.

Figure 5: When both TRP and UE support Rx/Tx reciprocity, the best beam combination can be used directly in the first preamble transmission.
After the preamble detection, the TRP knows the best TRP Tx beam and the best TRP Rx beam, and the UE knows the best UE Rx beam and the best UE Tx beam.
Random Access Response (RAR)
As with reciprocity in UE only. 
[bookmark: _Ref458109965]Summary of Beam Acquisition
Table 1 summarizes in which random access step the different beams are acquired, for different scenarios.
[bookmark: _Ref458116212]Table 1: Summary of beam acquisition
	Rx/Tx reciprocity:
	TRP learns best TRP Tx beam:
	TRP learns best TRP Rx beam:
	UE learns best UE Tx beam:
	UE learns best UE Rx beam:

	Neither TRP nor UE
	After preamble detection
	After preamble detection
	After RAR reception
	Before random access

	Only UE
	After preamble detection
	After preamble detection
	Before random access
	Before random access

	Only TRP
	After preamble detection
	After preamble detection
	After RAR reception
	Before random access

	Both TRP and UE
	After preamble detection
	After preamble detection
	Before random access
	Before random access


The following table summarizes the number of preamble repetitions, assuming that a single beam at a time is used at both TRP and UE. 
Table 2: The number of preamble transmissions by the UE for different scenarios.
	Rx/Tx reciprocity:
	Number of UE preamble transmission repetitions
(B=number of TRP beams, U=number of UE beams)

	Neither TRP nor UE
	B*U

	Only UE
	B

	Only TRP
	U

	Both TRP and UE
	1


Random Access without TRP Beamforming (Single-beam case)
Before Random Access
As with reciprocity in TRP only. However, the DL sweeping time interval can be shortened to a single sweeping block. The number of configured BRS can be reduced to one, to support RSRP measurements for the single beam. Since there is only a single TRP Tx beam and TRP Rx beam, they can be considered known.
The UE learns the best UE Rx beam from BRS in DL sweeping time intervals. If the UE supports Rx/Tx reciprocity, it then also learns the best UE Tx beam.
Random Access Preamble
As with reciprocity in TRP only. If the UE supports Rx/Tx reciprocity, it can directly use the best UE Tx beam, thereby reducing the number of preamble transmissions to one.
Random Access Response (RAR)
As with reciprocity in TRP only.
Conclusions
The following random access requirements are proposed:
Proposal 1: NR random access should support Tx and Rx beamforming in each step. It should not be required that Rx/Tx reciprocity should be support/used in the TRP or UE.
Proposal 2: NR random access should be capable of accelerating the access without undermining the unified framework if Rx/Tx reciprocity in the TRP and/or the UE is available.
Furthermore, the contribution described a random access framework the fulfils these requirements:
Proposal 3: Based on the BRS measurement results (e.g. the best beam), the UE selects a random access resource subset. The resource used for preamble transmission is picked (e.g. pseudo randomly) from this resource subset. The association between BRS/beams and resource subsets is configurable in the SI.
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