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[bookmark: _Ref178064866]Introduction
This paper discusses msgA channel structure for 2-step RACH [1]. The structure of PUSCH occasions is investigated, considering how different PUSCH occasion sizes can be supported and how multiple msgA PUSCHs can be multiplexed in time and frequency. Furthermore, how the preambles are mapped to the PUSCH resource units and how the SSBs are mapped to time domain PUSCH occasions is discussed. Finally, how the waveform for msgA PUSCH is assigned, how the numerology is set for PUSCH and PRACH, and how RNTI is determined for msgA and msgB are considered. Use cases and scenarios to target the msgA design toward are discussed in a companion paper [2]. The link level performance of PUSCH RUs using different DMRS ports and scrambling is discussed in [3].
msgA structure
One of the key requirements for msgA structure is that it supports low latency. In both licensed and unlicensed operation in NR-U, this is enabled by minimizing the duration of PRACH and PUSCH components of msgA. However, for NR-U, one of the main benefits of the 2-step RACH is the reduced need of listen-before-talk (LBT) operations compared to the 4-step RA procedure. In case msgA would need two LBTs, much of the benefit of the 2-step RACH would disappear. Therefore, it is of vital importance that msgA can be transmitted using only one LBT, i.e. that there is no gap between PRACH and PUSCH longer than 16 µs.
Observations:
· For both licensed and unlicensed operation, msgA configurations should support transmission in as few symbols as possible to meet the lowest latency requirements.
· For NR-U, it is important that msgA can be transmitted using only one LBT, and therefore that there are no gaps within msgA longer than 16µs.
PUSCH occasion slot structure
In RAN1#96bis, the following agreements on the structure of msgA PUSCH were reached:

Agreements:
· One or more PUSCH occasion(s) within an msgA PUSCH configuration period are configured.
· FFS msgA PUSCH configuration period, e.g. 
· For opt. 1 with separate PUSCH configuration, msgA PUSCH configuration period may or may not be the same as PRACH configuration period
· For opt. 2 PUSCH configuration with relative location, msgA PUSCH configuration period is the PRACH configuration period
Agreements:
· PUSCH resource unit for 2-step RACH is defined as
· The PUSCH occasion and DMRS port / DMRS sequence used for an msgA payload transmission.
· FFS support only one or both of DMRS port / DMRS sequence 
· The DMRS sequence generation mechanism should follow Rel.15.

These agreements made further progress on high level time domain structure of msgA PUSCH: a msgA PUSCH configuration period was defined, and a set of PUSCH occasions (POs) were agreed to be formed from PUSCH resource units (PRUs), where each PRU in a PO is associated with a DMRS port and/or a DMRS sequence. However, a number of questions remain:  
· What is the time frequency structure of each PRU? How are the PRUs numbered in one or multiple PUSCH occasions?
· How many different PO sizes are there for a given msgA PUSCH transmission?
· How are POs associated with an RO multiplexed in time?
· How does a msgA PUSCH slot relate to a msgA PUSCH configuration period?

The PUSCH occasion time domain structure design can be motivated by the following observations:
· In contention-based operation, a UE will randomly select some msgA resources, and so it is necessary to define multiple PUSCH occasions that the UE is aware of, so it can do the selection. These resources will need to be within some limited number of symbols or slots, in order to bound the latency of the 2-step RACH procedure. This region in time that contains multiple PUSCH occasions might be termed a ‘msgA PUSCH slot’.
· In order to improve spectral efficiency and to allow different payload sizes, it is desirable to allow the PUSCH occasions to have different sizes.  
· Since it is more efficient from a channel estimation perspective as well as desirable for low UE PAPR each PUSCH occasion should occupy a contiguous set of subcarriers and OFDM symbols.
· Spectral efficiency can be further improved through MU-MIMO techniques, where PUSCHs colliding within a PUSCH occasion have different DMRS. The DMRS enable the gNB to form channel estimates for each of the interfering PUSCH, which then allows an MMSE-IRC receiver in sufficiently good radio conditions to successfully decode all the PUSCHs. This is now supported by PRUs, since UEs transmitting in different PRUs but the same PO can be received using MU-MIMO using the different DMRS associated with the PRUs.
The use of multiple msgA PUSCHs in a PUSCH occasion is illustrated in Figure 1 below. A msgA PUSCH slot starting at time and frequency at t0 and f0 is shown. Here, a PUSCH occasion can have one of 3 sizes occupying K=1, K=2, or K=4 PRBs and 7 OFDM symbols. Each PUSCH occasion is identified by its index ‘n’. Each PUSCH occasion contains 2 PUSCH resource units associated with a DMRS configuration (a DMRS port and/or a DMRS sequence initialization) shown as ‘DMRS0’ and ‘DMRS1’.
The figure also shows that each group of POs that are frequency division multiplexed together in an OFDM symbol is associated with an SSBs. This is so that a gNB can use the same RX beam for this group of POs as for a PRACH preamble that corresponds to the SSB. If an FDM’d PO group corresponds to multiple SSBs, a gNB that requires beam switching among the SSBs would not be able to receive the FDM’d group properly.
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Proposal:
· A set of resources containing multiple PUSCH occasions is defined (a ‘msgA PUSCH slot’), where:
· A msgA PUSCH slot occurs periodically and has a known length in symbols
· Each PUSCH occasion occupies a contiguous set of subcarriers and symbols
· Multiple PUSCH occasions in a msgA PUSCH slot can be in one OFDM symbol or in one subcarrier
· The PUSCH occasions can have different sizes, and a given PRB can contain PUSCH occasions with different sizes.
· UEs frequency division multiplexed in a set of OFDM symbols can correspond to an SSB
Preamble to PUSCH resource unit mapping
There is a working assumption that multiple preambles can be mapped to a PUSCH RU. One possible motivation for this is to save PUSCH resource overhead, since there can be 64 preambles in a RACH occasion, and reserving a PO for each preamble would require 64 PRBs, which is a substantial amount of overhead. However, the number of preambles could instead be set by the number of POs or PRUs, and only the subset of preambles could be used.
Another line of thinking could be that a gNB could separate two PRUs even though they use the same DMRS. This may be possible if the gNB uses the two different preambles to determine MMSE-IRC combining weights, rather than relying on DMRS for this purpose.  However, the need for another way for channel estimation seems mainly driven by the assumption that there are insufficient unique DMRS.  While there can be as few as 4 ports in some DMRS configurations, DMRS can have a nearly unlimited number of scrambling sequences.  Since the RACH preamble is associated with the DMRS, the number of DMRS configurations is limited by the desired number of RACH preambles rather than the DMRS overhead. 
In cases where larger payloads can be carried, it may be desirable to allow POs in a given msgA PUSCH slot to have different modulation and coding states.  In such cases, preambles could be mapped to the MCS states, avoiding the need for the gNB to blindly detect MCS states.  
Observations
· A multiple to one preamble to PUSCH RU mapping does not seem beneficial as a way to reduce PUSCH overhead
· The number of PUSCH RUs can match a subset, rather than the entirety, of preambles in an RO.
· While interference rejection via MMSE-IRC may be possible using distinct preambles when the antenna ports are the same, different scrambling IDs can serve the same purpose and make the PUSCH even more identifiable.
· Preambles can be used to convey MCS
Proposal
· If multiple preambles are mapped to one PUSCH resource unit, the preambles convey MCS 

In more detail, the following factors should be considered when numbering the PUSCH RUs:
· DMRS antenna ports and/or scrambling
· PUSCH occasions FDMed,
· PUSCH occasions TMDed
· PUSCH occasions for each PO size

And the mapping order can be as below:
· First by DMRS antenna ports and/or scrambling, then by frequency, then by PUSCH occasion size, then by time
Proposal:
· PUSCH RUs are ordered first by DMRS antenna ports and/or scrambling, then by frequency, then by PUSCH occasion size, then by time
A mapping order from the preamble to the PUSCH RUs can be as described below and in Figure 2:
· Step 1: Map to frequency of PUSCH RUs
· Preambles are first mapped to cyclic shifts, which can be orthogonal. So, preambles mapped to different frequency PUSCH RUs can be orthogonal, like the adjacent PUSCH RUs.
· Step 2: Map to antenna ports and/or DMRS scrambling of PUSCH RUs, 
· Preambles are secondly mapped to root indices, which are not orthogonal, like a PO mapped to different DMRS.
· Step 3: If M preambles are not mapped to each PUSCH RU, then go to step 1.
· Step 4: Map to the PUSCH RU (and PUSCH occasion) time/frequency size
· Multiple PUSCH RU sizes should be able to correspond to an SSB
· Step 5: Map to the OFDM symbol(s) containing the PUSCH
· Different SSBs can map to different PUSCH symbols
Proposal:
· Use the above five-step procedure to map preambles to PUSCH resource units in a predetermined order 
As is shown in Figure 2, preambles in a first RACH occasion map to SSB0 and SSB1, while those in a second RACH occasion map to SSB2 and SSB3. Since there are 14 PRUs per SSB, and 2 PRACHs are mapped to each PRU, 28 preambles are needed for each SSB. Therefore only 56 out of 64 preambles in a RACH occasion is needed to support the msgA PUSCH slot example below. It can be observed that an integer number of preambles can’t be mapped to the 14 PRUs such that there are 64 preambles. Therefore, a mechanism is needed to map a subset of preambles in a RACH occasion to PRUs.
At one time instant, the PUSCH occasions for one size can overlap with PUSCH occasions for another size, or alternatively, PUSCH occasions for different sizes can be separated in frequency domain.


 Figure 2 
PUSCH occasion configuration
According to current agreements, two options for configuring PUSCH occasions are available: PUSCH occasions are separately configured (‘Option 1’) and may have different configuration period from the RACH occasions, or PUSCH occasions are configured relative to a RACH occasion and have the same configuration period (‘Option 2’). Option 2 has 4 variants, the most flexible of which is:
· 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.
Figure 3Figure 2 below illustrates two RACH occasions in one PRACH slot mapped to two msgA PUSCH slots. The two msgA PUSCH slots together form a msgA PUSCH configuration period over which POs can correspond to 4 SSBs. The delay from preambles in the first RO to SSB0 and SSB1 are shown as  and , respectively, while those in the second RO to SSB2 and SSB3 are  and , respectively.  Since  (and ) the requirement in Alt. 4 above to have one semi-statically configured value between each preamble in a RO with the PO cannot be met.  Therefore, either a new alternative within Option 2 should be defined, or Option 1 should be used.  Such a decision should be made after the PUSCH occasion designs have settled further, to avoid unintended impacts on the PUSCH occasion structure.
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Observations
· Mapping multiple RACH occasions in a RACH slot to PUSCH occasions allows better use of the RACH slot.
· When PUSCH occasions that correspond to a RACH occasion are TDM’d, the delay of the PUSCH occasions from the RACH occasion varies with the PUSCH occasion.
Proposals
· Different ROs in one PRACH slot can map to different msgA PUSCH slots
· Defer decisions on whether ROs and POs are separately configured or not until the structure of PUSCH occasions is more clear.
· Including how POs can be TDM’d in a msgA PUSCH slot, how many ROs in a PRACH slot can map to different msgA PUSCH slots, and the structure of a msgA PUSCH configuration period.
PUSCH waveform
In RAN1 #96, below agreements were made on the waveform of the msgA.
Agreements:
· Both DFT-s-OFDM and CP-OFDM are supported for the payload transmission in msgA
· FFS how to indicate/configure the waveform 
For the signaling of the waveform, in NR release 15, msg3-transformPrecoder was included in RACH-ConfigCommon IE to signal the waveform used for msg3 in 3GPP TS 38.331 V15.4.0. So, similarly, a msgA-transformPrecoder can be included in the same IE to indicate the waveform of the msgA PUSCH for 2-step RA.
Proposal: 
· Signal whether transform precoding is enabled for msgA PUSCH in system information.
PUSCH and preamble numerology 
For the preamble of msgA, if the preambles are shared between 2-step and 4-step RA or they are in the same RACH occasion, they will need to have the same numerology to both occupy the RACH occasion. 

Regarding the msgA PUSCH numerology, in RAN1 #96b, below agreements were met.
Agreements:
· Support the PRACH and PUSCH for msgA transmission in different slots. In this case, the numerology for msgA PUSCH follow the numerology configured for the UL BWP for msgA transmission.
· FFS whether to support PRACH and PUSCH in the same slot for msgA transmission. If supported, down-select from the following option
· Opt 1: the numerology for msgA PUSCH follows that of msgA preamble
· Opt 2: gNB configure whether the numerology for msgA PUSCH follows that of msgA preamble or UL BWP 
· Opt 3: a UE is not expected to be configured with different numerology among PRACH preamble, msgA PUSCH and UL BWP for msgA transmission
· Note: in Rel.15 the PRACH and PUSCH transmitted in the same slot for a UE are not supported

From a gNB perspective, allowing the PUSCH and PRACH numerologies to be the same or different enables PRACH and PUSCH resource allocation flexibility to be traded off for reception complexity. As long as the signalling overhead is minimal (i.e. no more than a few bits carried in SIB1), maintaining this flexibility that is already available in Rel-15 seems reasonable. 
For the msgA PUSCH part, if the msgA PUSCH and msgA preamble part can be in the same slot, in this case the preamble will definitely use a short format, and the same numerology may be required between preamble and PUSCH part, i.e. option 1.
Thus, a separately configured numerology of the msgA PUSCH can be applied so that all the cases discussed above can be supported.

Proposals:
· The numerology of PRACH in 4-step RA is the same as that of the 2-step preambles. 
· Support a separately configured numerology of the msgA PUSCH.
RNTI for msgA/B
In the 2-step Random Access procedure, the main issue of how to assign RNTIs to msgA is that there is no TC-RNTI given to the UE prior to msgA transmission since the msgA is the first message of the procedure.
So it is needed to select an RNTI which can uniquely define the preamble id and PRACH occasion (equivalent to specific UE if no preamble collision) which is linked to the PUSCH transmission in msgA. And we have below proposal.
Proposal:
· [bookmark: _Toc3883642][bookmark: _Toc3883992][bookmark: _Toc3905081][bookmark: _Toc4164079][bookmark: _Toc4165354][bookmark: _Toc4438177][bookmark: _Toc4567740][bookmark: _Toc4574577][bookmark: _Toc7625538]The RNTI used for scrambling of msgA PUSCH should be based on the preamble id and the PRACH occasion.
One approach for fall back is that transmitting msgB can imply that msgA was received correctly by gNB, while a msg2 can indicate fallback to the 4-step procedure.  Therefore, it is advantageous for UE processing if the RNTI used for msgB cannot collide with the RA-RNTI used for msg2.
Proposal
· [bookmark: _Toc4438180][bookmark: _Toc4567743][bookmark: _Toc4574580][bookmark: _Toc7625541]A separate set of RNTIs are used for msgB so that the msgB can be differentiated from msg2.
Conclusion
In this contribution, we investigated the structure of PUSCH occasions, considering how different PUSCH occasion sizes can be supported and how multiple msgA PUSCHs can be multiplexed in time and frequency. Furthermore, how the preambles are mapped to the PUSCH resource units and how the SSBs are mapped to time domain PUSCH occasions was discussed. Finally, how the waveform for msgA PUSCH is assigned, how the numerology is set for PUSCH and PRACH, and how RNTI is determined for msgA and msgB were considered. We drew the observations below, leading to the following proposals. 
Observations:
· For both licensed and unlicensed operation, msgA configurations should support transmission in as few symbols as possible to meet the lowest latency requirements.
· For NR-U, it is important that msgA can be transmitted using only one LBT, and therefore that there are no gaps within msgA longer than 16µs.
· A multiple to one preamble to PUSCH RU mapping does not seem beneficial as a way to reduce PUSCH overhead
· The number of PUSCH RUs can match a subset, rather than the entirety, of preambles in an RO.
· While interference rejection via MMSE-IRC may be possible using distinct preambles when the antenna ports are the same, different scrambling IDs can serve the same purpose and make the PUSCH even more identifiable.
· Preambles can be used to convey MCS
· Mapping multiple RACH occasions in a RACH slot to PUSCH occasions allows better use of the RACH slot.
· When PUSCH occasions that correspond to a RACH occasion are TDM’d, the delay of the PUSCH occasions from the RACH occasion varies with the PUSCH occasion.
 Proposals:
· A set of resources containing multiple PUSCH occasions is defined (a ‘msgA PUSCH slot’), where:
· A msgA PUSCH slot occurs periodically and has a known length in symbols
· Each PUSCH occasion occupies a contiguous set of subcarriers and symbols
· Multiple PUSCH occasions in a msgA PUSCH slot can be in one OFDM symbol or in one subcarrier
· The PUSCH occasions can have different sizes, and a given PRB can contain PUSCH occasions with different sizes.
· UEs frequency division multiplexed in a set of OFDM symbols can correspond to an SSB
· If multiple preambles are mapped to one PUSCH resource unit, the preambles convey MCS 
· PUSCH RU is ordered in an order, first by DMRS antenna ports and/or scrambling, then by frequency, then by PUSCH occasion size, then by time
· Use the five-step procedure below to map preambles to PUSCH resource units.
· Step 1: Map to frequency of PUSCH RUs,
· Step 2: Map to antenna ports and/or DMRS scrambling of PUSCH RUs, 
· Step 3: If M preambles are not mapped to each PUSCH RU, then go to step 1,
· Step 4: Map to the PUSCH RU (and PUSCH occasion) time/frequency size, 
· Step 5: Map to the OFDM symbol(s) containing the PUSCH
· Different ROs in one PRACH slot can map to different msgA PUSCH slots
· Defer decisions on whether ROs and POs are separately configured or not until the structure of PUSCH occasions is more clear.
· Including how POs can be TDM’d in a msgA PUSCH slot, how many ROs in a PRACH slot can map to different msgA PUSCH slots, and the structure of a msgA PUSCH configuration period.
· Signal whether transform precoding is enabled for msgA PUSCH in system information.
· The numerology of 4-step RA preambles is the same as that of the 2-step RA preambles. 
· Support a separately configured numerology of the msgA PUSCH.
· The RNTI used for scrambling of msgA PUSCH should be based on the preamble id and the PRACH occasion.
· A separate set of RNTIs are used for msgB so that the msgB can be differentiated from msg2.
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PUSCH RU: {2},{3}

PO #1

PUSCH RU: {4},{5}

PO #2

PUSCH RU: {6},{7}

PO #3

PUSCH RU: {8},{9}

PO #4

PUSCH RU: {10},{11}

PO #5

PUSCH RU: {12},{13}

PO #6

PUSCH RU: {14},{15}

PO #7


image1.emf
msgA PUSCH slot

1

2

3

4

Frequency 

(PRBs)

OFDM Symbol #

PUSCH RU: {DMRS

0

},{DMRS

1

}

Example: 

 

Each PO is K={1, 2, or 4} PRBs x 7 

symbols

 

2 PUSCH RUs in 1 PO

 

Each PUSCH RU associated with 

one of two DMRS configurations

PUSCH Occasion

0

2

4

Frequency 

(PRBs)

0

OFDM Symbol #

0 6

13

K=1

K=2

K=4

4

Frequency 

(PRBs)

0

0 6

13

OFDM Symbol #

0 6

13

PUSCH RU: {0},{1}

PO #0

PUSCH RU: {2},{3}

PO #1

PUSCH RU: {4},{5}

PO #2

PUSCH RU: {6},{7}

PO #3

PUSCH RU: {14},{15}

PO #7

PUSCH RU: {16},{17}

PO #8

PUSCH RU: {18},{19}

PO #9

PUSCH RU: {20},{21}

PO #10

PUSCH RU: {8},{9}

PO #4

PUSCH RU: {10},{11}

PO #5

PUSCH RU: {22},{23}

PO #11

PUSCH RU: {24},{25}

PO #12

PUSCH RU: {12},{13}

PO #6

PUSCH RU: {26},{27}

PO #13

SSB0 SSB1


image2.emf
PO: {10}

PUSCH RU: {20},{21}

PRACH: {35,43},{39,47}

PO: {3}

PUSCH RU: {6},{7}

PRACH: {3,11},{7,15}

PO: {10}

PUSCH RU: {20},{21}

PRACH: {35,43},{39,47}

PO: {3}

PUSCH RU: {6},{7}

PRACH: {3,11},{7,15}

Some ROs may 

be unused

msgA PUSCH slot

OFDM Symbol #

Preambles 32-59 

map to SSB1

Preambles 0-27

map to SSB0*

0

11

Preambles 32-59 

map to SSB3

Preambles 0-27 

map to SSB2*

Frequency 

(PRBs)

4

8

12

16

Frequency (PRBs)

OFDM Symbol #

PRACH Slot

PUSCH RU: {DMRS

0

},{DMRS

1

}

PRACH: {Preamble Set

0

},{Preamble Set

1

}

Example: 

 

Each PO is 4, 8, or 16 PRBs x 

3 symbols

 

2 PUSCH RUs in 1 PO

 

Each PUSCH RU associated 

with one of two DMRS ports;

 

M=2 preambles / PUSCH RU

PUSCH Occasion

0

2-Step

0 5 9

13

8

16

Frequency 

(PRBs)

0

OFDM Symbol #

0 2

5 8 14 11

0 2

5 8 14 11

...

Remaining 

symbols 

not used 

for msgA

K=4

...

K=8

K=16

16

Frequency 

(PRBs)

0

OFDM Symbol #

0 2

5 8 14 11

...

SSB0 SSB1 SSB2 SSB3

SSB0

SSB1

SSB2 SSB3

*Remaining preambles can be used by contention free

PO{4}

PUSCH RU: {8},{9}

PRACH: {16,20},{18,22}

PO{5}

PUSCH RU: {10},{11}

PRACH: {17,21},{19,23}

PO{11}

PUSCH RU: {22},{23}

PRACH: {48,52},{50,54}

PO{12}

PUSCH RU: {24},{25}

PRACH: {49,53},{51,55}

PO{6}

PUSCH RU: {12},{13}

PRACH: {24,26},{25,27}

PO{13}

PUSCH RU: {26},{27}

PRACH: {56,58},{57,59}

PO: {0}

PUSCH RU: {0},{1}

PRACH: {0,8},{4,12}

PO: {1}

PUSCH RU: {2},{3}

PRACH: {1,9},{5,13}

PO: {2}

PUSCH RU: {4},{5}

PRACH: {2,10},{6,14}

PO: {7}

PUSCH RU: {14},{15}

PRACH: {32,40},{36,44}

PO: {8}

PUSCH RU: {16},{17}

PRACH: {33,41}.{37,45}

PO: {9}

PUSCH RU: {18},{19}

PRACH: {34,42},{38,46}

PO: {0}

PUSCH RU: {0},{1}

PRACH: {0,8},{4,12}

PO: {1}

PUSCH RU: {2},{3}

PRACH: {1,9},{5,13}

PO: {2}

PUSCH RU: {4},{5}

PRACH: {2,10},{6,14}

PO: {7}

PUSCH RU: {14},{15}

PRACH: {32,40},{36,44}

PO: {8}

PUSCH RU: {16},{17}

PRACH: {33,41}.{37,45}

PO: {9}

PUSCH RU: {18},{19}

PRACH: {34,42},{38,46}

PO{4}

PUSCH RU: {8},{9}

PRACH: {16,20},{18,22}

PO{5}

PUSCH RU: {10},{11}

PRACH: {17,21},{19,23}

PO{11}

PUSCH RU: {22},{23}

PRACH: {48,52},{50,54}

PO{12}

PUSCH RU: {24},{25}

PRACH: {49,53},{51,55}

PO{6}

PUSCH RU: {12},{13}

PRACH: {24,26},{25,27}

PO{13}

PUSCH RU: {26},{27}

PRACH: {56,58},{57,59}

SSB0

SSB1

SSB2 SSB3


