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Introduction
Random access procedure is used for e.g. initial system access, transition from idle to active mode, and handovers. It is a critical part of an efficient cellular network design. 
The random access procedure for NR should reuse the main principles of the LTE design. However, since a wider range of deployment scenarios and increased requirements on lean design are expected, some changes to the legacy procedures are necessary. In particular, PRACH transmission principles need refinement. 
In RAN1#88, the following agreements were made:
· 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

Below we discuss the requirements and high-level principles for random access procedure and its implications on PRACH transmission. Physical design of the PRACH preamble is described in [1] and Random Access Response (RAR) design is described in [2].
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Procedure
An initial access procedure is illustrated in Figure 1. Here, two SS blocks are transmitted from separate nodes (gNB A and B), and received with a relative timing difference. 

[bookmark: _Ref458409843]Figure 1. Uplink and downlink synchronization in initial access procedure 
The UE selects a DL timing reference based on received SS block from gNB A and transmits a PRACH preamble based on this DL timing. See [1] for details about PRACH preamble design. Both gNB A and gNB B might detect PRACH such that gNBs might then transmit RAR or the nodes might be coordinated such that only one of them transmits RAR. In the following, we only describe the case when only gNB B transmits the RAR.
Relation between beamformed SS block and random access configuration
If the gNB can identify which SS block (NR-PSS, NR-SSS, PBCH and perhaps NR-TSS) beamforming is best for the UE, then the same beamforming can be used for transmitting RAR and subsequent DL transmissions. This is especially useful when the RAR beamforming cannot be based on reciprocity from PRACH preamble reception. Systems based on FDD and scenarios with high interference levels are two examples which should be further investigated regarding reciprocity. With beamformed SS block and an association between best received SS block and PRACH preamble, the gNB receiving the PRACH preamble is informed about best received SS block at the UE.
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An example of an association between SS blocks and PRACH resources is illustrated in Figure 2. A PRACH resource, illustrated with blue boxes in Figure 2, is defined as the time and frequency interval in which a PRACH preamble might be transmitted from the UE. A Master Information Block (MIB), which can be transmitted on a Physical Broadcast Channel (PBCH), is also inserted in each SS block. In the reception of a PRACH preamble, the gNB can use the same beamforming as used when transmitting SS block. With analog beamforming in the receiver of the gNB, only one beamforming configuration can be evaluated for each time interval of a PRACH resource. 
A flexible timing indication of the PRACH resource has lower resource overhead compared to using a fixed timing between SS blocks and PRACH resources. The number of SS blocks that use the same PRACH resource depends on how many PRACH preambles which can be multiplexed in each slot. This multiplexing can be done by different root sequences, cyclic shifts or different time allocations within a slot.

[bookmark: _Ref462121594][bookmark: _Ref471300707]Figure 2. Relation between synchronization signals (NR-PSS and NR-SSS), MIB and PRACH resources, with dynamic timing between SS block and PRACH resource
Reciprocity in UE between received SS block and PRACH preamble transmission should not always be used, even if the UE is capable of such a beamforming. Examples are silent nodes, where at least one gNB is not transmitting SS blocks but can detect PRACH preambles, and within heterogeneous networks where the transmit powers differs between several gNBs transmitting SS blocks. 

Figure 3. Heterogeneous network
In these cases, the UE might transmit the PRACH preamble with a transmit power and with a beamforming in a direction such that it is not detected at the node with best uplink link budget to the UE. In those scenarios, it is most likely better if the UE transmits the PRACH preamble with an as wide beam as possible instead of a narrow beam in the direction in which it received the SS block. A configuration parameter can be included in a broadcast channel (such as NR-PBCH) indicating if the UE should transmit PRACH preambles based on reciprocity from received SS block (if the UE is capable of doing that) or if the UE should use as wide beam as possible.
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The timing from SS block to the PRACH resource can be indicated in the MIB. Alternatively, different NR-TSS are used for different timings such that the detected sequence within NR-TSS indicates the PRACH resource. This PRACH configuration might be specified as a timing relative to the SS block, and can be given as a combination of the payload in the MIB and another broadcasted system information. 
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An indication of which SS block was best received in the UE can potentially be included by defining an association between SS block and PRACH preambles. Here, one PRACH preamble is identified by a combination of frequency interval, timing interval, and sequence, [3]. For example, each MIB can indicate a set of PRACH preambles such that the UE can then randomly select one PRACH preamble out of this set. This set can be defined as a combination of the MIB and other broadcasted system information which is received prior to decoding this MIB.
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Typically, the cell ID is indicated within the SS block. The same NR-PSS and NR-SSS can be used in all beams in this approach, as illustrated in Figure 2, if the indication of PRACH resource is done within NR-TSS and the MIB in the PBCH. The UE does not have to know the number of beams used by the gNB. Instead the UE transmits a PRACH preamble after detecting NR-PSS, NR-SSS and NR-TSS after successful decoding of the MIB. Here a CRC (Cyclic Redundancy Check) is thus needed in the PBCH such that the risk of false detection of SS blocks is reduced. A false detection of NR-PSS, NR-SSS or NR-TSS will then in most cases result in an incorrect CRC which prevents the UE from transmitting PRACH preambles in time and frequency resources not intended for PRACH preambles. The UE can then transmit a PRACH preamble as soon as it has detected an SS-block with a quality which is good enough for correctly decoding of NR-PBCH, and it does not have to know the number of beams used by the gNB. If the UE detects a better SS-block than previously detected SS block, before transmitting PRACH preamble, then it can adjust its PRACH preamble in order to transmit according to the MIB in this better SS block. The indication of the beam is then not done explicitly in the SS-block but only implicitly in the configuration of the PRACH resource. 
This dynamic indication of PRACH resources enables possibilities for DTX (Discontinuous Transmission) in the gNB. Also, the time interval needed for monitoring SS block in the UE is short with this approach. 
An evaluation of several beamforming candidates might be beneficial when detecting the PRACH preamble. A PRACH preamble design which enables switching between different analog beamforming candidates during PRACH preamble reception is discussed in [1].
Relation between beamformed SS block and RAR
The Random Access Response typically has the following payload:
· Detected PRACH preamble index such as acknowledgement of PRACH preamble
· Timing Advance (TA) command to UE
· Uplink scheduling grant to UE
· Temporary identity (e.g. TC-RNTI)
· Configuration of additional synchronization signals if needed (further study needed)
· Back off Indicator (BI) (further study needed)
· Configuration of DFT spread precoding for first uplink data transmission

Support for DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz was decided in RAN1#86bis [4]. 
A UE might have to be able to receive RAR in a somewhat large timing uncertainty interval. Reasons for large timing offset between received SS block and RAR (using UE perspective) may for example be:
1. Narrowband SS block 
· only enough downlink timing accuracy for small broadcast
2. Low SNR for SS block
· especially without beamforming of SS block 
3. Different gNBs for SS block and RAR
· Propagation of 1 km corresponds to a round trip time of 3.3 𝜇𝑠. This should be compared to a cyclic prefix of approximately 4 𝜇𝑠
4. Non-synchronized gNBs
· ”Loosely” synchronized gNBs
· SFN (Single Frequency Network) type of SS block transmission
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Due to propagation delay, the PRACH preamble is received with a timing offset relative to SS block in gNB B in Fig. 1. The gNB B then estimates this timing offset and prepares a RAR containing a timing advance (TA) command. The physical channel for RAR might be different as compared to the ordinary DL data channels, since this RAR might be received with large timing uncertainty, as in the observation above. See [2] for a discussion and proposals about physical design for channel carrying RAR, where, the RAR is constructed by a reference signal (RS) and one or several OFDM symbols with data (DS). Here, the reference signal associated with RAR can be configured in one of at least three different ways. One possible configuration is based on the sequence used for SS that the UE detects, and another possible configuration is based on a sequence used for PRACH preamble that the UE transmitted. A third alternative is a function of both these quantities. Since the proposed RAR is self-contained with reference signal also, as soon as the UE receives RAR, it adjusts its UL timing based upon the TA command. It can also adjust its DL timing from a DL timing estimated by using the RS included in the RAR, as illustrated in Figure 1.  

[bookmark: _Toc455649131][bookmark: _Toc455649156][bookmark: _Toc455649182][bookmark: _Toc455649228][bookmark: _Toc455649250][bookmark: _Toc455649272][bookmark: _Toc455649132][bookmark: _Toc455649157][bookmark: _Toc455649183][bookmark: _Toc455649229][bookmark: _Toc455649251][bookmark: _Toc455649273][bookmark: _Toc455649133][bookmark: _Toc455649158][bookmark: _Toc455649184][bookmark: _Toc455649230][bookmark: _Toc455649252][bookmark: _Toc455649274][bookmark: _Toc455649134][bookmark: _Toc455649159][bookmark: _Toc455649185][bookmark: _Toc455649231][bookmark: _Toc455649253][bookmark: _Toc455649275][bookmark: _Toc455649135][bookmark: _Toc455649160][bookmark: _Toc455649186][bookmark: _Toc455649232][bookmark: _Toc455649254][bookmark: _Toc455649276][bookmark: _Toc455649136][bookmark: _Toc455649161][bookmark: _Toc455649187][bookmark: _Toc455649233][bookmark: _Toc455649255][bookmark: _Toc455649277][bookmark: _Toc455649137][bookmark: _Toc455649162][bookmark: _Toc455649188][bookmark: _Toc455649234][bookmark: _Toc455649256][bookmark: _Toc455649278][bookmark: _Toc455649138][bookmark: _Toc455649163][bookmark: _Toc455649189][bookmark: _Toc455649235][bookmark: _Toc455649257][bookmark: _Toc455649279][bookmark: _Toc455649139][bookmark: _Toc455649164][bookmark: _Toc455649190][bookmark: _Toc455649236][bookmark: _Toc455649258][bookmark: _Toc455649280][bookmark: _Toc455649140][bookmark: _Toc455649165][bookmark: _Toc455649191][bookmark: _Toc455649237][bookmark: _Toc455649259][bookmark: _Toc455649281][bookmark: _Toc455649141][bookmark: _Toc455649166][bookmark: _Toc455649192][bookmark: _Toc455649238][bookmark: _Toc455649260][bookmark: _Toc455649282][bookmark: _Toc458171461][bookmark: _Toc458410446][bookmark: _Toc458666733][bookmark: _Toc463005035][bookmark: _Toc463005038][bookmark: _Toc465931489][bookmark: _Toc466011344][bookmark: _Toc470184183][bookmark: _Toc471119224][bookmark: _Toc471119350][bookmark: _Toc471120118][bookmark: _Toc471281524][bookmark: _Toc471301579][bookmark: _Toc471372420][bookmark: _Toc471713215][bookmark: _Toc473890387][bookmark: _Toc474141333][bookmark: _Toc477424606][bookmark: _Toc477427238][bookmark: _Toc477427385][bookmark: _Toc477427623]Design RAR with a self-contained reference signal, designed both for DL synchronization and demodulation of the RAR payload

Since the SS-block might be transmitted by another node as compared to RAR, the UE should in some cases not assume any QCL (Quasi Co-Location) of SS-block and RAR in some cases. Preferably, the use of QCL between SS-block and RAR is indicated in NR-PBCH or any other broadcast signal received by the UE before starting the random access procedure 
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Timing of RAR in relation to PRACH preamble
In LTE, after transmission of the PRACH, the UE is monitoring the DL for the random access response during a time window (RAR window) consisting of multiple subframes to allow flexibility in the timing of the response as shown in Figure 4. It is proposed that a similar approach is adopted in NR, keeping the time from the end of the PRACH transmission to the start of the RAR window as short as possible to minimize the latency of the four-step random access procedure. 

[bookmark: _Ref473890363]Figure 4. RAR window
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Similarly, the time between MSG2 and MSG3 should also be kept at a minimum. This timing might be included in MSG2 supporting a flexible, and UE specific timing for MSG3.
Conclusion
Based on the discussion in section 2 we propose the following:
Proposal 1	An association between SS block and PRACH preambles should be supported.
Proposal 2	The network configures the UE if it should transmit PRACH preambles based on reciprocity from received SS block (if the UE is capable of doing that) or if the UE should use a wide beam
Proposal 3	Timing between SS block and PRACH resource is indicated by a combination of NR-TSS and NR-PBCH
Proposal 4	Indication of best SS block is indicated from UE to gNB by PRACH preamble selection in UE
Proposal 5	Design RAR with a self-contained reference signal, designed both for DL synchronization and demodulation of the RAR payload
Proposal 6	The UE is configured of QCL for SS-block and RAR by broadcast information
Proposal 7	Adopt the random access response window also in NR with minimum delay between the end of the PRACH transmission and the start of the RAR window.
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