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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#88bis, the following agreements were made:
· In NR, the RACH configuration provides at least:
· RACH time/freq. information 
· RACH preamble format
· Association between one or multiple occasions for SS-block and a subset of RACH resources and/or subset of PRACH preamble indices is informed to UE by broadcast system information or known to UE or FFS dedicated signaling
· FFS gNB can configure an association between CSI-RS for L3 mobility and a subset of RACH resources and/or a subset of PRACH preamble indices, for determining Msg2 DL Tx beam
· The considered maximum number of SS-blocks, L, within SS burst set for different frequency ranges are
· For frequency range up to 3 GHz, the maximum number of SS-blocks, L, within SS burst set is [1, 2, 4]
· For frequency range from 3GHz to 6 GHz, the maximum number of SS-blocks, L, within SS burst set is [4, 8]
· For frequency range from 6 GHz to 52.6 GHz, the maximum number of SS-blocks, L, within SS burst set is [64]
· The way the value of L is reflected in specification is FFS
· Down-select one of SCS options for PRACH msg. 3 transmission 
· Option 1: RACH configuration (possibly within PBCH or the remaining minimum system information) provides the SCS of the PRACH msg. 3
· Option 2: The same SCS applied in PBCH transmission is used for the transmission of the PRACH msg. 3
· Option 3: RAR can indicate the SCS of the PRACH msg. 3 transmission 
· FFS the determination of the SCS for msg  1, 2, and 4

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].
[bookmark: _Ref178064866]
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Procedure
An initial access procedure is illustrated in Figure 1. 

[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] 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.
If the gNB can identify which SS-block 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 in which a notification of best SS-block to gNB can be useful. 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.
Configuration of RACH procedure
RACH configuration common for all SS-blocks
The UE selects randomly a preamble out of a set of configured PRACH preambles. 
This set of PRACH preamble sequences can be configured by
1. Preamble format
· See [1], for a list of possible PRACH preamble formats including sub-carrier spacings
2. Root sequence
· Value between 0 and length of Zadoff-Chu sequence minus one, e.g. RACH_ROOT_SEQUENCE as used in LTE [3]
3. Cyclic shift configuration
· Specify amount of cyclic shift of root sequence. Implicitly this parameter then also specifies the number of cyclic shifts to be used for each root sequence. See e.g. “zeroCorrelationZoneConfig” in table 5.7.2-2 of [3]
4. Time index
· Specification of when in a frame (or burst set periodicity) in which the UE can transmit a PRACH preamble. Can be specified in terms of slots, see Proposal 1 below
5. Frequency allocation
· Position in frequency which can be absolute or in relation to detected SS-block
6. Number of PRACH preambles in one cell
· See Observation 1, below
Allocating PRACH preambles in a cell can be done in a similar way as done in LTE where the PRACH preambles are allocated first in order of cyclic shift and then in order of logical root index:
“There are 64 preambles available in each cell. The set of 64 preamble sequences in a cell is found by including first, in the order of increasing cyclic shift, all the available cyclic shifts of a root Zadoff-Chu sequence with the logical index RACH_ROOT_SEQUENCE, where RACH_ROOT_SEQUENCE is broadcasted as part of the System Information. Additional preamble sequences, in case 64 preambles cannot be generated from a single root Zadoff-Chu sequence, are obtained from the root sequences with the consecutive logical indexes until all the 64 sequences are found.”
An illustration of a few PRACH preamble formats from [1] is given in Figure 2.

[bookmark: _Ref480533473]Figure 2. PRACH preamble format 0 with SCS of 1.25 kHz and formats 1 to 5 with SCS of 15 kHz.

Relation between SS-blocks and random access configurations
The mapping from one SS-block to a set of PRACH preambles depends on number of PRACH preambles associated with each SS-block. Here, the maximum number of SS-blocks, L, depend on the carrier frequency according to agreements in 3GPP RAN1#88bis, where the maximum number of SS-blocks is to be selected between 1 and 128.
The number of configured PRACH preambles in each cell was defined to be 64 in LTE. These PRACH preambles are shared between contention based and non-contention based access. 
[bookmark: _Toc480871337]In a configuration with only four SS-blocks in a cell, L=4, then it might be reasonable to have 16 PRACH preambles mapped to each SS-block such that the total number of PRACH preambles per cell equals 64. The number of PRACH preambles should be large enough such that the risk of more than one UE selecting the same PRACH preamble is low. When the number of SS-blocks is large, then also the size of the downlink beams for each SS-blocks might be more narrow, such that less UEs are selecting PRACH preambles from the set associated to an SS-block. 
The number of PRACH preambles associated to an SS-block can depend on the maximum number of SS-blocks (L), such that larger values of L results in smaller number of PRACH preambles per SS-block
For example, if L=64, then perhaps 4 or 8 PRACH preambles should be mapped from each SS-block resulting in 256 to 512 PRACH preambles in each cell. With a mapping from (up to 128) SS-blocks to PRACH preambles, then the required number of PRACH preambles per cell will most likely be larger than 64. 

[bookmark: _Toc480871338][bookmark: _Toc480871408][bookmark: _Ref480871777][bookmark: _Toc480876612][bookmark: _Toc481666455][bookmark: _Toc481739422]The number of PRACH preambles per cell should be larger than 64, at least for higher carrier frequencies

[bookmark: _Toc481666448][bookmark: _Toc481739415]The number of PRACH preambles in a cell is configured by higher layers

To reduce the impact on the uplink scheduler, the PRACH should be allocated time and frequency resources in terms of slots. Here, the length of the slot for PUSCH depends on the sub-carrier where e.g. a sub-carrier of 15 kHz corresponds to a 14 OFDM symbols slot of 1 ms.

[bookmark: _Toc480871339][bookmark: _Toc480871409][bookmark: _Toc480876613][bookmark: _Toc481666456][bookmark: _Toc481739423]Amount of unused time and frequency resources can be reduced by allocating PRACH resources in terms an integer number of slots 

Since the UE is unaware of the sub-carrier spacings of PUSCH, the PRACH resources in time can be based on the configured sub-carrier spacing of PRACH preambles. For example, if a PRACH preamble is configured with a 15 kHz sub-carrier spacing, the UE can assume a PRACH resource allocation of 1 ms. Then, with larger PRACH preamble sub-carrier spacing, such as 30, 60 and up to 240 kHz, the time allocation can be reduced in the same way as the length of a slot for PUSCH depends on the PUSCH sub-carrier spacing. For the PRACH preamble format with small sub-carrier spacing, such as 1.25 kHz, a PRACH resource of 1 ms can also be allocated since a longer root sequence is then used. 

[bookmark: _Toc480531396][bookmark: _Toc480534911][bookmark: _Toc480817539][bookmark: _Ref480868925][bookmark: _Toc480871275][bookmark: _Toc480871529][bookmark: _Toc480876615][bookmark: _Toc481666449][bookmark: _Toc481739416]Allocate PRACH resources in time as {2.0, 1.0, 0.5, 0.25, 0.125, 0.0625} ms corresponding to sub-carrier spacing, SCS = {7.5, 15, 30, 60, 120, 240} kHz and {1.0, 0.5, 0.25} ms corresponding to sub-carrier spacing, SCS = {1.25, 2.5, 5.0} kHz

However, several PRACH preambles can be time multiplexed in a slot for PRACH preamble formats with larger sub-carrier spacing than LTE, such as 7.5, 15, 30, 60, 120 and 240 kHz. See illustration in Figure 2, Thus the PRACH preambles can be found from including not only cyclic shifts and root sequences, but also time allocations within a slot. Here, time allocations inside a slot provides better isolation between PRACH preambles than different root indices. Low correlation between PRACH preambles is especially important within a beam. This since PRACH preambles transmitted from different physical location (corresponding to different receiver beams) will have reduced correlations based on different spatial signatures. 

[bookmark: _Toc480871340][bookmark: _Toc480871410][bookmark: _Toc480876614][bookmark: _Toc481666457][bookmark: _Toc481739424]More important to have low correlation between sequences within one beam than between beams

By allocating PRACH preambles within each beam to different time allocations before using another sequence, the correlation between PRACH preambles used within a beam is reduced

[bookmark: _Toc480531395][bookmark: _Toc480534912][bookmark: _Toc480817540][bookmark: _Toc480871276][bookmark: _Toc480871530][bookmark: _Toc480876616][bookmark: _Toc481666450][bookmark: _Toc481739417]The set of   PRACH preamble sequences in a cell is found by
including first all the available cyclic shifts of a root Zadoff-Chu sequence, 
including secondly in the order of increasing time allocation within a slot, 
including thirdly in the order of increasing root index
including fourthly in the order of increasing frequency allocation

Here, the number of cyclic shifts to include is configured in a similar way as in LTE where a “zeroCorrelationZoneConfig” is used, see table 5.7.2-2 in [3]. The time allocation in a slot depends on PRACH preamble format where different number of time shifted PRACH preambles fit into one slot depending on length of each PRACH preamble, see Figure 2. For Zadoff-Chu sequences of length , the number of sequnces equals , such that sequences of length 71 results in 70 available root sequences and a length of 139 results in 138 root sequences. The frequency allocations should be specified in units of one frequency allocation for one PRACH preamble. Here, and a Zadoff-Chu sequence of length 71 can be allocated 72 sub-carriers such that a sub-carrier spacing of 15 kHz results in a PRACH resource of 1.08 MHz.
With an equal number of PRACH preambles associated with each SS-block in an SS-burst set, then the maximum number of PRACH preambles in each cell, denoted by , can be written as  where  is the maximum number of SS-blocks and  is the number of PRACH preambles associated to each SS-block. 

[bookmark: _Toc480531397][bookmark: _Toc480534913][bookmark: _Toc480817541][bookmark: _Toc480871277][bookmark: _Toc480871531][bookmark: _Toc480876617][bookmark: _Toc481666451][bookmark: _Toc481739418]The maximum number of PRACH preamble sequences in a cell equals  where L is the maximum number of SS-blocks and  is the number of PRACH preambles associated with each SS-block

Note that if less than L denotes the maximum number of SS-blocks, such that when a lower number of SS-blocks is used by the eNB in a cell, then the number of PRACH preambles will also be reduced. A somewhat straightforward approach of associating PRACH preambles to SS-blocks is to consequently map  to PRACH preambles to each SS-block, such that the first SS-block is associated with PRACH preambles  with the set of  PRACH preambles in the cell, the second SS-block with , and so on.

[bookmark: _Toc480531398][bookmark: _Toc480534914][bookmark: _Toc480817542][bookmark: _Toc480871278][bookmark: _Toc480871532][bookmark: _Toc480876618][bookmark: _Toc481666452][bookmark: _Toc481739419]The mapping from  PRACH preambles in a cell to L number of SS-blocks is done by consecutively map  PRACH preambles to each SS-block

Example high carrier frequency
As an example, consider a carrier frequency for which the maximum number of SS-blocks equals 64. This maximum number of SS-blocks might be used above 6 GHz according to agreements from RAN1#88bis. For these carrier frequencies, a small cell size can also be assumed, such that PRACH preamble formats with shorter PRACH preambles and small guard time can be used.
Assume a configuration with 8 PRACH preambles per SS-block such that  PRACH preambles are defined per cell. For example, PRACH preambles can be constructed by 
· 2 cyclic shifts per PRACH preamble, 
· 7 PRACH preambles per slot (i.e. format 2 in Figure 2), 
· 70 root sequences (i.e. Zadoff-Chu of length 71), and 
· 1 frequency allocation, 
resulting in  PRACH preambles which is significantly more than the required 512 PRACH preambles.
An illustration is given in Figure 3, where arrows indicate the mappings from SS-blocks to PRACH preamble resources.

[bookmark: _Ref480527165]Figure 3. Mapping between SS-blocks to PRACH preambles for high carrier frequency

Example low carrier frequency
[bookmark: _GoBack]Consider an example with 4 SS-blocks, as might be used for lower carrier frequencies according to agreements in RAN1#88bis. Assume high capacity such that 64 PRACH preambles are associated to each SS-block resulting in 256 PRACH preambles in the cell.
These 256 PRACH preambles can then be constructed by 
· 1 cyclic shifts
· 1 PRACH preamble per slot (e.g. 14 OFDM symbols/preamble, i.e. format 4 in Figure 2)
· 70 root sequences (i.e. Zadoff-Chu of length 71)
· 4 frequency allocations
The maximum number of PRACH preambles with this configuration equals 1*1*70*4=280 which is larger than the required 256 PRACH preambles in the cell. An illustration of the mapping from SS-blocks to PRACH preambles is give in Figure 4.

[bookmark: _Ref480527130]Figure 4. Mapping between SS-blocks to PRACH preambles for low carrier frequency
Configurable use of reciprocity in UE
Reciprocity (and use of reciprocal spatial QCL) in UE between received SS-block and PRACH preamble transmission should not always be used, even if the UE is capable of beam correspondence. 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, see illustration in Figure 5. 

[bookmark: _Ref480543815]Figure 5. Heterogeneous network
In these cases, the UE which is transmitting PRACH preambles based on beam correspondence and reciprocal spatial QCL from received SS-blocks, might transmit the PRACH preamble with a transmit power and with a beamforming in a non-reciprocal 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. This configuration can be included in PBCH or in any other additional system information provided to UE as part of the RACH configuration.

[bookmark: _Toc473890389][bookmark: _Toc474141335][bookmark: _Toc477424608][bookmark: _Toc477427235][bookmark: _Toc477427382][bookmark: _Toc477427620][bookmark: _Toc480531399][bookmark: _Toc480534915][bookmark: _Toc480817543][bookmark: _Toc480871279][bookmark: _Toc480871533][bookmark: _Toc480876619][bookmark: _Toc481666453][bookmark: _Toc481739420]The network configures the UE if it should transmit PRACH preambles based on reciprocity from received SS-block (if the UE is capable of beam correspondence) or if the UE should use a wide beam

Configuration of message 3
Three options were agreed in RAN1#88bis regarding configuration of sub-carrier spacing (SCS) of message 3:
· Agreements:
· Option 1: RACH configuration (possibly within PBCH or the remaining minimum system information) provides the SCS of the PRACH msg. 3
· Option 2: The same SCS applied in PBCH transmission is used for the transmission of the PRACH msg. 3
· Option 3: RAR can indicate the SCS of the PRACH msg. 3 transmission

Here, option 1 is similar to the decision in RAN1#88bis regarding configuration of waveform for message 3:
· 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
Option 2 would result in a relation between SCS used in downlink and uplink which is not desirable. Option 3 has the possibility to adjust the SCS individually for each detected PRACH preamble. However, this would lead to a mix of several simultaneous SCS in uplink which should be avoided.  

[bookmark: _Toc481666454][bookmark: _Toc481739421]The network signals the sub-carrier spacing for RACH message 3 in the remaining minimum SI


Conclusion
In section 0 we made the following observations:
Observation 1	The number of PRACH preambles per cell should be larger than 64, at least for higher carrier frequencies
Observation 2	Amount of unused time and frequency resources can be reduced by allocating PRACH resources in terms an integer number of slots
Observation 3	More important to have low correlation between sequences within one beam than between beams

Based on the discussion in section 2 we propose the following:
Proposal 1	The number of PRACH preambles in a cell is configured by higher layers
Proposal 2	Allocate PRACH resources in time as {2.0, 1.0, 0.5, 0.25, 0.125, 0.0625} ms corresponding to sub-carrier spacing, SCS = {7.5, 15, 30, 60, 120, 240} kHz and {1.0, 0.5, 0.25} ms corresponding to sub-carrier spacing, SCS = {1.25, 2.5, 5.0} kHz
Proposal 3	The set of   PRACH preamble sequences in a cell is found by including first all the available cyclic shifts of a root Zadoff-Chu sequence,  including secondly in the order of increasing time allocation within a slot,  including thirdly in the order of increasing root index including fourthly in the order of increasing frequency allocation
Proposal 4	The maximum number of PRACH preamble sequences in a cell equals  where L is the maximum number of SS-blocks and  is the number of PRACH preambles associated with each SS-block
Proposal 5	The mapping from  PRACH preambles in a cell to L number of SS-blocks is done by consecutively map  PRACH preambles to each SS-block
Proposal 6	The network configures the UE if it should transmit PRACH preambles based on reciprocity from received SS-block (if the UE is capable of beam correspondence) or if the UE should use a wide beam
Proposal 7	The network signals the sub-carrier spacing for RACH message 3 in the remaining minimum SI
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