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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#86bis, the following agreements were made:
· RACH resource:
· A time-frequency resource to send RACH preamble
· Whether UE needs to transmit one or multiple/repeated preamble within a subset of RACH resoueces can be informed by broadcast system information
· For example, to cover gNB RX beam sweeping in case of NO Tx/Rx reciprocity at the gNB
· PSS, SSS and/or PBCH can be transmitted within a ‘SS block’

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][4] and Random Access Response (RAR) design is described in [2][3].
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Procedure
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)

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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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 [2][4] for details about PRACH preamble design. Both gNB A and gNB B might detect PRACH. Both 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.
Due to propagation delay, the PRACH preamble is received with a timing offset relative to SS block in gNB B, which 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 [3] 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). When 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.  
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Relation between beamformed SS block and random access configuration
If the gNB can identify which SS block (NR-PSS, NR-SSS and PBCH) 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 a blue dotted box in Figure 2, is defined as the time and frequency interval in which a PRACH preamble might be transmitted from the UE. In Figure 2, a fixed timing is defined between each beamformed SS block and a PRACH resource. In this illustration, three OFDM symbols are used for each SS block. A Master Information Block (MIB), which can be transmitted on a Physical Broadcast Channel (PBCH), is also inserted in each SS block. This MIB can alternatively be transmitted in the same OFDM symbol as NR-PSS or NR-SSS, but on different sub-carriers. 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. 
The overhead in the number of PRACH resources, and the overhead in unused time intervals between SS block transmissions might be large as illustrated in Figure 2. With a fixed timing from beginning of the SS block to the PRACH resource, at most four SS block can be transmitted before the PRACH resources in this example, which implies a limitation of the number of beams in a TDD system. Also, there will be many unused OFDM symbols between the SS blocks. With PRACH resources which have a longer time allocation, such as 1 or 2 ms as in LTE, the number of beams will be further limited. In order to keep the same link budget as in LTE, the PRACH resource allocation in NR might be at least 1 millisecond (or 14 OFDM symbols with 15 kHz sub-carrier spacing).
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To address this issue, we introduce flexible timing, as opposed to fixed timing in Figure 2. This flexible timing indication of the PRACH resource has lower resource overhead compared to using a fixed timing. A PRACH resource is therefore defined common for several SS blocks, as illustrated in Figure 3. With four different SS blocks transmitted with different beamformings as in Figure 2, an equal number of (four) PRACH resources are needed. This in contrast to Figure 3, where only two PRACH resources are needed, for the same amount of SS block beamforming candidates. 
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The timing from SS block to the PRACH resource can be indicated in the MIB. Alternatively, different NR-PSS and NR-PSS are used for different timings such that the detected sequence within NR-PSS and NR-SSS 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, see [4]. 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 3, if the indication of PRACH resource is done within the MIB in the PBCH. Here the payload (i.e. MIB) in the PBCH will differ between the SS blocks in Figure 3. 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 and NR-SSS 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 and NR-SSS 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 PBCH 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].
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 1. 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. 

Figure 4. RAR window
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.
Similarly, the time between MSG2 and MSG3 should also be kept at a minimum.
Conclusion
Based on the discussion in section 2 we propose the following:
Proposal 1	Design RAR with a self-contained reference signal, designed both for DL synchronization and demodulation of the RAR payload
Proposal 2	An association between SS block and PRACH preambles should be supported.
Proposal 3	Timing between SS block and PRACH resource is indicated in the MIB within NR-PBCH
Proposal 4	Indication of best SS block is indicated from UE to gNB by PRACH preamble selection in UE
Proposal 5	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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