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1	Introduction
During the NR Study Item, RAN1 has established requirements and scenarios for NR ‎[1] and has identified technology components that are needed to standardize the NR system ‎[2]. The objective of the work item phase is to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low latency communications (URLLC) considering frequency ranges up to 52.6 GHz and considering forward compatibility and introduction of new technology components for new use cases.
In this contribution, we discuss the random access channel design, in particular, we consider the following aspects of RACH
· RACH preamble formats.
· RACH preamble sequence design including simulation results of baseline RACH preamble sequences and Nokia RACH preamble sequences.
· RACH resource allocation and RACH configuration index.
· RACH message 3 waveform.
2	PRACH preamble formats
In this section, we present a configurable framework for RACH preamble formats to support different deployment scenarios and to be forward compatible for supporting new requirements and future scenarios. In the subsequent sections, we will present the RACH preamble sequence, and the RACH resource allocation.
The different RACH preamble formats can have different CP length and different N and M values. The construction of PRCAH preamble formats using N and M is shown in Figure 1. Appendix A gives examples of RACH preamble formats that can support different deployment scenarios (multi-beam capability, coverage requirement, frequency range, etc.)


[bookmark: _Ref474147226]Figure 1: Construction of PRACH formats based on N and M.
Proposal 1: Support formats given in Appendix A as baseline for NR PRACH preamble formats.
In section 3, we present simulation results for different PRACH preamble formats with different subcarrier spacing. In section 4, we illustrate how different PRACH preamble formats are required to support different deployment scenarios, and that the PRACH preamble format is one of the parameters that determines the RACH configuration index.
3	RACH Preamble Sequence
3.1 	Sequence Types and their Properties
3.1.1	ZC sequences
The random access preambles are generated from Zadoff-Chu sequences with zero correlation zone , generated from one or several root Zadoff-Chu sequences.

The  root Zadoff-Chu sequence is defined by:


where the length  of the Zadoff-Chu sequence can be 71, 139 or 839 depending on RACH Preamble format.  shall be relative prime to  and .
Different preamble sequences from one root sequence are generated by applying cyclic shifts:

Where the cyclic shift is given by multiples of the distance  between two preambles


3.1.2	Cyclic delay-Doppler shifted M-Sequences
The m-sequences are generated via linear-feedback shift registers. For a 10th order pseudo noise generator polynomial one can use the following expression:

A 9th order sequence can be generated by the following generator polynomial:


The output of the generator is a binary sequence  of length  equal 1023 (10th order) or 511 (9th order) that is transformed into a BPSK () modulated base sequence . Different base sequences can be generated by initializing the pn-generator with different values e.g. from cell IDs. Alternatively, one can introduce a cell-specific base offset. From the base sequence, different preamble sequences can be derived by applying circular delay-Doppler shifts as follows:

Where  is the cyclic shift defined as an integer multiple of . Here, the  value adjusts the separability in time domain and should be therefore larger than the maximum expected delay spread. The phase signature parameter  should be selected larger than the maximum expected Doppler spread in the system. The cell ID can be used as root index parameter  to guarantee that neighbor cells show different frequency shifts.

3.2		PAPR and CM Overview
We calculated the peak-to-average power ratio (PAPR) and the cubic-metric (CM) for each sequence type and length under investigation in this contribution. Table 1 lists the considered sequence types and length of each sequence.
[bookmark: _Ref478126876]Table 1: RACH Preamble Sequences considered in this document.
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The PAPR and CM of a single sequence are calculated using the following equations:
PAPR :


CM R1-060385 ‎[3] (page 6 eq. (2)):


We calculated the PAPR for each of the possible logical/physical root sequence indices. Each value is determined as the linear average over 64 cyclic shifted versions of the same root sequence.
Refer to appendix B2 for simulation results of the PAPR and CM of the different RACH sequences considered in this work.
2.1.1		PARR and CM Summary
Figure 2 shows the PAPR and CM CDFs for all sequence types and sequence lengths under investigation in this work. From the PAPR CDFs we observed that the ZC sequences are about 1 dB better than the m-sequences at the 50% quantile. In contrast, the 50% quantile is the same for ZC and M-sequences in the CM CDFs. What can be also observed from the CM curves is, that the metric for different sequence lengths of the same sequence type is almost the same.
[image: ][image: ]
[bookmark: _Ref478390272]Figure 2: Left: PAPR and Right: CM for all considered sequence types and lengths.
Observation 1: The CDF of the CM of the ZC sequences and the m-sequences of different sequence lengths is comparable.
3.3	Notes on Simulation Methodology
The link-level simulations were conducted according to the agreed simulation assumptions. The key assumptions can be found in appendix B1. For clarification, we provide some details on specific methodologies and assumptions not covered by the agreed methodologies, but may have an impact on the observed performances.
UE Mobility: Throughout the simulation, the UE is located at a fixed position, but its vector of movement is randomly changed between [0..360]° at the start of a TTI.
CDL-Channel Model: AoD and AoA: At start of each TTI we randomly draw and apply a new circular mean angle for AoD and AoA according to the agreed distributions. 
ASD and ASA: We observed that the performances are similar for all combinations of ASD and ASA. Therefore, in this contribution we assume always ASD = 25° and ASA = 60°. 
SNR Definition: The mobile Tx power is scaled per TTI to achieve a target SNR as follows:


SNR is the target SNR value; SNR is the linear average over all TXRU. From the definition of the SNR it should be obvious that we can observe variations around the targeted average SNR per single TXRU. Another source of SNR deviations may come from the fact that we do not consider the true complex valued receive signal and noise in our TX power setting. TX is the UE transmission power, CL is the TXRU averaged coupling loss and N is the noise power.
Sequence Selection: At start of a TTI the base station communicates the logical root sequence index and the N_cs parameter. Only one physical root sequence and its cyclic shifted versions are available for a mobile per TTI. This assumption is different from the LTE assumption where in total 64 sequences are available in a cell. The N_cs parameter is determined from timing estimation requirements. We assume that root sequences and its cyclic shifted versions with a CM<=1.2 are preferred. Therefore, sequences with CM>1.2 are not available in a cell. All roots and cyclic shifted versions are used during a simulation run with same number of occurrences.
Preamble Sequence Detection: A schematic of the preamble detector is shown in the Fig. 10.
[image: ]
[bookmark: _Ref478132024]Figure 3: PRACH receiver design.

The receiver design follows the design principles similar to the ones described in ‎[4]. Figure 3 shows the processing flow. First, the received signal is segmented and then transformed into the frequency domain via an FFT. The FFT size depends on the PRACH subcarrier spacing. The number of segments depends on the number of preamble sequences within a preamble. The frequency domain samples are then correlated employing the root sequence in the frequency domain. The output of the matched filter is then transformed back into the time domain via an IFFT of size 2048 and the element-wise absolute square provides the power-delay profile (PDP). Afterwards we perform the sum over all the receive antennas/TXRUs. After summation over antennas we decide which PDPs are further processed i.e. only PDP that may contain preamble signals are non-coherently accumulated. The resulting single PDP is the input for the forward consecutive mean excision (FCME) ‎[5] algorithm that is employed for preamble signature detection. Parallel to preamble detection we perform timing estimation.
False Alarm Probability: Preamble detection parameterization i.e. detection threshold parameter setting is determined from simulations when input at receiver is noise only. The target false alarm probability for this case is 0.1%. From our simulation results it can be observed that we sometimes are slightly above or below that target value. This effect is due to the accuracy of determining the correct detection parameters and could be easily resolved via improved settings. In any case, it has been observed, that slight errors in the parameter settings do not have a significant effect on e.g. missed detection probabilities or timing estimates.



3.4	Baseline Simulations
Table 2 shows the key parameters used to conduct the baseline simulations.
[bookmark: _Ref478132294]Table 2: Key baseline sequences simulation parameters.
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3.4.1	Baseline Simulations Results below 6GHz
Baseline 1, LTE Format 0
[image: ] [image: ]
Figure 4: Left: False Alarm Probability. Right: Missed detection Probability.

[image: ]
Figure 5: Timing Estimation Error at 0 dB SNR.


Table 3: MCL calculation for baseline 1 LTE format 0 below 6GHz.
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Baseline 1, LTE Format 4
[image: ] [image: ]
Figure 6: Left: False Alarm Probability. Right: Missed detection Probability.

[image: ]
Figure 7: Timing Estimation Error at 0 dB SNR.

Table 4: MCL calculation for baseline 2 LTE format 4 below 6GHz.
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3.4.2	Baseline Simulations Results above 6GHz
Baseline 1, LTE Format 4
[image: ] [image: ]
Figure 8: Left: False Alarm Probability. Right: Missed detection Probability.


[image: ]
Figure 9: Timing Estimation Error at 0 dB SNR.

Table 5: MCL calculation for baseline 1 LTE format 4 above 6GHz.
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3.5	Nokia Cases
Table 6: Key NOKIA sequences specific simulation parameters.
[image: ]

In the following we show the results for the cases:
Nokia_1 
Nokia_5 with 10 us timing offset
Nokia_6

All other simulation results can be found in the appendix.
Nokia_1, UE speed = 3 km/h
[image: ] [image: ]
Figure 10: Left: False Alarm Probability. Right: Missed detection Probability.

[image: ]
Figure 11: Timing Estimation Error at 0 dB SNR.



Nokia_1, UE speed = 120 km/h
[image: ][image: ]
Figure 12: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 13: Timing Estimation Error at 0 dB SNR.



Table 7: MCL calculation NOKIA_1 case.
[image: ]

Observation 2: An increasing number of N_OS decreases the minimum required SNR. Doubling the number of N_OS decreases the required SNR by more than 3 dB.
Observation 3: For high speed cases and large number of N_OS the subcarrier spacing should be large e.g. 60kHz (see Nokia_3 in the appendix).
Observation 4: False alarm rate may become very large for ZC sequences in scenarios with high frequency offsets and Doppler shifts. 
Proposal 2: To support high mobile speeds, below 6 GHz, the preferred subcarrier spacing should be 60 kHz.


Nokia_5 with 10us timing offset
[image: ][image: ]
Figure 14: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 15: Timing Estimation Error at 0 dB SNR.
Table 8: MCL calculation NOKIA_5 case.
[image: ]

Observation 5: Delay-Doppler shifted m-sequences show improvement with respect to false alarm and missed detection probability when compared to the baseline ZC sequences.
Proposal 3: Delay-Doppler shifted m-sequences shall be the preferred sequence type for NR PRACH for large cells.
Nokia_6
[image: ] [image: ]
Figure 16: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 17: Timing Estimation Error at 0 dB SNR.
Table 9: MCL calculation NOKIA_6 case.
[image: ]


Observation 6: For a 30 GHz carrier frequency, in case of 120 kHz SCS we have about 1.5-2 dB higher MCL compared to 240 kHz SCS.
Proposal 4:  The preferred PRACH subcarrier spacing at 30 GHz carrier frequency shall be 120 kHz.
4	RACH Resource Allocation
4.1 	Agreements and Requirements
Per the NR SI technical report ‎[2], the following is supported:
	· Regardless of whether Tx/Rx beam correspondence is available or not at gNB at least for multiple beams operation, the following RACH procedure is considered for at least UE in idle mode. Association between one or multiple occasions for DL broadcast channel/signal and a subset of RACH resources is informed to UE by broadcast system information or known to UE. Based on the DL measurement and the corresponding association, UE selects the subset of RACH preamble indices.
· Regardless of whether Tx/Rx beam correspondence is available or not at gNB at least for multiple beams operation, at gNB, the DL Tx beam for message 2 can be obtained based on the detected RACH preamble/resource and the corresponding association.
· NR supports multiple RACH preamble formats, including at least RACH preamble formats with longer preamble length and shorter preamble length.
· Multiple/repeated RACH preambles in a RACH resource are supported.



In this section, we consider the RACH configuration index, and RACH resource allocation considering:
· Association between DL broadcast channel/signal and RACH resources.
· Tx/Rx beam correspondence or lack thereof at the TRP.
· RACH coverage, with different numerologies.
· The impact of the latency requirements of URLLC on the allocation of RACH resources.

4.2	Scenarios
In a multi-beam system, RACH resources are used to identify the DL beams that can be used by the gNB when transmitting the RAR to the UE. The UE selects the RACH resources based on the DL measurements, for example this could be based on:
- DL measurements on the sync block.
- DL measurements on beam specific RS (e.g. cell-specific CSI-RS).
In the former case, given the association between the sync blocks and the RACH occasions, the RACH occasion would occur at a rate related to the rate at which the sync blocks occur.


[bookmark: _Ref477531803]Figure 18: Association between Sync Blocks and RACH Occasions.
Figure 18, shows two examples for the association between sync blocks and RACH occasions:
· In the first example, sync bursts occur every 5 ms, a sync burst consists of 3 sync blocks. The RACH burst occurs every 10 msec, a RACH burst consists of 6 RACH occasions, which are associated with sync blocks in two sync bursts.
· In the second example, sync bursts occur every 5 ms, a sync burst consists of 3 sync blocks. The RACH burst occurs every 20 msec, a RACH burst consists of 12 RACH occasions, which are associated with sync blocks in four sync bursts.

Based on the above there is need to define the following terms:
· RACH Burst = Set of RACH Occasions allocated consecutively in time domain.
· RACH Burst Set = Set of RACH Bursts to enable full RX sweep.

Proposal 5: Consider the following definitions:
· RACH Burst = Set of RACH Occasions allocated consecutively in time domain.
· RACH Burst Set = Set of RACH Bursts to enable full RX sweep.

[image: ]
[bookmark: _Ref474140277]Figure 19 RACH Occasion, RACH Burst and RACH Burst Set.

Per the scenarios considered in the study item, NR is required to support multi-beam systems with different Tx/Rx beam correspondence capabilities at the TPR. The lack of Tx/Rx beam correspondence at the TRP, requires Rx beaming sweeping, which in turn requires the UE to transmit multiple RACH OFDM symbols in the RACH preamble format, consequently this increases the RACH occasion duration and hence reduces the number of RACH occasions per UL slot. To support association between RACH resources and beams based on DL measurements, while supporting longer RACH occasion transmissions for TRP Rx beam sweeping, multiple RACH frequency bands can be allocated as shown in Figure 20.


[bookmark: _Ref477532681]Figure 20: Allocation of longer RACH occasions for Rx beam sweeping.

The RACH preamble sequence should be long enough to meet the SINR target at the base station when the UE is transmitting at maximum power and is located at the cell edge. As the RACH preamble sub-carrier spacing increases, the RACH OFDM symbol duration gets shorter. To maintain the target with larger sub-carrier spacing, multiple RACH OFDM symbols are required, which in turn increases the RACH preamble occasion length (in terms of number of RACH OFDM symbols). Like the case of no Tx/Rx beam reciprocity, in this case also, multiple RACH frequency bands can be allocated as shown in Figure 21 when multiple RACH OFDM symbols are needed for coverage.


[bookmark: _Ref477533004]Figure 21: Allocation of longer RACH occasions for coverage.

Allocating an entire slot for UL transmission (e.g. slots carrying the RACH occasions), could prevent latency critical applications (e.g. URLLC) from achieving their latency objectives. RACH occasions can occur in UL-centric bidirectional slots as shown in Figure 22.


[bookmark: _Ref477533534]Figure 22: Allocation of RACH occasions in UL centric bidirectional slots.
In addition to the above examples, in some scenarios SS block may be transmitted using wider DL beams or the DL cell specific CSI-RS beams are wider than the PRACH RX beams. In that case, there can be partial TX/RX beam correspondence or no beam correspondence at TRP. In the former, a set of PRACH RX beams are covering the spatial domain of one DL beam (SS or CSI-RS beam). Due to imbalance between DL beams and UL RX beams there may be different number of RACH occasions than SS blocks or CSI-RS beams.
Observation 7: A RACH occasion, on which a RACH preamble format is transmitted can vary in duration depending on the deployment scenario. Consequently, the number of RACH occasions per UL slot, or per UL-centric bidirectional slot can vary.
Observation 8: To support the diverse scenarios RACH needs to handle one or multiple frequency bands could be allocated to RACH in an UL slot or UL bidirectional slot carrying RACH.
Observation 9: The rate at which UL slots or UL-centric bidirectional slots are allocated for RACH transmission can vary depending on the deployment scenario.
Observation 10: There can be different number of RACH occasions than SS blocks or cell-specific CSI-RS to which PRACH resources may be associated.
4.3	RACH Configuration Index
Given the discussion in the previous subsection, it is evident that NR should support various RACH allocation configurations to meet the diverse requirements of NR, while being flexible enough to be future compatible for new services and applications. Like LTE, the RACH configuration index can determine the RACH allocation configuration. The RACH configuration index can determine the following:
1. The type of UL RACH slot, e.g. UL slot or UL-centric bidirectional slot.
The examples of Figure 18, Figure 20, and Figure 21 show an UL slot used for RACH transmission, while the example of Figure 22 shows an UL-centric bidirectional slot used for RACH transmission.
2. RACH slot repetition rate.
Two examples are shown in Figure 18. The first example has a RACH slot repetition rate of once every 10 ms, while the second example has a RACH slot repetition rate of once every 20 ms.
3. Number of RACH occasions per UL slot.
4. RACH preamble format.
5. Number of frequency bands per UL slot or UL-centric bidirectional slot.

As examples, the following figures shows the RACH preamble format corresponding to Figure 18, Figure 20,  Figure 21 and Figure 22 and assuming a PRACH preamble format with a varying number of RACH OFDM symbols.



Figure 23: UL RACH slot with 1 RACH frequency allocation and 6 PRACH preamble formats per slot corresponding to example 1 of Figure 18.




Figure 24: UL RACH slot with 3 RACH frequency allocations and 2 PRACH preamble formats per frequency allocation per slot corresponding to Figure 20.




Figure 25: UL RACH slot with 2 RACH frequency allocations and 3 PRACH preamble formats per frequency allocation per slot corresponding to Figure 21.



Figure 26: UL-centric bidirectional RACH slot with 2 RACH frequency allocations and 3 PRACH preamble formats per frequency allocation per slot corresponding to Figure 22.

Proposal 6: RACH occasions can be allocated to uplink slots and to uplink-centric bidirectional slots.
Proposal 7: Multiple RACH occasions can be allocated consecutively in an uplink slot or an uplink-centric bidirectional slot, which can be referred to as a RACH slot.
Proposal 8: The RACH configuration index identifies:
1. The UL slots, or UL-centric bidirectional slots allocated to RACH.
2. The rate of occurrence of RACH slots.
3. The number of RACH occasions per RACH slot per RACH frequency band.
4. RACH preamble format including the number of RACH OFDM symbols per RACH preamble, the number of RACH preambles per RACH preamble format and the CP length.
5. The number of RACH frequency bands per RACH slot.

4.4		PRACH parameters
In LTE, PRACH preamble timing and PRACH preamble format are determined by PRACH configuration index. It is provided as part of SIB2 to UEs. In NR, the UE shall be able to determine at least the following parameters:
PRACH preamble format parameters
· Subcarrier spacing for PRACH preamble(s)
· PRACH preamble format (for RACH Occasion)
· Number of RACH Occasions in frequency domain
· PRB locations of RACH Occasions

RACH Burst set parameters
· Number of RACH Occasions per RACH Burst
· Number of RACH Bursts per RACH Burst set
· Time between two consecutive RACH Bursts
· RACH burst set periodicity and timing of the first RACH burst of the RACH burst set
Considering a deployment scenario where a cell has one TRP and the TRP has just one panel and transceiver unit (TXRU), the cell is able to generate one beam at a time. That means that synchronization signals like SSS and SS block index (signal within SS block) identifies uniquely the beams of the cell. Thus, additionally transmitted DL RS like cell specific CSI-RS using the same beam characteristics as SSs would not bring any additional value or information. In that case, associating PRACH resources to SS blocks would be enough to uniquely identify BS beam preferred for NR-PDCCH and NR-PDSCH transmission for Msg2. 
Proposal 9: Support SS block to PRACH resource association.
Then in another scenario, a cell may comprise multiple TRPs where each TRP may have multiple panels and TXRUs, and the cell can generate multiple beams at a time. SSs are transmitted in SFN manner from simultaneous beams and UEs cannot distinguish individual beams from detected SSs. Additional RS is needed to uniquely identify each beam. The RS may be e.g. cell-specific CSI-RS that is FDM or TDM multiplexed with SS blocks. Now associating PRACH resources for DL RS, e.g. CSI-RS, would provide means for the UE to indicate via PRACH resource selection the preferred DL beam for NR-PDCCH and NR-PDSCH transmission for Msg2. If the association was between SS block and PRACH resource in this scenario the cell would need to use more resources than would be needed for Msg2 transmission. Those resources could be used for other UEs if the gNB would know the preferred individual DL beam and not only the preferred SS block which comprises multiple individual beams. 
Proposal 10: Support beam specific RS, e.g. cell specific CSI-RS, to PRACH resource association.  
Parameters related to association between PRACH preambles and downlink beam specific RSs or SS blocks:
· How RACH occasion is associated to SS blocks or CSI-RS resources
· Association between PRACH preambles of RACH occasion to SS blocks or CSI-RS resources
· E.g. for RACH occasion #0, logical preamble indices #0-#7 associated to CSI-RS resource index #0, logical preamble indices #8-#15 associated to CSI-RS resource index #1, for RACH occasion #1, logical preamble indices #0-#7 associated to CSI-RS resource index #2, and so on

Proposal 11: Support at least the following parameter categories:
· PRACH preamble format parameters
· RACH Burst set parameters
· Parameters related to association between PRACH preambles and downlink RSs, and between PRACH preambles and SS blocks.


5	RACH message 3 Waveform
Related to RA Msg3 waveform RAN1#88 made the following agreement:
	Agreements:
· For PUSCH (re)transmissions corresponding to a RAR grant, study following alternatives
· Alt.1: The UL waveform(s) is fixed in the specifications
· Note that UL waveform is either DFT-S-OFDM or CP-OFDM
· Alt.2: The NW informs a UE whether to use DFT-S-OFDM or CP-OFDM
· FFS signaling method
· Other alternatives are not precluded




NR TR [38.802, section 8.1.3]‎[2] says: “Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use”. 
We consider that the same approach is adopted for RACH message 3, i.e. that network decides and signals to UE which one of CP-OFDM and DFT-S-OFDM based waveform to use for RACH message 3.
For the signaling we prefer indication in system information as part of the RACH parameters.
Proposal 12: Network decides and signals to UE which one of CP-OFDM and DFT-S-OFDM based waveform to use for RACH message 3.
Proposal 13: Network signals waveform for RACH message 3 in SI as part of RACH parameters.
6	Conclusions
In this contribution, we discussed PRACH preamble formats, RACH sequence design, RACH resource allocation and RACH message 3 waveform.
Related to PRACH preamble formats, the following proposal was made:
Proposal 1: Support formats given in Appendix A as baseline for NR PRACH preamble formats.
Related to RACH sequence design, the following proposals and observations were made:
Observation 1: The CDF of the CM of the ZC sequences and the m-sequences of different sequence lengths is comparable.
Observation 2: An increasing number of N_OS decreases the minimum required SNR. Doubling the number of N_OS decreases the required SNR by more than 3 dB.
Observation 3: For high speed cases and large number of N_OS the subcarrier spacing should be large e.g. 60kHz (see Nokia_3 in the appendix).
Observation 4: False alarm rate may become very large for ZC sequences in scenarios with high frequency offsets and Doppler shifts. 
Proposal 2: To support high mobile speeds, below 6 GHz, the preferred subcarrier spacing should be 60 kHz.
Observation 5: Delay-Doppler shifted m-sequences show improvement with respect to false alarm and missed detection probability when compared to the baseline ZC sequences.
Proposal 3: Delay-Doppler shifted m-sequences shall be the preferred sequence type for NR PRACH for large cells.
Observation 6: For a 30 GHz carrier frequency, in case of 120 kHz SCS we have about 1.5-2 dB higher MCL compared to 240 kHz SCS.
Proposal 4:  The preferred PRACH subcarrier spacing at 30 GHz carrier frequency shall be 120 kHz.
Related to RACH resource configuration and RACH allocation index, the following proposals and observation were made:
Proposal 5: Consider the following definitions:
· RACH Burst = Set of RACH Occasions allocated consecutively in time domain.
· RACH Burst Set = Set of RACH Bursts to enable full RX sweep.

Observation 7: A RACH occasion, on which a RACH preamble format is transmitted can vary in duration depending on the deployment scenario. Consequently, the number of RACH occasions per UL slot, or per UL-centric bidirectional slot can vary.
Observation 8: To support the diverse scenarios RACH needs to handle one or multiple frequency bands could be allocated to RACH in an UL slot or UL bidirectional slot carrying RACH.
Observation 9: The rate at which UL slots or UL-centric bidirectional slots are allocated for RACH transmission can vary depending on the deployment scenario.
Observation 10: There can be different number of RACH occasions than SS blocks or cell-specific CSI-RS to which PRACH resources may be associated.
Proposal 6: RACH occasions can be allocated to uplink slots and to uplink-centric bidirectional slots.
Proposal 7: Multiple RACH occasions can be allocated consecutively in an uplink slot or an uplink-centric bidirectional slot, which can be referred to as a RACH slot.
Proposal 8: The RACH configuration index identifies:
1. The UL slots, or UL-centric bidirectional slots allocated to RACH.
2. The rate of occurrence of RACH slots.
3. The number of RACH occasions per RACH slot per RACH frequency band.
4. RACH preamble format including the number of RACH OFDM symbols per RACH preamble, the number of RACH preambles per RACH preamble format and the CP length.
5. The number of RACH frequency bands per RACH slot.
Proposal 9: Support SS block to PRACH resource association.
Proposal 10: Support beam specific RS, e.g. cell specific CSI-RS, to PRACH resource association.  
Proposal 11: Support at least the following parameter categories:
- PRACH preamble format parameters
- RACH Burst set parameters
- Parameters related to association between PRACH preambles and downlink RSs, and between PRACH preambles and SS blocks.
Related to RACH message 3 waveform, the following proposals where made:
Proposal 12: Network decides and signals to UE which one of CP-OFDM and DFT-S-OFDM based waveform to use for RACH message 3.
Proposal 13: Network signals waveform for RACH message 3 in SI as part of RACH parameters.
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Appendix A: RACH Preamble Formats
In this appendix, we give examples of RACH preamble formats, with the following assumptions:
· For Formats A to F, each PRACH burst will have a size of 30720 samples (14 symbols) (the actual duration scales with numerology), for example for 15 KHz SCS the PRACH burst length is 1 ms, … for 120 KHz SCS the RACH burst length is 0.125 ms. 
· For Formats G to I, each preamble burst will have a size of 15360 samples (7 symbols). The actual duration scales with numerology.
· For Format J, each preamble occasion will have a size of 2 ms, this doesn’t scale with numerology. The number of samples in Table 10 assumes 15 KHz numerology.
· For Format K, each preamble occasion will have a size of 3 ms, this doesn’t scale with numerology. The number of samples in Table 10 assumes 15 KHz numerology,

Table 10 shows examples of different RACH preamble formats.
[bookmark: _Ref471392375]Table 10:RACH preamble formats with field durations in units of Ts (sample duration).
	
	N
	M
	CP length
	Sequence
	Symbol Group length
	Length of Symbol Groups
	GT

	Format A
	1
	13
	288
	2048
	2336
	30368
	352

	Format B
	1
	12
	472
	2048
	2520
	30240
	480

	Format C
	2
	6
	864
	2048
	4960
	29760
	960

	Format D
	4
	3
	1536
	2048
	9728
	29184
	1536

	Format E
	14
	1
	1024
	2048
	29696
	29696
	1024

	Format F
	13
	1
	2048
	2048
	28672
	28672
	2048

	Format G
	1
	6
	432
	2048
	2480
	14880
	480

	Format H
	2
	3
	768
	2048
	4864
	14592
	768

	Format I
	6
	1
	1536
	2048
	13824
	13824
	1536

	Format J
	1
	1
	21024
	24576
	45600
	45600
	15840

	Format K
	2
	1
	21024
	24576
	70176
	70176
	21984



For example, in case, of 15 KHz SCS, the length of each field (in usec) is as given in Table 11.
[bookmark: _Ref471392620]Table 11: RACH Preamble Formats A-I for 15 kHz SCS and J-K for 1.25 kHz, with field durations in units of usec.
	
	N
	M
	CP length
	Sequence
	Symbol Group length
	Length of Symbol Groups
	GT

	Format A
	1
	13
	9.4
	66.7
	76.0
	988.5
	11.5

	Format B
	1
	12
	15.4
	66.7
	82.0
	984.4
	15.6

	Format C
	2
	6
	28.1
	66.7
	161.5
	968.8
	31.2

	Format D
	4
	3
	50
	66.7
	316.7
	950
	50

	Format E
	14
	1
	33.3
	66.7
	966.7
	966.7
	33.3

	Format F
	13
	1
	66.7
	66.7
	933.3
	933.3
	66.7

	Format G
	1
	6
	14.1
	66.7
	80.7
	484.4
	15.6

	Format H
	2
	3
	25
	66.7
	158.3
	475
	25

	Format I
	6
	1
	50
	66.7
	450
	450
	50

	Format J
	1
	1
	684
	800
	1484
	1484
	516

	Format K
	2
	1
	684
	800
	2284
	2284
	716



The maximum cell radius is a function of the RACH search window, this depends on the CP/GT length, as well as the link budget analysis, which will determine how many RACH OFDM symbol repetitions are required. The maximum cell radius (in meters) as determined by the RACH search window is given by Table 12.
[bookmark: _Ref471392664]Table 12: Cell radius (in units of meters) for different RACH preamble formats and subcarrier spacing (assuming a 10% delay spread for cells less than 10 Km).
	SCS
	15K
	30K 
	60K
	120K

	Format A
	1278
	639
	320
	160

	Format B
	2095
	1048
	524
	262

	Format C
	3835
	1918
	959
	479

	Format D
	6818
	3409
	1705
	852

	Format E
	4545
	2273
	1136
	568

	Format F
	9091
	4545
	2273
	1136

	Format G
	1918
	959
	479
	240

	Format H
	3409
	1705
	852
	426

	Format I
	6818
	3409
	1705
	852

	Format J
	Only SCS 1.25 KHz is supported cell radius 77.3 Km

	Format K
	Only SCS 1.25 KHz is supported cell radius 102.7 Km



We consider that with the above combinations of preamble formats and SCS, we can cover different deployment scenarios and carrier frequencies. The ultra-long coverage cells, will require using a lower SCS as already mentioned. 
Appendix B Preamble Sequence Design
B.1	Agreed Simulation Assumptions

	
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model
	CDL-C, AWGN

	Delay Scaling
	100 ns
	30 ns

	Circular Angle Spread at BS after angle scaling (including subrays)
	ASD: values from sec. 7.7.5.1 in 38.900
ZSD: 1°
	ASD: values from sec. 7.7.5.1 in 38.900
ZSD: 1°

	Circular Angle Spread at UE after angle scaling (including subrays)
	ASA: values from sec 7.7.5.1 in 38.900
ZSA: 5°
	ASA: values from sec. 7.7.5.1 in 38.900
ZSA: 5°

	Circular Mean Angle at BS after angle scaling (including subrays)
	Uniformly distributed
AoD: [-30°,30°]

	Circular Mean Angle at UE after angle scaling (including subrays)
	Uniformly distributed
AoA: [-30°,30°]

	Antenna Configuration at BS
	(M,N,P) = (1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW = 65° in elevation and azimuth, directivity gain 8dB), (dV,dH)=(0.5,0.5) λ

	Mechanical downtilt at BS
	0°

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(1,1,2) with omni-directional antenna element

	Antenna port virtualization
	No beamforming and no beam selection
	One 2D beam generated by the Kronecker product of 2 weights, consisting of 4 beams in vertical plane and 8 beams in horizontal plane

	Frequency Offset
	0.05 ppm at TRP , 0.1 ppm at UE

	UE speed
	3 km/h, 120 km/h
	3 km/h

	Initial timing Offset
	Preamble format 0: Uniformly distributed [0,100s] i.e. assuming a maximum cell radius of 14.4 km.
Preamble format 4: Uniformly distributed [0,10s] i.e. assuming a maximum cell radius of 1.4 km.
For other formats both values should be simulated, [0 100]us and [0 10]us
	Two different values to be used:
Uniformly distributed in [0 5]us and [0 2.5]us

	Preamble Detector
	Each company should provide details on used algorithm

	FFT size
	2048

	Sampling Frequency
	30.72 MHz

	T_SEQ
	24576

	T_CP
	3158





B.2	PAPR and CM Calculations for RACH Sequences
B.2.1	ZC length 839

[image: ][image: ]
Figure 27: PAPR and CM as function of the logical root sequence index for ZC with sequence length 839. Black dashed line is for the average and the red line indicates the CM=1.2 threshold.
[image: ][image: ]
Figure 28: CDF for PAPR and CM index for ZC with sequence length 839.
B.2.2		ZC length 139
[image: ][image: ]
Figure 29: PAPR and CM as function of the logical root sequence index for ZC with sequence length 139. Black dashed line is for the average and the red line indicates the CM=1.2 threshold.
[image: ][image: ]
Figure 30: CDF for PAPR and CM index for ZC with sequence length 139.
B.2.3		ZC length 71
[image: ][image: ]

Figure 31: PAPR and CM as function of the logical root sequence index for ZC with sequence length 71. Black dashed line is for the average and the red line indicates the CM=1.2 threshold.
[image: ][image: ]
Figure 32: CDF for PAPR and CM index for ZC with sequence length 71.

B.2.4		M-sequence length 511
Logical to physical index mapping is pairwise such that the sum of the physical indices in one pair is equal 511. No further index arrangement performed.

[image: ][image: ]
Figure 33: PAPR and CM as function of the logical root sequence index for delay-Doppler shifted m-sequence with sequence length 511. Black dashed line is for the average and the red line indicates the CM=1.2 threshold.
[image: ][image: ]
Figure 34: CDF for PAPR and CM index for delay-Doppler shifted m-sequence with sequence length 511.

B.2.5		M-sequence length 1023
Logical to physical index mapping is pairwise such that the sum of the physical indices in one pair is equal 1023. No further index arrangement performed.


[image: ][image: ]
Figure 35: PAPR and CM as function of the logical root sequence index for delay-Doppler shifted m-sequence with sequence length 1023. Black dashed line is for the average and the red line indicates the CM=1.2 threshold.
[image: ][image: ]
Figure 36: CDF for PAPR and CM index for delay-Doppler shifted m-sequence with sequence length 1023.

B.3	Link-Level Simulation Results for Cases Nokia_2 ,Nokia_3, Nokia_4, Nokia_5 (with 100us timing offset) and Nokia_7
Nokia_2, UE speed = 3 km/h
[image: ][image: ]
Figure 37: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 38: Timing Estimation Error at 0 dB SNR.
Nokia_2, UE speed = 120 km/h
[image: ][image: ]
Figure 39: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 40: Timing Estimation Error at 0 dB SNR.

Table 13: MCL calculation NOKIA_2 case.
[image: ]

Nokia_3, UE speed = 3 km/h
[image: ][image: ]
Figure 41: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 42: Timing Estimation Error at 0 dB SNR.
Nokia_3, UE speed = 120 km/h
[image: ][image: ]
Figure 43: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 44: Timing Estimation Error at 0 dB SNR.


Table 14: MCL calculation NOKIA_3 case.
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Nokia_4 with 10us timing offset
[image: ][image: ]
Figure 45: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 46: Timing Estimation Error at 0 dB SNR.
Nokia_4 with 100us timing offset
[image: ][image: ]
Figure 47: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 48: Timing Estimation Error at 0 dB SNR.

Table 15: MCL calculation NOKIA_4 case.
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Nokia_5 with 100us timing offset
[image: ][image: ]
Figure 49: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 50: Timing Estimation Error at 0 dB SNR.


Nokia_7
[image: ] [image: ]
Figure 51: Left: False Alarm Probability. Right: Missed detection Probability.
[image: ]
Figure 52: Timing Estimation Error at 0 dB SNR.
Table 16: MCL calculation NOKIA_7 case.
[image: ]

B.3	Link-Level Simulation Results for AWGN Channel
We show here the missed detection performance results for an AWGN channel for the different Nokia cases. The UE speed for AWGN is equal 0. Results obtained including transmission timing offsets and including center frequency offsets.
Nokia_1
[image: ]
Figure 53: Missed detection probability for case with 4 GHz carrier, 15 kHz SCS and ZC sequence of length 71.
Nokia_2
[image: ]
Figure 54: Missed detection probability for case with 4 GHz carrier, 30 kHz SCS and ZC sequence of length 71.
Nokia_3
[image: ]
Figure 55: Missed detection probability for case with 4 GHz carrier, 60 kHz SCS and ZC sequence of length 71.

Nokia_4
[image: ]
Figure 56: Missed detection probability for case with 4 GHz carrier, 1.25 kHz SCS and m-sequence of length 511.


Nokia_5
[image: ]
Figure 57: Missed detection probability for case with 4 GHz carrier, 1.25 kHz SCS and m-sequence of length 1023.

Nokia_6
[image: ]
Figure 58: Missed detection probability for case with 30 GHz carrier, 120 kHz SCS and ZC sequence of length 71.


Nokia_7

[image: ]
Figure 59: Missed detection probability for case with 30 GHz carrier, 240 kHz SCS and ZC sequence of length 71.
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