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1. 	Introduction
At RAN #82 meeting, two-step RACH was approved as a new WI for NR Rel-16, which involves both RAN1 and RAN2 efforts to specify contention-based random access procedures applicable to both licensed and unlicensed spectrum [1].
In RAN1 #96 meeting, the following agreements were made on the channel structure for two-step RACH [2]:
Agreements:
· PUSCH occasion for 2-step RACH is defined as
· the time-frequency resource for payload transmission
· Consider the following methods for PUSCH occasion of msgA transmission:
· Opt 1: PUSCH occasions are separately configured from PRACH occasions
· For one PUSCH occasion, it is derived based on:
· Alt 1: reuse the resource allocation for NR configured grant in principle
· Alt 2: other potential configurations (e.g., reuse semi-static SFI + BWP,  reuse PRACH RO, etc.)
· FFS detailed association rule between the PRACH and PUSCH for msgA transmission
· Opt 2: Specify/configure the relative location (in time and/or frequency) of the PUSCH occasion with respect to the associated PRACH occasion
· Alt 1: Time/frequency relation between PRACH preambles in PRACH occasion(s) and PUSCH occasions are single specification fixed value.
· Alt 2: Time/frequency relation between each PRACH preamble in PRACH occasion(s) to the PUSCH occasion is single specification fixed value. Different preambles in different PRACH occasions can have different values.
· Alt 3: Time/frequency relation between PRACH preambles in PRACH occasion(s) and PUSCH occasions are single semi-statically configured value.
· Alt 4: Time/frequency relation between each PRACH preamble in PRACH occasion(s) to the PUSCH occasion is semi-statically configured value. Different preambles in different PRACH occasions can have different values.
· Note: The time and frequency relation is not required to be the same alternative.
· FFS detailed mapping between preamble and PUSCH resource + DMRS
Agreements:
· Both DFT-s-OFDM and CP-OFDM are supported for the payload transmission in msgA
· FFS how to indicate/configure the waveform 
· Consider the following numerology for msgA PUSCH (for possible down-selection)
· Alt 1: ​follow the numerology configured for the UL BWP
· FFS initial vs. active UL BWP
· Alt 2:  same as msgA preamble numerology at least for some cases
· E.g., when short preamble is used (L=139)
In this contribution, we will discuss the remaining issues for message A (msgA) and message B (msgB) channel structure design. The procedures related to two-step RACH are discussed in a companion paper [3].


2. 	Discussion
2.1	Overview of Two-Step RACH 


Figure 1:  Example of Two-Step RACH 

Table 1: Physical Signals and Channels Used by Two-Step RACH
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Figure 1 shows an example of contention-based two-step RACH procedure.
· Before starting two-step RACH, UE receives and processes SSB/SIB/RS from the serving gNB. The configuration information for two-step RACH is carried by system information (SI). 
· Based on the configuration information for two-step RACH as well as the contents of message A (msgA), UE will select a RACH preamble occasion (RO) and PUSCH occasion (PO), and transmit the preamble and payload on the selected RO and PO, respectively.
· After receiving msgA, gNB will process the preamble first.
· If the msgA preamble can be successfully detected, gNB will continue processing the payload of msgA. After that, a message B (msgB) will be transmitted to the two-step RACH UE within the RAR window. The contents of msgB depend on the decoding outcome of msgA:
· If the payload of msgA can be successfully decoded, msgB will include at least the contention resolution information (e.g. a unique UE identifier).
· If the payload of msgA cannot be decoded, msgB will include at least the RAPID and an UL grant for retransmitting the msgA payload.
· If the msgA preamble fails to be detected, gNB will not transmit anything to the two-step RACH UE. 
· The re-transmission of msgA can be triggered by the expiration of RAR window.
Table 1 lists the physical signals and channels used by msgA and msgB, as well as the contents of each message. According to the scope of the WI [1], msgA will re-use the PRACH/PUSCH/DMRS specified in NR Rel-15 [4]; while msgB transmission will consider the PDCCH/PDSCH/DMRS specified in NR Rel-15 for msg2/msg4 of a four-step RACH procedure [4]. 
In the following sections, we will discuss the general channel structure and design considerations for msgA, including:
· configuration for preamble occasion (RO) and preamble format; 
· configuration for PUSCH occasion (PO), waveform, BWP, MCS and payload size; 
· mapping between preamble and DMRS/PUSCH.  
Design considerations for msgB are discussed briefly in the end of this contribution.

2.2 	General Channel Structure for msgA
A general channel structure for msgA is shown in Figure 2, which is applicable to both licensed spectrum (FR1 and FR2) and unlicensed spectrum (FR1). 
· The preamble and payload of msgA are TDMed [1], which are transmitted within pre-configured RO and PO, respectively.
· [bookmark: _Hlk1039531]A transmission gap (TxG) with configurable time duration, say , can be inserted between the preamble and the payload. For low latency use cases, TxG can be waived by setting  For NR-U applications, the configuration of TxG will depend on the LBT mechanism specified in NR Rel-16. Further details for NR-U specific design can be found in our companion paper [12].
· Depending on the payload size, MCS and slot format, the bandwidth of RO and PO can be the same or different.
· To mitigate the ISI and ICI incurred by asynchronous transmission of msgA payload, the inclusion of a guard time (GT) and a guard band (GB) is helpful.
· To support contention-based msgA transmission without a valid TA, timing adjustment for msgA payload can be performed by gNB and/or UE. Examples of msgA transmission timeline, without or with UE assisted timing adjustment, are shown in Figures 3-5, respectively.
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Figure 2: General Channel Structure of msgA
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[bookmark: _Hlk1147160]Figure 3: Transmission Timeline for msgA without UE Side Timing Adjustment
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[bookmark: _Hlk4520548]Figure 4: Transmission Timeline for msgA with UE Side Timing Adjustment for Preamble and Payload
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Figure 5: Transmission Timeline for msgA with UE Side Timing Adjustment for Payload Only

Therefore, we have the following observation and proposals: 
Observation 1: Two-step RACH can be supported for all cell sizes. Specifically,
· for small cell sizes, Tadj = 0 is sufficient;
· for large cell sizes:
· Tadj = 0 can be used as long as a sufficient gap is allowed for gNB to process the preamble for timing offset estimation and then use that information for PUSCH demodulation;
· Tadj ~= RTT can be used in the case of UE assistance (e.g., tracking timing related changes relative to last valid TA)
· UE-assisted timing adjustment can be applied to both preamble and payload of msgA, or to the payload part only.

Proposal 1:  To support two-step RACH operation in both licensed spectrum (FR1 and FR2) and unlicensed spectrum (FR1), with or without a valid timing advance, the channel structure of msgA should include a preamble, a payload, as well as a transmission gap with configurable duration.

2.2.1 Considerations for msgA Preamble Transmission

Table 2:  Parameters of Long PRACH Preambles Specified in NR Rel-15 [4]
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Table 3:  Parameters of Short PRACH Preambles Specified in NR Rel-15, where  [4]
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According to the scope and objectives of the WI [1], two-step RACH will be applied to any cell size supported in NR Rel-15, regardless whether the UE has a valid timing advance (TA) or not. Tables 2-3 list the parameters of the long and short PRACH preambles specified in NR Rel-15, respectively [4].
For a RO specified in NR Rel-15, 64 PRACH preamble sequences are shared by contention-based random access (CBRA) and contention-free random access (CFRA). To support both two-step RACH and four-step RACH, separate or shared RO can be configured for two-step RACH. When a RO is shared between different types of CBRA procedures, i.e. two-step RACH and four-step RACH, the pool of preamble sequences can be partitioned into mutually exclusive subsets for different RACH procedures.
Therefore, we have the following observation:
Observation 2:  Two-step RACH should support preamble formats specified in NR Rel-15 for both large cells and small cells. Specifically, 
· Cell Radius 
· NR PRACH preamble formats 0 to 3 (Table 2) will be used to support  and carrier frequency at 700 MHz (or lower). 
· For payload of msgA, 15 kHz SCS will be used; for preamble of msgA, smaller SCS (1.25 kHz or 5 kHz) will be used.
· To evaluate the link budget of msgA preamble/payload, the pathloss model used in [6] for rural deployment can be considered.
· Cell Radius < 10 km
· NR PRACH preamble formats A/B/C (Table 3) will be used, which support  and carrier frequencies in FR1 or FR2.
· Same SCS () will be used for the preamble and payload of msgA. 
· To evaluate the link budget of msgA preamble/payload, the pathloss model used in [7] for RMa/UMa/UMi/Indoor deployment can be considered.

2.2.2 Considerations for msgA Payload Transmission
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Figure 6:  Block Diagram for msgA Transmission

Figure 6 shows a block diagram for msgA transmission. Different from msg3 transmission in four-step RACH, neither UL grant nor TC-RNTI will be assigned for a two-step RACH UE. Therefore, a modified RNTI can be used to initialize the bit level scrambling sequence of msgA PUSCH in any RRC state, which can be defined as a function of RA-RNTI and sequence index of preamble/DMRS, i.e.
 ,
where p_id and r_id denote the sequence index of preamble and DMRS, respectively; K1 and K2 are integers common to all two-step RACH UEs, and  represents the operation of truncating the inner variable to 16 bits.
Similar to the definition of RO, the time-frequency resources assigned for msgA payload transmission is defined as the PUSCH occasion (PO) [2].  In addition, it has been agreed that both DFT-s-OFDM and CP-OFDM waveform will be supported for msgA payload transmission [2]. 
Based on the use cases of two-step RACH, the contents of msgA can include UL CCCH message, small UP data and UCI piggyback [1, 8-10]. As a result, for UE in different RRC states, the payload size of msgA can range from a few bytes to a few hundred bytes. To illustrate, Figure 7 shows the spectral efficiency (per UE) for different payload size and PO size. In this example, we assume the DMRS overhead is 1/7, and a PO spans 12 PUSCH symbols in time domain.
· For a small payload size of 9 bytes (plus 16-bit CRC), 2 or 3 PRBs are sufficient for spectral efficiency of 0.2~ 0.3 bit/symbol.
· For larger payload size of 125 bytes (plus 16-bit CRC), 15 PRBs are needed for spectral efficiency of 0.5 bit/symbol, and 8 PRBs are sufficient for higher spectral efficiency of 1 bit/symbol.
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Figure 7:  Resource Size Considerations for Different Payload Size
Due to the bursty traffic pattern and the nature of contention-based random access, it is inefficient to dedicate one PO to a single UE. To improve the spectral efficiency, one PO can be shared by UEs with similar payload size, MCS and waveform. To accommodate different payload size, MCS and waveform, multiple POs can be configured within a RO period, which can be grouped into DMRS/PUSCH resource set with distinctive payload size/MCS/waveform.
When multiple ROs and POs are configured within a transmission period of msgA, the preamble and DMRS sequences from multiple ROs and POs can be aggregated into larger pools of size M and Q, respectively. The preamble and DMRS sequences within the aggregated pool can be ordered and indexed. Figure 8 shows the mapping relationship between indexed preamble sequence (Sm) and DMRS sequence (Dq), which can be one-to-one (M=Q), one-to-many (Q=ML, L>1) and many-to-one (M=QK, K>1). Moreover, Figure 9 shows the average collision probability of preamble/DMRS based on random selection, which indicates the probability of collision is determined by the smaller pool size of preamble and DMRS sequences. 
To summarize, we have the following observation and proposals on the configuration and indication of waveform/payload size/MCS for msgA payload transmission:
[bookmark: _Hlk4696346]Observation 3:  Two-step RACH can operate in any RRC state. Different payload size, waveform and MCS can be specified for different RRC state and mapped to different PO.
Proposal 2: For msgA transmission, the following designs should be supported:
· a minimum payload size of 7 or 9 bytes can be supported by DFT-s-OFDM waveform and low MCS; maximal payload sizes up to a few hundred bytes can be supported by higher MCS;
· for msgA transmission in any RRC state, modified RNTI can be used to initialize the bit level scrambling sequence of PUSCH, which can be defined as a function of RA-RNTI and the sequence index of preamble/DMRS;
· initial UL BWP can be used for msgA transmission in RRC_IDLE/RRC_INACTIVE state, or RRC re-establishment in RRC_CONNECTED state;
· active UL BWP can be configured for msgA transmission in RRC_CONNECTED state except for RRC re-establishment;
· feasible choices of MCS and payload size for msgA payload should be evaluated and specified in NR Rel-16;
· multiple POs can be configured per RO period, to accommodate different MCS, payload size and waveform;
· multiple two-step RACH UEs can share the same PO, if their msgA transmissions use similar MCS/waveform/payload size;
· resource allocation for PO can be specified relative to RO, by semi-statically or dynamically configured offsets in time and/or frequency domain;
· the association between preamble sequences and DMRS/PUSCH resources can be based on one-to-one, one-to-many or many-to-one mapping, and the mapping rule can be indicated by SI or RRC signalling;
· the configurations and resource allocations of RO and PO need to be balanced to achieve a good trade-off in resource utilization efficiency and collision probability reduction.
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Figure 8: Preamble Pool () to DMRS Pool () Mapping
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Figure 9:  Collision Probability of Preamble or DMRS Random Selection for msgA (CBRA)


2.3	Design Considerations for msgB
After the transmission of msgA, the two-step RACH UE will monitor msgB within a pre-configured RAR window. The window configuration information is broadcast in SI. A general channel structure for msgB is shown in Figure 10.
Since multiple UEs can be multiplexed on the same RO/PO for msgA transmission, msgB can carry the RAR PDU and MAC CE of contention resolution identities for multiple UEs [1, 11]. As an option, msgB can also carry DL CCCH or DCCH messages for one or multiple UEs [11].  

[image: ]
Figure 10:  General Channel Structure of msgB

Proposal 3: The design for msgB should accomplish at least the following goals:
· complete RACH procedure when both preamble and payload of msgA are correctly detected;
· request re-transmission of msgA payload on granted resources if msgA preamble detection is successful but msgA payload decoding fails.

3.	Conclusions
In this contribution, the general channel structure of two-step RACH, which targets both licensed spectrum (FR1 and FR2) and unlicensed spectrum (FR1), has been discussed. To conclude, we have the following observations and proposals:
Observation 1: Two-step RACH can be supported for all cell sizes. Specifically,
· for small cell sizes, Tadj = 0 is sufficient;
· for large cell sizes:
· Tadj = 0 can be used as long as a sufficient gap is allowed for gNB to process the preamble for timing offset estimation and then use that information for PUSCH demodulation;
· Tadj ~= RTT can be used in the case of UE assistance (e.g., tracking timing related changes relative to last valid TA)
· UE-assisted timing adjustment can be applied to both preamble and payload of msgA, or to the payload part only.

Observation 2:  Two-step RACH should support preamble formats specified in NR Rel-15 for both large cells and small cells. Specifically,
· Cell Radius 
· NR PRACH preamble formats 0 to 3 (Table 2) will be used to support  and carrier frequency at 700 MHz (or lower). 
· For payload of msgA, 15 kHz SCS will be used; for preamble of msgA, smaller SCS (1.25 kHz or 5 kHz) will be used.
· To evaluate the link budget of msgA preamble/payload, the pathloss model used in [6] for rural deployment can be considered.
· Cell Radius < 10 km
· NR PRACH preamble formats A/B/C (Table 3) will be used, which support  and carrier frequencies in FR1 or FR2.
· Same SCS () will be used for the preamble and payload of msgA. 
· To evaluate the link budget of msgA preamble/payload, the pathloss model used in [7] for RMa/UMa/UMi/Indoor deployment can be considered.

Observation 3:  Two-step RACH can operate in any RRC state. Different payload size, waveform and MCS can be specified for different RRC state and mapped to different PO.

Proposal 1:  To support two-step RACH operation in both licensed spectrum (FR1 and FR2) and unlicensed spectrum (FR1), with or without a valid timing advance, the channel structure of msgA should include a preamble, a payload, as well as a transmission gap with configurable duration.

Proposal 2: For msgA transmission, the following designs should be supported:
· a minimum payload size of 7 or 9 bytes can be supported by DFT-s-OFDM waveform and low MCS; maximal payload sizes up to a few hundred bytes can be supported by higher MCS;
· for msgA transmission in any RRC state, modified RNTI can be used to initialize the bit level scrambling sequence of PUSCH, which can be defined as a function of RA-RNTI and the sequence index of preamble/DMRS;
· initial UL BWP can be used for msgA transmission in RRC_IDLE/RRC_INACTIVE state, or RRC re-establishment in RRC_CONNECTED state;
· active UL BWP can be configured for msgA transmission in RRC_CONNECTED state except for RRC re-establishment;
· feasible choices of MCS and payload size for msgA payload should be evaluated and specified in NR Rel-16;
· multiple POs can be configured per RO period, to accommodate different MCS, payload size and waveform;
· multiple two-step RACH UEs can share the same PO, if their msgA transmissions use similar MCS/waveform/payload size;
· resource allocation for PO can be specified relative to RO, by semi-statically or dynamically configured offsets in time and/or frequency domain;
· the association between preamble sequences and DMRS/PUSCH resources can be based on one-to-one, one-to-many or many-to-one mapping, and the mapping rule can be indicated by SI or RRC signalling;
· the configurations and resource allocations of RO and PO need to be balanced to achieve a good trade-off in resource utilization efficiency and collision probability reduction.

Proposal 3: The design for msgB should accomplish at least the following goals:
· complete RACH procedure when both preamble and payload of msgA are correctly detected;
· [bookmark: _GoBack]request re-transmission of msgA payload on granted resources if msgA preamble detection is successful but msgA payload decoding fails.
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Preamble Format L SCS [kHz] BW [MHz] CP [ms] GT [ms] Total Length [ms]
0 839 1.25 1.08 0.103 0.097 1
1 839 1.25 1.08 0.684 0.716 3
2 839 1.25 1.08 0.153 0.147 35
3 839 5 4.32 0.103 0.097 1
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